
Im m u nop h armaco logy 
of the 

Respiratory System 



Im m u nop h armaco logy 
of the 

Respiratory System 



THE HANDBOOK OF 
IMMUN 0 P HARMAC0 LOGY 

Series Editor: Clive Page 
King's College London, UK 

Titles in this series 

Cells and Mediators 

Immunopharmacology of Eosinophils 
(edited by H. Smith and tL Cook) 

The Immunopharmacology of Mast 
Cells and Basophils 

(edited by J.C. Foreman) 

Lipid Mediators 
(edited by F. Cunningham) 

Immunopharmacology of Neutrophils 
(edited by P.G. Hellewell and 

T.J. Williams) 

Immunopharmacology of 
Macrophages and other 
Antigen-Presenting Cells 

(edited by 
C.A.F.M. Bruijnzeel-Koomen and 

E.C.M. Hoefsmit) 

Adhesion Molecules 
(edited by C.D. Wegner) 

Immunopharmacology of Lymphocytes 
(edited by M. Rola-Pleszczynski) 

Immunopharmacology of Platelets 
(edited by M. Joseph) 

Immunopharmacology of Free Radical 
Species 

(edited by D. Blake and 
P.G. Winyard) 

Cytokines 
(edited by A. Mire-Sluis, forthcoming) 

Systems 

Immunopharmacology of the 
Gastrointestinal System 
(edited by J.L. Wallace) 

Immunopharmacology of Joints 
and Connective Tissue 

(edited by M.E. Davies and J. Dingle) 

Immunopharmacology of the Heart 
(edited by M.J. Curtis) 

Immunopharmacology of Epithelial 
Barriers 

(edited by tL Goldie) 

Immunopharmacology of the 
Renal System 

(edited by C. Tetta) 

Immunopharmacology of the 
Microcirculation 

(edited by S. Brain) 

Immunopharmacology of the 
Respiratory System 

(edited by S.T. Holgate) 

The Kinin System 
(edited S. Farmer, forthcoming) 

Drugs 

Immunotherapy for Immune- 
related Diseases 

(edited by W.J. Metzger, 
forthcoming) 

Immunopharmacology of AIDS 
(forthcoming) 

Immunosuppressive Drugs 
(forthcoming) 

Glucocorticosteroids 
(forthcoming) 

Angiogenesis 
(forthcoming) 

Phosphodiesterase Inhibitors 
(edited by G. Dent, K. Rabe 
and C. Schudt, forthcoming) 



Im m u nop h a rmac o lo gy 
of the 

t sp 'ratory System 

~ ~  by 

Stephen T. Holgate 
University Medicine 

Southampton General Hospital 
Southampton, UK 

ACADEMIC PRESS 
Harcourt Brace and Company, Publishers 

London San Diego New York 
Boston Sydney Tokyo Toronto 



ACADEMIC PRESS LIMITED 
24/28 Oval Road 

London NW1 7DX 

United States Edition published by 
ACADEMIC PRESS INC. 

San Diego, CA 92101 

This book is printed on acid-free paper 

Copyright �9 1995 by Academic Press Limited 

All rights reserved 

No part of this book may be reproduced in any form 
by photostat, microfilm, or by any other means, without 

written permission from the publishers 

A catalogue record for this book 
is available from the British Library 

ISBN 0-12-352325-7 

Typeset by Mathematical Composition Setters Ltd, Salisbury, Wiltshire 
Printed and bound in Great Britain by The Bath Press, Avon 



Contents 

Contributors xi 

Series Preface xiii 

Preface xv 

0 

1. Introduction 1 
1.1 Distribution and Phenotype 1 

1.1.1 Dendritic Cells 1 
1.1.2 Macrophages 2 

1.2 Origin and Turnover 4 
1.2.1 Dendritic Cells 4 
1.2.2 Macrophages 4 

1.3 Functions 6 

Macrophage and Dendritic Cell Populations in the Respiratory Tract 1 
Patrick G. Holt 

1.3.1 Dendritic Cells 6 
1.3.2 Macrophages 6 

2. Macrophage-Dendritic Cell Interactions 8 
3. Macrophage-Dendritic Cell Regulation of T Cell 

Function(s) in Inflamed Lung and Airway 
Tissues 8 

4. References 10 

0 The Role of T Lymphocytes in Mucosal Protection and Injury 
C.J. Corrigan 

13 

1. Introduction 13 
2. T Lymphocyte-derived Cytokines 13 
3. Functional Heterogeneity of T Lymphocytes in 

Human Immune Responses 17 
3.1 Mechanisms of Differentiation of Human 

TH1 and TH2 CD4 T Lymphocytes 18 
3.2 Possible Role of TH1 and TH2 

Lymphocytes in Mucosal Protection and 
Injury 19 

4. The Role of Cytotoxic T Lymphocytes in 
Mucosal Protection Against Invading 
Microorganisms 20 

5. Suppression of Immune Responses by T 
Lymphocytes at Mucosal Surfaces 21 

5.1 T Lymphocyte Clonal Anergy 21 
5.2 T Lymphocyte-mediated 

Immunosuppression 23 
6. Accumulation of T Lymphocytes at Mucosal 

Sites 23 
7. T Lymphocytes and the Regulation of 

Immunoglobulin Synthesis 25 
8. The Role of T Lymphocytes in Recruitment of 

Granulocytes to Mucosal Surfaces 26 
8.1 Neutrophils 26 
8.2 Eosinophils 27 

9. Summary 28 
10. References 28 

0 The Regulation of Immunoglobulin E Synthesis 33 
D.M. Kemeny 

1. Introduction 33 
2. Characteristics of the Human IgE Response 34 
3. The Structure of IgE 34 

3.1 The IgE Antibody Combining Site 35 

3.2 Generation of IgE Antibody 
Diversity 35 

3.3 The IgE Constant Region 35 
4. IgE and its Receptors 35 



vi CONTENTS 

5. Molecular Organization of IgE 36 
5.1 Organization of Immunoglobulin 

Genes 36 
5.2 Expression of Immunoglobulin Genes 36 

6. Control of IgE Synthesis by Cytokines 38 
6.1 Isotype-specific Enhancers of IgE 

Synthesis 39 
6.2 Source of IL-4 and IL-13 39 
6.3 Non-isotype-specific Enhancers of IgE 39 
6.4 Inhibitors of IgE Synthesis 40 

7. Control of IgE Synthesis by Cell Surface 
Molecules 40 

8. CD4 + T Cell Production of IgE Regulatory 
Cytokines 41 

8.1 Murine CD4 § T Cell Subsets 41 
8.2 Human CD4 + T Cell Subsets 41 
8.3 CD4 + T Cell Differentiation 41 
8.4 Growth and Survival of CD4 + T Cell 

Subsets 42 
9. CD8+TCelIs 44 

9.1 Suppression of IgE by CD8 § T Cells 44 
9.2 CD8 § T Cell Depletion, a Paradox 44 
9.3 CD8 + T Cell Regulation of TH1 and TH2 

Cytokine Production 46 
9.4 CD8 + T Cell Subsets 46 

10. Conclusions 46 
11. References 47 

0 Mast Cells and Basophils: Their Role in Initiating and Maintaining Inflammatory 
Responses 53 

Peter Bradding, Andrew F. Walls and Martin K. Church 

1. Introduction 54 
2. Mast Cell Development 54 
3. Mast Cell Heterogeneity 56 
4. Preformed Mast Cell Mediators 59 
5. Newly Generated Mediators 60 
6. MastCellCytokines 61 

6.1 Regulation of Mast Cell Cytokine 
Production 62 

6.2 Non-B, non-T Cell]Basophil Cytokines 63 
6.3 Biological Properties of Human Mast Cell 

Cytokines 63 
7. Mast Cells and Basophils in Disease 64 

7.1 Allergic Mucosal Inflammation 64 
7.1.1 Asthma 64 

7.1.1.1 Experimental Allergen- 
induced Asthma 64 

7.1.1.2 The Early Asthmatic 
Response 65 

7.1.1.3 The Late Asthmatic 
REsponse 65 

7.1.2 Mast Cell Mediators and Asthma 
Pathophysiology 65 
7.1.2.1 Epithelial Damage 65 
7.1.2.2 Epithelial Sub-basement 

Membrane 
Thickening 66 

7.1.2.3 Mucosal Oedema and 

7.1.2.4 Mucus Production 66 
7.1.2.5 Bronchial 

Hyperresponsiveness 66 
7.1.3 Allergic Rhinitis 67 

7.1.3.1 Nasal Allergic Mucosal 
Inflammation 67 

7.1.3.2 Experimental Allergen- 
induced Rhinitis 67 

7.1.4 Do Mast Cells Initiate Late Phase 
Inflammatory Reactions? 68 

7.1.5 Do Basophils Contribute to the 
Allergic Inflammatory 
Response? 68 

7.1.6 IgE Production 69 
7.2 Mast Cells in Inflammation and Tissue 

Remodelling/Repair 69 
7.2.1 Mast Cells and Fibrosis 70 
7.2.2 Pulmonary Fibrosis 70 
7.2.3 Systemic Sclerosis (Scleroderma) 70 

7.3 Mast Cells, Mediators and Connective 
Tissue Cells 71 

7.4 Rheumatoid Disease 72 
8. Conclusions 72 
9. Acknowledgements 72 

10. References 73 

Plasma Leakage 66 

5. Eosinophils: Effector Leukocytes of Allergic Inflammatory Responses 85 
Kaiser G. Lim and Peter F. Weller 

1. Eosinophils and the Pathophysiology of 2.1 Eosinophil-Endothelial 
Asthma 85 Interactions 87 

2. Mechanism of Selective Eosinophil Recruitment 2.2 Eosinophils and Chemoattractants 88 
into the Airways 87 3. Eosinophil Effector Mechanisms 89 



CONTENTS vii 

3.1 The Role of Eosinophil Granular 
Proteins 89 

3.2 Eosinophils and Lipid Mediators in 
Asthma 89 
3.2.1 Eosinophils and Leukotrienes 89 
3.2.2 Eosinophils and Platelet-activating 

Factor 90 

4. Regulation of Eosinophil Function 90 
4.1 Eosinophils and the Cytokine Network 90 
4.2 Eosinophils and Immunoglobulin 

Receptors 91 
5. Eosinophil-Lymphocyte Interactions 92 
6. Conclusion 92 
7. References 92 

6. Cytokine Regulation of Chronic Inflammation in Asthma 
P.J. Barnes, K.F. Chung and I. Adcock 

1. Introduction 101 
1.1 Cytokine Interactions 102 

2. Cellular Origins 102 
2.1 Mast Cells 103 
2.2 Eosinophils 103 
2.3 T Lymphocytes 103 
2.4 Mononuclear Phagocytes 104 
2.5 Airway Structural Cells 104 
2.6 Endothelial Cells 104 

3. Cytokine Receptors 105 
3.1 Intracellular Pathways 106 

4. Cytokine Effects 107 
4.1 Interleukin-1 107 
4.2 Interleukin-2 108 
4.3 Interleukin-3 108 
4.4 Interleukin-4 108 
4.5 Interleukin-5 108 
4.6 Interleukin-6 109 
4.7 Interleukin-10 109 

101 

4.8 Interleukin-12 109 
4.9 Interleukin-13 109 
4.10 Chemokines 110 
4.11 Granulocyte-Macrophage Colony- 

stimulating Factor 110 
4.12 Tumour Necrosis Factor 111 
4.13 Interferons 111 
4.14 Growth Factors 111 

5. The Cytokine Network in Chronic 
Asthma 112 

6. Therapeutic Implications 113 
6.1 Cytokine Antibodies 113 
6.2 Synthesis Inhibitors 113 
6.3 Receptor Antagonists 113 
6.4 Antisense Drugs 113 
6.5 Recombinant Cytokines as Therapy 114 

7. Conclusions 114 
8. References 114 

7. Neural Networks in the Lung 123 
Stephanie A. Shore, Craig M. Lilly, Benjamin Gaston and Jeffrey M. Drazen 

1. Introduction 123 
2. Tachykinins 124 

2.1 Synthesis, Localization and Release of 
Tachykinins in the Airways 124 
2.1.1 Tachykinins and PPT Gene 

Products 124 
2.1.2 Anatomic Localization of PPT Gene 

Products 124 
2.1.3 The Function of C-fibers and the 

Axon Reflex 125 
2.2 Airway Responses to Tachykinins 126 
2.3 Degradation of Tachykinins 127 
2.4 Inflammatory Modulation of Tachykinin 

Cleavage 127 
2.5 Tachykinin Receptors 128 

2.5.1 Receptor Structure 128 
2.5.2 Anatomic and Functional Sites of 

Receptor Location 128 
2.6 Interactions of C-fibers and Mast 

Cells 129 
2.6.1 Activation of Mast Cells by 

Tachykinins 129 

2.6.2 Stimulation of C-fibers and 
Tachykinin Release by Mast Cell 
Products 130 

2.6.3 Biological Importance of Mast 
Cell-Tachykinin 
Interactions 131 

2.7 Interactions of Tachykinins and the 
Immune System 131 
2.7.1 Substance P Innervation of 

Lymphoid Tissues 131 
2.8 Role of C-fibers in Airway Injury 132 

3. Vasoactive Intestinal Peptide 132 
3.1 VIP Synthesis and Pulmonary Tissue 

Localization 133 
3.1.1 VIPGene 133 
3.1.2 Pulmonary Distribution of VIP 

Gene Products 133 
3.1.3 Release of VIP 134 
3.1.4 VIP Receptors 134 
3.1.5 Enzymatic Regulation of the 

Physiological Effects of VIP 134 



viii CONTENTS 

3.1.6 Autoantibodies to VIP 135 
3.1.7 Relevance of VIP Cleavage 

Sites 135 
3.1.8 Inflammatory Modulation of VIP 

Hydrolysis 135 
4. Nitrogen Oxides 136 

4.1 Nitrogen Oxide Chemistry in the 
Lung 136 

4.2 Immunohistochemical Localization of 
NOS 136 

4.3 Bioactivities of Airway NOx 137 
4.3.1 Maintenance of Basal Airway 

Tone 137 
4.3.2 Inhibitory NANC Responses 137 
4.3.3 Modulation of Airway 

Constriction 137 
4.3.4 Non-neuronal Cell-Cell 

Signalling 138 
5. Summary 138 
6. References 138 

1 The Microvasculature as a Participant in Inflammation 
Jeffrey J. Bowden and Donald M. McDonald 

1. Background 147 
2. AirwayMicrovasculature 148 
3. Increased Vascular Permeability in Airway 

Inflammation 148 
3.1 Assessment of Plasma Leakage in Airways 

of Animals and Humans 148 
3.2 Plasma Leakage Assessed by Bronchial 

Lavage in Humans 149 
3.3 Histopathological Evidence of Plasma 

Leakage in Asthma 149 
3.4 Consequences of Plasma Leakage in the 

Airway Mucosa 150 
3.4.1 Contribution of Mucosal Edema to 

Airway Obstruction 150 
3.4.2 Release of Inflammatory Mediators 

Associated With Plasma 
Leakage 150 

3.4.3 Plasma Leakage as a "Mucosal 
Defense" 151 

3.4.4 Effect of Plasma Leakage on Mucus 
Secretion 151 

4. Mechanism of Increased Vascular Permeability 
in Inflammation i51 
4.1 Early Phase Inflammatory Response: Gaps 

in the Endothelium of Postcapillary 
Venules 151 

147 

4.2 Late Phase Inflammatory Response: 
Unknown Mechanism of Plasma 
Leakage 152 

4.3 Role of Leukocytes in Increased Vascular 
Permeability 152 

4.4 Role of Mast Cells in Plasma Leakage 153 
5. Inflammatory Mediators that Increase Vascular 

Permeability 153 
5.1 Leukotrienes 153 
5.2 Platelet-activating Factor 153 
5.3 Bradykinin 154 
5.4 Tachykinins 154 

6. Changes in the Airway Microvasculature in 
Chronic Inflammation 155 

7. Effect of Anti-inflammatory Drugs on Plasma 
Leakage 155 
7.1 Glucocorticoids 155 
7.2 Bz-Adrenergic Receptor Agonists 156 
7.3 Sodium Cromoglycate and 

Nedocromil 157 
7.4 Methylxanthines 157 
7.5 Endogenous Neuropeptides 157 

8. Summary and Conclusions 158 
9. Acknowledgements 158 

10. References 158 

0 Regulation of Airway Smooth Muscle 
Charles Twort 

1. Introduction 170 
2. Contraction 170 

2.1 Contractile Proteins Within Smooth 
Muscle 170 

2.2 Molecular Mechanisms of Smooth Muscle 
Contraction 171 

2.3 The Role of Cytosolic Calcium 172 
2.3.1 Intracellular Calcium Concentration 

During Contraction 172 
2.3.2 Influx of ExtracellularCalcium 173 

169 

2.3.2.1 Voltage-dependent 
Channels 173 

2.3.2.2 Receptor-operated 
Channels 174 

2.3.2.3 Passive Leak 174 
2.3.3 The Intracellular Calcium 

Store 174 
2.3.3.1 The Identity of the 

Calcium Store 174 
2.3.3.2 The Store as a Source of 

Activator Calcium 175 



CONTENTS ix 

2.3.4 Mechanisms for Removing Cytosolic 
Calcium 176 
2.3.4.1 Reuptake of Calcium into 

the Intracellular Store 176 
2.3.4.2 Plasmalemmal Ca 2+- 

ATPase Pump 177 
2.3.4.3 Sodium-Calcium 

Exchange 177 
2.3.5 The Store - A Modulator of 

Extracellular Calcium Influx 177 
2.3.5.1 The Superficial Buffer 

Barrier Hypothesis 177 
2.3.5.2 The Capacitance 

Model 178 

3. Relaxation 178 
3.1 Pharmacomechanical Coupling 178 

3.1.1 Cyclic AMP 178 
3.1.2 Cyclic GMP 179 

3.2 Potassium Channels 179 
4. Proliferation 181 

4.1 Growth Factors 181 
4.2 Signal Transduction Pathways 181 

4.2.1 Protein Kinase C 181 
4.2.2 Protein Tyrosine Kinase 181 

4.3 Inhibition of Proliferation 182 
5. References 182 

10. The Airway Epithelium: The Origin and Target of Inflammatory Airways Disease 
and Injury 187 

Clive Robinson 

1. Introduction 187 
2. Physiological Role of the Airway Epithelium: 

An Overview 187 
3. Structure of the Airway Mucosa 190 
4. The Occurrence of Epithelial Injury 191 
5. Cellular Events in Epithelial Injury 193 
6. Cell-derived Mediators Implicated in Epithelial 

Injury 194 
6.1 Oxidants 194 
6.2 Eosinophil Major Basic Protein 195 
6.3 Eosinophil Cationic Protein 196 
6.4 Eosinophil-derived Neurotoxin 196 
6.5 Eosinophil Peroxidase 197 
6.6 Proteinases 197 

6.6.1 Neutrophil Elastase 197 
6.6.2 Matrix Metalloproteinases 197 
6.6.3 Miscellaneous Cell-derived 

Proteinases 198 
6.6.4 Environmental Exposure to 

Proteinases 198 
6.6.5 Neutrophil-derived Toxic 

Proteins 199 
6.7 Miscellaneous 199 

7. Repair of Epithelial Injury 199 
8. Concluding Comments 200 
9. Acknowledgements 200 

10. References 200 

11. Transition Between Inflammation and Fibrosis in the Lung 209 
A. Wangoo and R.J. Shaw 

1. Introduction 209 
2. Animal Models of Fibrosis 210 
3. Fibrotic Lung Disease in Humans 211 

3.1 The Initial Injury 211 
3.2 Cells Involved in the Inflammatory 

Phase 212 
3.2.1 Macrophages 212 
3.2.2 Lymphocytes 212 
3.2.3 Neutrophils 213 
3.2.4 Eosinophils 213 
3.2.5 Mast Cells 213 

3.3 Chemical Factors and Adhesion 
Molecules 213 
3.3.1 Nitric Oxide 213 
3.3.2 Role of Adhesion Molecules in 

Cell-Cell Interaction 213 
3.3.3 Inflammatory Cytokines 214 

3.3.3.1 Interleukin-1 214 

3.3.3.2 Tumour Necrosis 
Factor 214 

3.3.3.3 Interleukin-8 214 
3.3.4 Growth Factors 215 

3.3.4.1 Platelet-derived Growth 
Factor-B 215 

3.3.4.2 Transforming Growth 
Factor ~ 215 

3.3.4.3 Insulin-like Growth 
Factor-1 216 

3.3.4.4 Fibronectin 216 
3.4 The Development of the Fibrotic 

Process 217 
3.4.1 Link Between Chronic 

Inflammation and Growth Factor 
Production 217 

3.4.2 Fibroblast Activation and 
Collagens 217 



x CONTENTS 

3.4.3 Structural Damage 218 
4. Therapeutic Approaches 218 

5. Conclusion 219 
6. References 219 

12. The Cell Biology of the Resolution of Inflammation 
c .  Haslett 

1. Introduction 227 
2. Mediator Dissipation 228 
3. Cessation of Granulocyte and Monocyte 

Emigration 229 
4. Restoration of Normal Microvascular 

Permeability 231 
5. Control of Inflammatory Cell Secretion 231 
6. The Clearance Phase of Inflammation 231 

6.1 Clearance of Fluid, Proteins and 
Debris 231 

6.2 The Clearance of Extravasated 
Granulocytes 232 

6.3 Necrosis Versus Apoptosis 232 
6.4 Apoptosis in Ageing Granulocytes Leads to 

Their Phagocytosis by Macrophages 234 

2 2 7  

6.5 Mechanisms Whereby Macrophages 
Recognize Apoptotic Neutrophils 236 

6.6 Clearance of Apoptotic Granulocytes by 
Cells Other Than Macrophages 237 

6.7 Regulation of Granulocyte Apoptosis by 
External Mediators - A Control Point for 
Granulocyte Tissue Longevity? 238 

6.8 A Role for Granulocyte Apoptosis in the 
Control of Inflammation? 239 

7. The Fate of Macrophages 240 
7.1 Resolution Mechanisms and the Control of 

Inflammation 240 
8. Acknowledgements 241 
9. References 241 

Glossary 2 4 5  

Key to Illustrations 25 5 

Index 2 6 1  

The color plates are located between pp 208-209. 



Conmbutors 

I. Adcock 
Department of Thoracic Medicine, 
National Heart and Lung Institute, 
Dovehouse Street, 
London SW3 6LY, 
UK 

I'.J. Barnes 
Department of Thoracic Medicine, 
National Heart & Lung Institute, 
Dovehouse Street, 
London SW3 6LY, 
UK 

Jeffrey J. Bowden 
Department of Medicine, 
Flinders Medical Centre, 
Bedford Park, SA 5042 
Australia 

Peter Bradding 
Department of Respiratory Medicine, 
The Glenfield Hospital, 
Groby Road 
Leicester LE3 9QP 
UK 

K.F. Chung 
Department of Thoracic Medicine, 
National Heart & Lung Institute, 
Dovehouse Street, 
London SW3 6LY, 
UK 

Martin K. Church 
Immunopharmacology Group, 
Southampton General Hospital, 
Southampton SO16 6YD, 
UK 

C.J. Corrigan 
Department of Allergy & Clinical Immunology, 
National Heart & Lung Institute, 
Dovehouse Street, 
London SW3 6LY, 
UK 

Jeffrey M. Drazen 
Respiratory Division, 
Brigham and Women's Hospital, 
75 Francis Street, 
Boston, 
MA 02115, 
USA 

Benjamin Gaston 
Department of Pediatrics, 
Naval Medical Center, 
San Diego, 
CA, 
USA 

Chris Haslett 
Respiratory Medicine Unit, 
Department of Medicine, 
The University of Edinburgh, 
Royal Infirmary, 
Lauriston Place, 
Edinburgh EH3 9YW, 
UK 

Patrick G. Holt 
Division of Cell Biology, 
Institute for Child Health Research, 
PO Box 855, 
West Perth, 
Western Australia, 
Australia 6872 

D.M. Kemeny 
Department of Allergy & Allied Respiratory 
Disorders, 
Division of Medicine, 
United Medical and Dental Schools of Guy's and St 
Thomas's Hospital, 
St Thomas St, 
London SE1 9KT, 
UK 



xii CONTRIBUTORS 

Craig M. Lilly 
Department of Medicine, 
Brigham and Women's Hospital, 
and 
Department of Medicine, 
Harvard Medical School, 
Boston, 
MA, 
USA 

Kaiser G. Lim 
Department of Medicine, 
Harvard Medical School, 
Beth Israel Hospital 
Dana 617, 
330 Brookline Avenue, 
Boston, 
MA 02215, 
USA 

Stephanie A. Shore 
Physiology Program, 
Harvard School of Public Health, 
Boston, 
MA, 
USA 

Charles Twort 
Division of Medicine, 
St Thomas' Hospital, 
Lambeth Palace Road, 
London SE1 7EH, 
UK 

Andrew F. Walls 
Immunopharmacology Group, 
Southampton General Hospital, 
Southampton SO16 6YD 
UK 

Donald M. McDonald 
Cardiovascular Research Institute, 
University of California, 
San Francisco, 
CA 94143-0130, 
USA 

Clive Robinson 
Department of Pharmacology & Clinical Pharmacology, 
St George's Hospital Medical School, 
Cranmer Terrace, 
London SW17 ORE, 
UK 

A. Wangoo 
Department of Respiratory Medicine, 
St Mary's Hospital Medical School, 
London W2 1PG, 
UK 

Peter F. Weller 
Beth Israel Hospital, 
Dana 617, 
330 Brookline Avenue, 
Boston, 
MA 02215, 
USA 

R.J. Shaw 
Department of Respiratory Medicine, 
St Mary's Hospital Medical School, 
London W2 1PG, 
UK 



Ser es Preface 

The consequences of diseases involving the immune 
system such as AIDS, and chronic inflammatory diseases 
such as bronchial asthma, rheumatoid arthritis and 
atherosclerosis, now account for a considerable economic 
burden to governments worldwide. In response to this, 
there has been a massive research effort investigating the 
basic mechanisms underlying such diseases, and a 
tremendous drive to identify novel therapeutic applica- 
tions for the prevention and treatment of such diseases. 
Despite this effort, however; much of it within the phar- 
maceutical industries, this area of medical research has 
not gained the prominence of cardiovascular pharma- 
cology or neuropharmacology. Over the last decade there 
has been a plethora of research papers and publications 
on immunology, but comparatively little written about 
the implications of such research for drug development. 
There is also no focal information source for pharmacolo- 
gists with an interest in diseases affecting the immune 
system or the inflammatory response to consult, whether 
as a teaching aid or as a research reference. The main 
impetus behind the creation of this series was to provide 
such a source by commissioning a comprehensive collec- 
tion of volumes on all aspects of immunopharmacology. 
It has been a deliberate policy to seek editors for each 
volume who are not only active in their respective areas 
of expertise, but who also have a distinctly pharmacolog- 
ical bias to their research. My hope is that The Handbook 
of Immunopharn'u~ology will become indispensable to 
researchers and teachers for many years to come, with 
volumes being regularly updated. 

The series follows three main themes, each theme 
represented by volumes on individual component topics. 

The first covers each of the major cell types and classes of 
inflammatory mediators. The second covers each of the 
major organ systems and the diseases involving the 
immune and inflammatory responses that can affect 
them. The series will thus include clinical aspects along 
with basic science. The third covers different classes of 
drugs that are currently being used to treat inflammatory 
disease or diseases involving the immune system, as well 
as novel classes of drugs under development for the treat- 
ment of such diseases. 

To enhance the usefulness of the series as a reference 
and teaching aid, a standardized artwork policy has been 
adopted. A particular cell type, for instance, is 
represented identically throughout the series. An 
appendix of these standard drawings is published in each 
volume. Likewise, a standardized system of abbreviations 
of terms has been implemented and will be developed by 
the editors involved in individual volumes as the series 
grows. A glossary of abbreviated terms is also published 
in each volume. This should facilitate cross-referencing 
between volumes. In time, it is hoped that the glossary 
will be regarded as a source of standard terms. 

While the series has been developed to be an integrated 
whole, each volume is complete in itself and may be used 
as an authoritative review of its designated topic. 

I am extremely grateful to the officers of Academic 
Press, and in particular to Dr Carey Chapman, for their 
vision in agreeing to collaborate on such a venture, and 
greatly hope that the series does indeed prove to be 
invaluable to the medical and scientific community. 

C.P. Page 
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Preface 

The Handbook of Immunopharmacology provides an oppor- 
tunity of bringing together often disparate areas of 
science and clinical medicine towards a comon theme 
centred on the molecular and cellular basis of disease. In 
this volume we have concentrated our efforts on the lung 

- a major interface between the environment and 
internal milieux. In inviting contributors to this volume 
I wanted to focus attention specifically on the 
mechanisms of asthma since, over the last decade, our 
understanding of this disease has greatly increased and 
opportunities for novel therapeutic interventions have 
been revealed. 

Since many of the principles of immunopharmacology 
cut across specific diseases, particular attention was paid 
to include aspects of disease pathogenesis that are 
common to many lung disorders. Two examples of this 
are the chapters on mechanisms of fibrosis by Dr R. Shaw 
and a focus on the resolution of inflammatory responses 

by Professor C. Haslett. To obtain maximum value from 
this volume it is important to recognize that cell-cell 
interactions are of paramount importance in inflamma- 
tory response and to read each chapter within the context 
of the others. 

As we begin to unravel the complexities of such lung 
diseases as asthma, we are reminded of the importance of 
understanding the basic mechanisms behind the origins 
of this and related disease as well as its progression. It is 
my hope that this volume provides the reader with an up- 
to-date view of a rapidly evolving branch of medical 
science. 

Finally, I would like to thank all our contributors for 
the time and enormous effort they put in to provide each 
of the contributions which together has produced a most 
exciting and timely volume in this series. 

S.T. Holgate 
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1 Introduction 
Epithelial surfaces in the respiratory tract are continu- 
ously exposed to a wide array of antigens from the 
environment, some of which (notably those of microbial 
origin) are intrinsically pathogenic and accordingly 
require rapid "neutralization" via both inert and adaptive 
immunoinflammatory mechanisms, and others which are 
essentially inert and ideally should be eliminated without 
stimulating active host responses. Discrimination 
between these different classes of antigen requires fine 
control, particularly of local adaptive immune responses. 
Populations of dendritic cells (DCs) and mononuclear 
phagocytic cells (macrophages; Macs) are at the focal 
point of the control mechanisms which maintain local 
immunological homeostasis in the lung and airways. 
Recent findings relating to the immunobiology of these 
important cells, in healthy and inflamed tissues, are 
reviewed below. 

1.1 D I S T R I B U T I O N  A N D  P H E N O T Y P E  

1 .1 .1  Dendr i t i c  Cells 

The presence of DCs in lung tissues was first recognized 
in the context of the disease histiocytosis X, but 

Immunopharmacology of the Respiratory System 
ISBN 0 - 1 2 -  352325- 7 

subsequent observations from a number of laboratories 
(reviewed in Holt et al., 1990a) indicate that large popu- 
lations of these cells are present in both the lung paren- 
chyma and in the airway mucosa of healthy experimental 
animals and humans. 

The identification of these cells has relied almost exclu- 
sively upon immunostaining for surface class II major 
histocompatibility complex (MHC) Ia glycoprotein 
antigen, expression of which is generally acknowledged as 
a constitutive property of DCs from all tissues of normal 
adult animals. In the steady state, DC populations in the 
respiratory tract additionally display a wide range of sur- 
face markers, many of which are function associated. The 
typical profile reported for the mouse includes T200, 
NLDC145 and F480 (Sertl et al., 1987; Breel et al., 
1988; Pollard and Lipscomb, 1990). In the  normal rat, 
lung (in particular airway) DCs express high levels of 
CD4, low levels of the common B-chain of CD11a/18 
and the markers defined by the monoclonal antibodies 
(mAbs) Ox41 and Ox43, and also express intercellular 
adhesion molecule-1 (ICAM-1; Holt and Schon-Hegrad, 
1987; Holt et al., 1988; Schon-Hegrad et al., 1991; Xia 
et al., 1991; Gong et al., 1992). They also stain with 
mAb Ox62 (Nelson et al., 1994) which defines a putative 
integrin common to DCs and dendritic epithelial T cells, 
but are themselves CD3- (Nelson etal . ,  1994), and a sig- 
nificant subset stains positively for the marker ED1 
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(Holt and Schon-Hegrad, 1987; Holt et al., 1988) which 
is shared by DCs and Macs, but unlike the latter they do 
not stain for ED2 (Holt et al., 1992). 

Human respiratory tract DCs express Ia in conjunction 
with CDla or CDlc (e.g. Soler etal . ,  1989), T-200 (Sertl 
et al., 1987; Casolaro et al., 1988), RFD1 (Munro et al., 
1987; Nicod et al., 1990), and in addition are stained by 
a variety of mAbs against surface molecules associated 
with trafficking and cell-cell interaction. The latter 
include both/31 and/32 integrins, and the adhesins leu- 
cocyte function-associated antigen-3 (LFA-3) and 
ICAM-1 (Nicod and El Habre, 1992). 

Unlike their counterparts in skin, the epidermal Lange- 
rhans cell (LC) population, respiratory tract DC popula- 
tions display limited expression of intracellular Birbeck 
granules (Bg). These are found only occasionally in sec- 
tions of normal lung tissue in mouse and human lung 
and airway tissue samples (Hanau et al., 1985; Sertl et al., 
1987; Soler et al., 1989) and are virtually absent in rat 
(P.G. Holt, unpublished). They are found in increased 
frequency in airway tissues of human smokers (Soler et 
al., 1989), which suggests that Bg expression may require 
local stimulation for initial induction (Hanau et al., 
1985). 

The surface phenotype of respiratory tract DCs alters 
markedly with inflammation. The most notable changes 
include upregulation of expression ofIa, CD1, and the d- 
chain of CDlla]18 (Soler et al., 1989; Schon-Hegrad et 
al., 1991; Kradin et al., 1991; McWilliam et al., 1994; 
Nelson et al., 1994). It is additionally evident that the 
surface phenotype of rodent DCs is variable at different 
levels of the respiratory tract (Holt et al., 1992; Holt and 
Schon-Hegrad, 1987) and at least some of the variation 
may be attributable to differences in the level of stimu- 
lation from inhaled irritants at different sites (Nelson et 
al., 1994). Consistent with this suggestion, administra- 
tion of exogenous pro-inflammatory cytokines, particu- 
larly interferon (IFN-y), markedly upregulates baseline Ia 
expression (Kradin et al., 1991; Nelson et al., 1994). 
Similar conclusions follow from the results of compara- 
tive studies on lung DCs from smokers versus non- 
smokers (Soler et al., 1989), and from observations on 
changes in the phenotype of nasal mucosal DCs in rhi- 
nitis patients during the pollen season (Fokkens et al., 
1989). 

A small population of DCs has also been observed on 
the luminal surface of the alveolar spaces (Casolaro et al., 
1988; Soler et al., 1989; Havenith et al., 1992), but the 
presence of these cells in bronchoalveolar lavage (BAL) 
fluids appears restricted to situations of local inflamma- 
tory stimulation (further discussion below). 

Quantitative studies on the distribution of respiratory 
tract DC populations, at least those present within the 
epithelium of the conducting airways, has been facilitated 
by the development in our laboratory of techniques for 
sectioning isolated airway segments in a tangential plane 
parallel to the long axis of the airway (Holt et al., 1989, 

1990b). This provides an enface view of DCs within the 
airway epithelium, and produces a pattern of immunos- 
taining which is essentially equivalent to that achieved 
with isolated epidermal sheets (Fig. 1.1, top). Import- 
antly, this procedure has resolved the vexed issue of the 
"heterogeneity" of Ia staining within the airway 
epithelium which is seen in conventional transverse or 
longitudinal sections (Fig. 1.1, middle) and demonstrates 
that in normal tissues close to 100% of Ia staining can be 
accounted for by cells with the classical dendriform mor- 
phology of DCs, both in humans (Holt et al., 1989) and 
experimental animals (Holt et al., 1990a). 

Employing this technique, we (Schon-Hegrad et al., 
1991) and others (Gong et al., 1992) have shown that 
airway intraepithelial DC density in adult animals is 
inversely related to airway diameter, a distribution pat- 
tern consistent with the notion that stimulation from 
inhaled irritants/antigens provides the principal signal(s) 
for maintenance of the density and surface phenotype of 
the airway DC population. 

The Ia + airway DC network appears to develop almost 
entirely postnatally (Fig. 1.1, middle versus bottom) 
from Ia- precursors, recruitment of which commences in 
late fetal life (Nelson et al., 1994). It is of interest to note 
that a small but significant subset ofIa- DCs (accounting 
for up to 25% of the overall population) persist in the 
airway epithelium into adulthood (Nelson et al., 1994). 

The overall density of the principal Ia + DC population 
in young adult animals varies from 500-800 mm -z 
tracheal epithelium to < 100 mm -z in the small airways 
(Schon-Hegrad et al., 1991; Gong et al., 1992); 
however, in older animals (> 1 year old) these differences 
narrow markedly, presumably reflecting net inflamma- 
tory "history" (unpublished). The density of DCs within 
the epithelium of small bronchioles in humans (sectioned 
as shown in Holt et al., 1990a) is in the order of 
500-600 mm -2. In parenchymal lung tissue, DCs are 
typically found in interstitial tissues at the junction of 
adjoining alveoli ("interseptal junctional zones"; Holt et 
al., 1993); no reliable methods are available for their 
accurate quantitation at these sites. 

1.1.2 Macrophages  

Macs are ubiquitous throughout the respiratory tract, 
and discrete populations can be discerned in the air- 
way mucosa, the lung parenchyma ("interstitial" 
macrophages; IMs), the luminal surface of the alveoli 
(pulmonary alveolar macrophages; PAMs) and the con- 
ducting airways, and in the vascular bed ("intravascular" 
macrophages; IVMs). The latter represent a stable 
"marginated" population, intimately associated with the 
endothelial basement membrane; they are most com- 
mon in ruminants (Winkler, 1989) but also occur in 
humans. 

The largest Mac population in the lung is the PAMs. 
The distribution of these cells is not random, as examin- 
ation of lung tissues rapidly fixed by perfusion with 
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Figure 1.1 Intraepithelial dendritic cells in rat airway wall. Top panel: adult rat trachea sectioned through the 
airway epithelium parallel to the basement membrane stained by immunoperoxidase for la; note darkly stained 
dendritic cells. Middle and bottom panels: longitudinal frozen sections of adult (middle) and 8-day-old (bottom) 

rat trachea stained as in top. Note la § dendritic cells in and below airway epithelium of adult, compared to 
preweanling. L, airway lumen; E, airway epithelium; S, submucosa. Reproduced with permission from 

Holt et al. (1990c). 

glutaraldehyde through the vascular bed has revealed that 
in both humans (Parra et al., 1986) and rats. (Holt et al., 
1993) 90% occur in intimate association with the alveolar 
epithelial surface at interseptal junctions. Similar fixation 
techniques have revealed a comparable (albeit less dense) 
population in intimate association with ciliated airway 
epithelial cells (Brain et al., 1984). 

In the steady state, the surface marker profile of the vast 
majority of the population is superficially consistent with 
that of mature tissue macrophages. However, closer 
examination reveals additional expression of markers 
which are generally seen only in tissue sections from cen- 
tral lymphoid organs, such as the murine marker 
NLDC145 which stains interdigitating cells (IDCs; Bilyk 

and Holt, 1991). In contrast, in both experimental 
models of lung inflammation and in a variety of 
immunoinflammatory diseases, the spectrum of surface 
marker expression alters markedly to reflect a large contri- 
bution from recruited monocytes, in particular high level 
expression of macrophage-1 (Mac-l) and F4/80 in the 
mouse and OKM1 in humans. Typical examples of these 
changes in humans are in atopic asthma (Hance et al., 
1985) and in sarcoidosis (Mattoli et al., 1991) which 
both demonstrate major lung Mac population "shifts" 
towards the monocytic end of the spectrum; the 
RFD1/RFD7 markers have proven of particular value in 
defining these changes in the latter disease (Poulter, 
1990). 
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1 . 2  O R I G I N  A N D  T U R N O V E R  

1.2.1 Dendr i t ic  CeUs 
Recent studies from our laboratory have provided the 
first quantitative data on the population dynamics of lung 
DC populations. These studies have been performed in 
the rat, employing a radiation chimera model employing 
congenic animals expressing allelic variants of CD45 
which are discernible with appropriate mAbs. In this 
system, animals from one congenic strain are X-irradiated 
to ablate bone marrow, and reconstituted with marrow 
from their congenic partners; sequential tracheal 
epithelial tissue samples were taken and host and donor 
DCs identified in the same sections employing dual 
colour immunostaining for Ia plus CD45. Plotting the 
waxing and waning respectively of donor and host DCs 
against time provides an accurate estimate of population 
half-life, which is in the order of 2-3 days (Holt et al. ,  
1994; Fig. 1.2). This figure is remarkably short, and com- 
pares with approximately 7 days for DCs in the lung 
parenchyma and 2-3 weeks for epidermal LCs (see 
Fig. 1.3) and their counterparts in heart and kidneys 
(Fossum, 1989). 

Ongoing studies in our laboratory indicate that under 
stimulation from local inflammation, the turnover time 
of airway DCs may be further accelerated. This is sug- 
gested by the finding that the density (and Ia expression) 
of these cells increases in chronic inflammation, and is 
further reinforced by findings from models of acute 
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Figure 1.2 X-ray depletion and bone marrow 
reconstitution of tracheal intraepithelial DCs in rats 

transplanted with congenic marrow. Recipient (host) 
and donor DCs were identified by dual colour 

immunostaining. Data shown are means _.+ SD derived 
from three to five animals per time point. Reproduced 

with permission from Holt et al. (1994). 
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Figure 1.3 Comparative rates of decline in the density 
of epidermal LCs, lung parenchymal DCs, and tracheal 
epithelial DCs, after whole body X-irradiation of rats. 

Data were initially derived as mean number of DCs per 
unit surface area (for tracheal epithelium and epi- 

dermis) or per microscope field (for lung) using groups 
of three to four animals per time point and normalized 

to respective day 0 control figures for presentation. 
Reproduced with permission from 

Holt et al. (1994). 

inflammation. Notably inhalation of a solution con- 
taining bacterial lipopolysaccharide (LPS; Schon-Hegrad 
et al. , 1991) or heat-killed Moraxel la  catarrhalis organisms 
(McWilliam et al. ,  1994) recruits large numbers of DCs 
into the airway epithelium (Fig. 1.4b), with kinetics 
which closely parallel those of incoming neutrophils 
(Fig. 1.4a). Unlike the neutrophils which progress 
through the epithelium into the airway lumen, the 
recruited DCs remain within the epithelium for the dura- 
tion of the acute phase of the inflammatory response, and 
then migrate selectively (over the ensuing 48 h) to the 
regional lymph nodes, presumably conveying samples of 
antigens acquired during their sojourn within the 
epithelium (McWilliam et al. ,  1994). 

DC infiltrates, albeit of smaller numbers, have also been 
observed in BAL fluids from rodents in a model of suba- 
cute peripheral lung inflammation (Havenith et al . ,  
1992), and in chronic inflammation in human smokers 
(Soler et al. ,  1989). 

1 .2.2 Macrophages  
The origin of lung Mac populations, particularly PAMs, 
has been the subject of considerable debate. In particular, 
the relative contribution of bone marrow-derived mono- 
cytes versus resident lung tissue Mac precursors to 
"renewal of the PAM population has been questioned. 
While it is clear that monocyte recruitment from the 
blood plays a major role in population renewal during 
inflammation (Bluss~ van Oud Alblas et al . ,  1983), it is 



MACROPHAGE AND DENDRITIC CELL POPULATIONS IN THE RESPIRATORY TRACT 5 

X 

~ 4 

J 
~ 3 

-~ 2 
.6 

U 

0 [.., 
o 

2500 - 

..= 

"~ 2000 

0 

% 

~ lOOO 

~ 500. 

0 2 4 8 24 48 

Time~rs) post M. cat. aerosol 

0 I �9 I w I w I | 

0 20 40 60 80 
Time (hrs) post M. cat. aerosol 

Figure 1.4 Cellular inflammatory response in the lung and airways after inhalation of whole bacteria. Adult PVG 
rats were exposed to aerosolized Moraxella catarrhalis. At various times after the aerosol exposure, 

bronchoalveolar lavage was performed using medium containing 0.35% (w/v) lignocaine. Cytospin preparations 
of the cells obtained were stained with Leishman's stain and differential counts performed. Tracheas were 

removed at each time point and frozen sections prepared and immunostained for la. (a) Recovery of neutrophils 
(filled bars) and macrophages (open bars) from BAL fluids. Cytospin preparations contained little or no la § cells. 
(b) Fluctuations in the density of la + DCs in the tracheal epithelium during the inflammatory response. The data 

shown are derived from three to five animals per time point. Reproduced with permission from 
McWilliam et al. (1994). 

evident that the lung itself contains a reservoir of Mac et al., 1982; Sawyer, 1986a,b; Oghiso and Yamada, 
precursors which can respond to monocyte colony- 1992). 
stimulating factor (M-CSF), potentially giving rise to Kinetic studies indicate that the normal half-life of 
locally derived monocytes (Stanley et al., 1978). This PAMs is in excess of 21 days, but this figure may be 
conclusion is supported by a variety of studies from accelerated during inflammation. There is no direct evi- 
animal models demonstrating local monocyte division dence on the half-life of other lung Mac populations, but 
during both the steady state and during inflammation, our (unpublished) observations on rat suggest that airway 
and particularly studies showing that steady-state popula- mucosal Macs are long-lived with turnover times in 
tion size is unaffected by bone marrow ablation (Sawyer excess of 14 days. 
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1.3 FUNCTIONS 

1.3.1 Dendri t ic  CeUs 

In tissues outside the respiratory tract, DCs are recog- 
nized as the most potent antigen-presenting cells (APCs) 
for presentation of inductive signals to naive T cells 
(Steinman, 1991). 

The initial indication that lung DCs perform similar 
functions came from studies in our laboratory, on cells 
isolated from collagenase digests of lung tissue slices 
(Holt et al., 1985). These experiments demonstrated that 
the most potent APC present in the resulting mixed cell 
population was non-phagocytic, non-adherent, surface 
IgG-FcRnegative, Ia positive, and of uhra-low density on 
Percoll gradients, features characteristic of DCs. Follow- 
up studies produced immunohistochemical data to sup- 
port this conclusion, and moreover demonstrated active 
uptake and processing of inhaled protein antigen by these 
cells in v/v0, in particular the population present in the 
airway epithelium (Holt et al., 1988). It was also noted 
that the capacity of these DCs to express APC activity 
in vitro was inversely related to the concentration of con- 
taminating lung macrophages in the cell preparations 
(Holt et al., 1988; further discussion below). 

Earlier reports on epidermal LCs indicated that when 
freshly isolated, these cells expressed only a small propor- 
tion of their potential APC activity, and required a period 
of "maturation" in vitro in the presence of 

1.3.2 Macrophages 
Lung Mac populations play a variety of important roles 
in the maintenance of local homeostasis in the respiratory 
tract. As well as a primary function in the uptake and 
degradation of opsonized and unopsonized particulates 
and soluble material, particularly of microbial origin, 
lung Macs (analogous to their counterparts in other 
tissues) secrete a wide array of cytokines and mediators 
which regulate the function of both bone marrow- 
derived and mesenchymal cells. It is further evident that 
the spectrum of biologically active molecules they secrete 
varies with their state of "activation" and maturation, 
during their progress through the monocyte-mature 
Mac stages of their life cycle. A prime example is IL-1, 
which is secreted at high levels during the monocyte 

Table 1.1 Principal secretory products from 
pulmonary alveolar macrophages 

Enzymes 
Elastase 
Collagenase 
Cathepsin 
Lysozyme 
/~-Glucuronidase 
Acid hydrolases 
Angiotensin converting enzyme 

granulocyte-macrophage colony-stimulating factor Interleukins 
(GM-CSF) [+ tumour necrosis factor c~ (TNFc~) a n d  IL-Ic~ and ~3 

- Ik-IRa interleukin-1 (IL-1)] before they were able to efficiently 
activate T cells. We have recently demonstrated that the 
same situation applies to airway epithelial and lung paren- 
chymal DC populations, as their capacity to present 
soluble protein antigens (acquired in vivo) to primed T 
cells, or to present "self' peptides to naive allogeneic T 
cells in a primary mixed lymphocyte reaction (MLR), 
upregulates on a log scale if they are pre-exposed to GM- 
CSF (Holt et al., 1993). These findings support the 
notion that in v/v0, lung DCs function as "sentinel" cells, 
acquiring and processing antigen, but do not develop the 
capacity to efficiently present these antigens to the 
immune system until they are given a "maturation" 
signal in the form of GM-CSF (Holt etal., 1993); on the 
basis of a variety of studies involving comparisons 
between DCs during the peripheral tissue and lymph 
node phases of their life cycle, it is evident that this 
"maturation" process normally does not occur until they 
migrate to regional lymph nodes (Steinman, 1991). 

The issue of whether airway and lung DCs may 
"mature" in situ in the presence of locally generated GM- 
CSF, for example during acute or chronic inflammation, 
remains to be resolved, but recent data (discussed below) 
indicate that an efficient control mechanism exists to 
downregulate this process. 

IL-6, 8, 12 
TNFol 
MIP-1 and - 2  
IFNc~, /3, ,y 
TGFc~, /3 
CSF(s) 
Platelet-derived growth factor 
Basic fibroblast growth factor 

Other proteins 
Antiproteases 
Fibronectin 
Complement components 
Coagulation factors 
Transferrin 

Biologically active lipids 
Thromboxane A2 
Prostaglandins (E2, D2, F2,,) 
Lipo-oxygenase metabolites 
Leukotriene B4, C4, D4 
Platelet-activating factor 

Reactive oxygen~nitrogen intermediates 
Superoxide, H202, OH- 
NO, nitrites, nitrates (not human?) 

Adapted from Sibille and Reynolds (1990). 
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stage, but not once the cell develops into a mature PAM 
(Wewers et al. ,  1984). 

Some of the most important mediators secreted by 
PAMs are summarized in Table 1.1. 

In addition to the above, it has been recognized for 
some time that PAMs are capable of elaborating powerful 
"suppressive" signals which can limit the proliferative 
potential of T cells, and it has been suggested that this 
function is central to maintenance of local immunological 
homeostasis in the peripheral lung (Holt, 1986, 1993). 
It is additionally evident that considerable heterogeneity 
exists within the PAM population with respect to 
capacity to suppress T cell activation. In particular, purifi- 
cation of the "monocyte-like" subpopulation of PAMs 
either by size, buoyant density or expression of 
appropriate surface markers (Warner et al. ,  1981; Holt et 
al. ,  1982; Murphy and Herscowitz, 1984; Shellito and 
Kaltreider, 1984), unmasks underlying capacity for acces- 
sory cell activity, and it is accordingly likely that the net 
effect of an individual PAM population on local T cell 
activation will depend Upon the balance between "com- 
peting" monocyte versus mature Mac subpopulations. 
This may underlie the findings that PAMs from asth- 
matics (Aubas et al. ,  1984) and sarcoidosis patients (Lem 
et al. ,  1985; Venet et al. ,  1985; Poulter, 1990; Nagai et 
al. ,  1991), syndromes characterized by a phenotypic 
"shift" in lung Mac populations towards monocytes 
(presumably via enhanced recruitment from blood), 
demonstrate significantly less suppressive activity than 
normal controls. It should be emphasized that demon- 
stration of the full potential of this suppressive mech- 
anism in humans requires the use of T cell activation 

systems in which the stimulus is a nominal antigen, as 
opposed to polyclonal mitogens such as anti-CD3 or 
phytohaemagglutinin (PHA), or even MLR (Holt, 
1986); providing antigenic stimulation is employed, 
PAM dose-response curves for human T cell suppression 
closely resemble those seen in murine systems (Upham et 
al. , 1994). 

The available evidence suggests that the underlying 
mechanism for PAM-mediated T cell suppression is mul- 
tifactorial, and includes both contact-dependent (Rich et 
al. ,  1991) and contact-independent elements. The latter 
include prostaglandins (McCombs et al. ,  1984; Rich et 
al. ,  1987), interleukin-1 receptor autogonist (IL-1Ra; 
Kern et al. ,  1988; Moore et al. ,  1992), transforming 
growth factor ~ (TGFB; Roth and Golub, 1993; Lip- 
scomb et al. ,  1994), nitric oxide (NO; Kawabe et al. ,  
1992; Bilyk and Holt, 1994; Strickland et al. ,  1994; 
Upham et al. ,  1994) and vitamin D3 metabolites (Mason 
et al. ,  1984). NO appears to be the dominant mechanism 
in rodents, but different pathway(s) are employed in 
humans. 

Recent studies from our laboratory additionally indi- 
cate that the transition from the monocyte to mature 
PAM "T-suppressive" phenotype is time dependent and 
cytokine sensitive. Following recruitment into the lung 
via a sterile inflammatory stimulus, murine monocytes 
require >i 5 days for full maturation (Bilyk and Holt, 
1994). In addition, the presence of cytokines such as 
GM-CSF (especially if free TNFa is also available) inhibits 
the expression of suppressive activity (Fig. 1.5). If mature 
PAMs are cultured continuously in the presence of GM- 
CSF, their T cell-interactive phenotype reverts to that of 
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Figure 1.5 Modulation of the T cell-suppressive activity of PAMs by pre-exposure to GM-CSF __+ TNF. Data 
shown are the proliferative responses of lymph node cells (LNC) to mitogen in the presence of PAMs at a con- 
centration equivalent to 5% of the bold cells in culture; the PAMs were pretreated for 48 h with medium alone, 
or medium supplemented with the cytokines shown. Untreated PAMs exhibited suppressive activity comparable 

to the medium-treated group. Reproduced with permission from Bilyk and Holt (1993). 
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monocytes, providing a "window" for T cell activation 
which may be required during inflammation for effective 
mobilization of local adaptive immune defences. Signifi- 
cantly, if GM-CSF exposure is continued beyond 48 h, 
the PAMs revert to their original suppressive phenotype, 
probably as a result of down-modulation of GM-CSF 
receptors (Bilyk and Holt, 1994); this would effectively 
"close the window" for T cell activation, permitting re- 
establishment of local immunological homeostasis. 

Ongoing studies in our laboratory additionally indicate 
that this "suppressive" mechanism is considerably more 
sophisticated than hitherto believed, and may indeed 
exist specifically to limit the local amplification (as 
opposed to expression) of secondary T cell immunity in 
the peripheral lung. It should firstly be remembered that 
PAMs do not constitutively express T cell suppressive 
activity, but do so only after direct interaction with 
preactivated T cells (Wamer et al., 1981), or more pre- 
cisely with IFN~, released by activated T cells (Albina et 
al., 1991). We have recently performed a comprehensive 
kinetic analysis ofT cells undergoing mitogen stimulation 
in the presence of PAMs, and find that despite being 
"locked" into G0/G1 in the cell cycle and being unable 
to proliferate, the T cells undergo normal Ca 2+ flux, 
transient T cell receptor (TCR) down-modulation, IL-2 
and IFN~ secretion, and IL-2R expression, i.e. they are 
unable to successfully "read-out" the IL-2 signal (Strick- 
land et al., 1994). The latter is reversible, as if the PAMs 
are removed, the T cells then proliferate. It is noteworthy 
that while human PAMs employ NO-independent 
mechanisms for T cell suppression, the characteristic 
phenotype displayed by "PAM-suppressed" human T 
cells appears identical to that in rodents (Upham et al., 
1994). 

Thus, this mechanism appears to permit individual T 
cells to express their primary function of antigen recogni- 
tion and cytokine release, but limits their responses to a 
"single-hit", thus minimizing the potential risk of local 
"bystander" tissue damage via a locally expanding T cell 
response. 

Recent studies from our laboratory (Thepen et al., 
1991, 1992a,b; Holt etal. ,  1993; Strickland etal. ,  1993) 
have supplied direct proof that, at least in rodents, this 
mechanism is also operative in vipo. It is now possible to 
create transiently "PAM-deficient" mice or rats via the 
"macrophage suicide technique'involving intratracheal 
inoculation of liposomes containing the MO cytotoxic 
drug dichloromethylene diphosphonate (DMDP); 
phagocytosis of the liposome results in PAM death over 
the ensuing 12-24 h. Primary immunity to antigens not 
previously encountered is unaffected by loss of PAMs 
(Thepen et al., 1991). However, aerosol challenge of 
primed animals results in markedly increased systemic 
and local T cell dependent immune responses, the latter 
characterized by the migration of large numbers of acti- 
vated T cells into the lung, and accompanying TI~2- 
dependent IgE plasma cell responses in the lymph nodes 

draining the respiratory tract (Thepen et al., 1992b). In 
addition, the cloning frequency of lung-derived T cells, 
which is very low in the steady state, improves markedly 
after PAM elimination (Strickland et al., 1993). 

0 Macrophage-Dendritic Cell 
Interactions 

The initial indication that the function(s) of lung DCs 
may be regulated by local Macs came from our initial 
studies on the isolation of peripheral lung DCs from the 
rat. These experiments identified the most potent APC 
population in collagenase digest of parenchymal lung 
tissue as DCs, but further demonstrated that expression 
of their full APC potential required initial elimination of 
contaminating Macs (Holt et al., 1985). Similar results 
were obtained with airway epithelial DCs (Holt et al., 
1988). 

More recent studies from our lab demonstrate that the 
capacity of lung and airway DCs to upregulate their APC 
functions and to acquire potent "presentation" capacity 
in response to GM-CSF in vitro, is inhibited by soluble 
signal(s) from the dominant local Mac population 
(PAMs), which include NO and TNFc~ (Holt et al., 
1993). This mechanism also appears operative in ~,0, as 
PAM elimination by the "macrophage suicide tech- 
nique", involving intratracheal administration of DMDP 
in liposomes, results in the rapid upregulation of the 
APC activity of resident lung DCs to approximate that 
achieved in vitro by co-culture with GM-CSF (Holt et al., 
1993; Fig. 1.6). 

3. Macrophage-Dendritic Cell Regu- 
lation of T Cell Function(s) in 
Inflamed Lung and Airway Tissues 

The review above argues that the efficiency ofT cell acti- 
vation in the lung and airways is determined by cross- 
regulating signals derived from both Macs and DCs. 
Moreover, many of these signals are likely to change both 
qualitatively and quantitatively during inflammation, and 
in addition the source of the signals may change. In par- 
ticular, it is now clear that in chronic inflammatory dis- 
eases such as asthma, GM-CSF is produced in high levels 
within the airway epithelium, by the epithelial cells 
themselves (e.g. Burgess et al., 1977) and also by 
infiltrating bone marrow-derived cells. 

Additionally, it is clear that a consistent feature of dis- 
eases such as asthma is the recruitment of monocytes into 
the alveolar spaces and the airway mucosa (Beasley et al., 
1989; Poston et al., 1992). Monocytes are potent APCs 
for reactivation of primed T cells, and these cells addi- 
tionally secrete cytokines such as GM-CSF and IL-1. 
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Figure 1.6 Antigen presentation by lung DCs in a primary MLR: effect of prior depletion of alveolar 
macrophages in DC donors. Semi-purified lung DCs from groups of control or treated BN rats (n = 3) were 

titrated into cultures of WAG lymph node cells, and resulting DNA synthesis determined as incorporation of 
[3H] thymidine at the 120 h time point. Panel A: lung DC pools were from untouched controls ( � 9  and animals 

intratracheally inoculated 48 h previously with either phosphate-buffered saline (PBS) (�9 or liposomes 
containing PBS ( r~ ) or DMDP (O). Panel B: MLR stimulatory activity of lung DCs prepared from BN rats at 

varying periods after intratracheal administration of DMDP liposomes: zero time control ( �9 ); 24 h post- 
administration (O); 48 h (0); 72 h ( �9 ). Reproduced with permission from Holt et al. (1993). 

TGF/3 and TNFa secretion by resident lung Macs is also 
a feature of lung and airway inflammation, in a variety of 
models (Becker et al., 1989; Khalil et al., 1989; Kips et 
al., 1992). 

Recent studies from our laboratory have attempted 
to develop integrated in vivo and in vitro murine systems 
to model this dynamic process, and the results of 
these experiments (Bilyk and Holt, 1993, 1994) suggest 
the following scenario. In the steady state, local T cell 
activation in the lung and airways is limited by: (i) the 
direct inhibitory effect of resident Macs on T cell pro- 
liferation, (ii) the intrinsic "functional immaturity" of 
resident DCs, which are able to endocytose and process 
inhaled antigen, but are inefficient in presenting antigen 
to T cells; and (iii) the inhibitory effects of resident Macs 
upon GM-CSF-induced DC "maturation" in situ. In 
response to inflammatory stimuli: (i) monocytes (active 
APCs) are recruited and dilute the resident Mac popu- 
lation; and (ii) a variety of cells secrete cytokines, in 
particular GM-CSF (epithelial cells and monocytes), IL-1 
(monocytes), TGF/3 and TNFc~ (activated resident 
Macs). We have shown that GM-CSF plus TNF~ 
"deprogramme" the T cell inhibitory activity of resident 
Macs (especially PAMs; Bilyk and Holt, 1993), and 
by virtue of their capacity to suppress NO pro- 
duction, inhibit the capacity of PAMs to block the 
inductive effect of GM-CSF upon DC maturation (Holt 
et al., 1993). 

The latter is unlikely to occur in humans by this precise 
mechanism, as human PAMs produce little or no NO, 

however it is feasible that human PAMs may modulate 
DC suppression by other pathways - this suggestion 
appears reasonable on the basis of our recent finding that 
human PAMs modulate individual events in the T cell 
activation process in a fashion which appears identical to 
that achieved via NO by their murine counterparts 
(Upham et al., 1994), indicating that alternative 
mechanisms are available in humans. The combination of 
GM-CSF, TNF and IL-1 represents the most potent 
stimulus known for promotion of DC "maturation" into 
the APC phenotype (Steinman, 1991), and it is thus 
feasible that in the absence of a countermanding signal 
from PAMs, resident lung DCs can potentially respond 
to such locally produced cytokine mixtures and thus 
develop the capacity to function as efficient stimulators 
for local T cell activation. 

Results from the murine model suggest that this 
potential "window" for local T cell activation which may 
be opened during inflammation appears to be self- 
limiting, as PAMs continuously exposed to GM-CSF 
in vitro spontaneously reacquire the T cell suppressive 
phenotype by 72 h (Bilyk and Holt, 1994), presumably 
as a result of down-modulation of GM-CSF receptors 
which occurs as a result of prolonged exposure to ligand; 
TNFa is ineffective in its own right in modulating 
PAM suppressive activity, and can only synergize with 
effective GM-CSF signals (Bilyk and Holt, 1994), analo- 
gous to the situation described for the effects of this 
cytokine combination on DC maturation (Steinman, 
1991). 
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It has also been reported that airway epithelial cells, in 
particular those from humans, produce NO during 
chronic inflammation. While this mediator has been pro- 
posed to exert a variety of effects in asthma including 
those directly involved with development of the sym- 
ptoms of airways obstruction, our results in the animal 
models suggest that this function may also contribute to 
eventual limitation o f t  cell-mediated airways inflamma- 
tion via suppression of GM-CSF-induced DC 
maturation. 
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1. Introduction 
T lymphocytes play a fundamental role in the initiation 
and regulation of inflammatory responses. Through their 
specific antigen receptors, they are capable of recognizing 
invading foreign antigens and initiating appropriate 
immune responses, which may be characterized 
predominantly by "cell-mediated" reactions, in which 
effector immune cells play a major role, or "humoral" 
reactions, in which antibody responses are more promi- 
nent. Although immature B lymphocytes express surface 
IgM with low binding affinity for foreign antigens, these 
cells are largely dependent on T lymphocytes for their 
subsequent activation and proliferation, and for antibody 
affinity maturation. There is now abundant evidence that 
T lymphocytes orchestrate both the initiation and the 
propagation of immune responses largely through the 
secretion of cytokines, and that the particular combina- 
tions of cytokines secreted during the course of these 
inflammatory responses is responsible for the type of 

Immunopharmacology of the Respiratory System 
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inflammatory reaction with ensues, including whether 
the reaction is predominantly cellular or humoral in 
nature. It is the purpose of this chapter to describe the 
fundamental properties ofT lymphocytes and the factors 
which govern their secretion of cytokines in various 
inflammatory conditions. The mechanism of recruitment 
of T lymphocytes to sites of inflammation, particularly 
mucosal surfaces, will be discussed. Finally, it will be 
shown how the secretion of various patterns of cytokines 
can influence the course and nature of the ensuing 
inflammatory response. In some cases these responses 
serve to protect the host against infection and ensure sub- 
sequent healing and repair. In other cases, however, 
these responses may be chronic and result in long-term 
damage to host tissues. 

2. T Lymphocyte-derived Cytokines 
T lymphocytes secrete an array of protein mediators 
involved in cell growth, inflammation, immunity, 

Copyright �9 Academic Press Limited 
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differentiation and repair. Over the last 15 years, these 
mediators have been given various names. "Lym- 
phokines" were originally defined as cell free soluble 
factors generated by sensitized T lymphocytes in response 
to specific antigen (Dumonde et al., 1969). The terms 
"cytokine" and "interleukin" served to broaden this defi- 
nition to include factors originating from many different 
cell types (Aarden et al., 1979). Cytokines were defined 
initially on the basis of their activities, but the cloning of 
the genes for these products has greatly facilitated their 
classification, and cytokine expression both in vitro and 
in vivo can now be studied at the gene, mRNA or protein 
level. Identification of cytokine genes has also allowed 
examination of factors regulating the production of 
different cytokines. Most recently, a new family of 
chemotactic cytokines or "chemokines" are being identi- 
fied. These chemokines are secreted by a wide variety of 
cell types. Two particularly striking functional features of 
cytokines are their extensive pleiotropy and their redun- 
dancy; most cytokines have multiple functions, and any 
one function can generally be mediated by more than one 
cytokine (Paul, 1989). Chemokines are less pleiotropic 
than cytokines because they are not potent inducers of 
other cytokines and exhibit more specialized functions in 

inflammation and repair. In addition, their activities are 
generally limited to a narrower spectrum of specific target 
cells. 

In contrast to hormones, which are carried by the 
blood stream throughout the entire body, cytokines, 
with certain exceptions, tend to mediate localized effects. 
Studies with administration of recombinant cytokines 
in vivo have shown that their half-life in the circulation is 
brief, typically less than 30 min, substantiating the 
notion that recirculation is not usually a fundamental 
aspect of cytokine physiology. Cytokines are highly 
potent mediators and exert their actions by binding to 
high affinity receptors (Ka typically 10-11 M) expressed at 
low numbers (typically 100-1000 receptors per cell) on 
different cell types. These receptors generally consist of 
two or more chains, each containing single membrane- 
spanning domains. Frequently, one, and sometimes 
both, of these receptor chains belongs to a family of 
cytokine receptors characterized by a degree of structural 
homology in their extracellular domains, including con- 
servation of key cysteine residues and the expression of a 
common pentameric amino acid motif adjacent to the 
cell membrane. Most cytokines are glycoproteins, 
although glycosylation is generally not required for 

Table 2.1 Summary of properties and alternative cell sources of T lymphocyte-derived cytokines 
, , , , 

Cytokine Cell sources Activities 

IL-lo~/3 

IL-2 

IL-3 

IL-4 

Many cell types 
Macrophages 
Keratinocytes 
Endothelial cells 
Some T and B cells 
Glial cells 
Epithelial cells 

Activated T cells 
Activated B cells 

in vitro 

T cells 
Thymic epithelium 
Mast cells 
Keratinocytes 

Subpopulations of CD4 
and CD8 T cells 

Mast cells 
Basophils 
CD4- CD8-T cells in 

spleen and thymus 
B cells 

Increased proliferation of T and B cells 
Fibroblasts: proliferation, PGE2 synthesis 
Macrophages: PGE2, chemokine secretion, cytotoxicity 
Endothelium: PGE2, synthesis adhesion molecule expression 
Participates in septic shock 
CNS: fever, sleep, anorexia 
Bone and cartilage resorption 

Activates CD4/CD8 T cells, B cells, macrophages and NK cells 
Enhances cytolytic activity of LAK and NK cells 

Enhances survival, proliferation and differentiation of multipotential stem 
cells and committed precursors of the granulocyte, macrophage, erythroid, 
eosinophil, neutrophil, megakaryocyte, mast cell and basophil lineages 

Enhances effector functions of myeloid end cells such as phagocytosis and 
cytotoxicity 

Regulates many phases of B cell development, including viability and MHC 
class II expression, FceRII (CD23) receptor expression. 

Promotes antibody synthesis and Ig class switching by B cells (IgG4, IgE) 
Growth factor for helper and cytolytic T cells 
Promotes differentiation of TH2-type T cells but impedes that of THl-type 

cells 
Enhances MHC class II expression, tumoricidal activity and cytokine 

synthesis by monocytes 
Promotes growth of mast cells 
Enhances growth of myeloid and erythroid pregenitors in combination with 

GM-CSF, IL-6 and erythropoietin 
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Table 2.1 (Continued) 

Cytokine Ceil sources. Activities 

IL-5 T cells 
Mast cells 
Eosinophils 

Enhances differentiation and proliferation of more mature eosinophil 
progenitors 

Principal regulator of mature eosinophil numbers 
Growth factor for murine B cells; effect on human B cells not seen in all 

systems 

IL-6 T cells 
Monocytes 
Macrophages 
Fibroblasts 
Hepatocytes 
Endothelial cells 

B cells: cofactor for growth and Ig section 
T cells: growth cofactor 
Hepatocytes: acute phase proteins 
Osteoclasts: bone resorption 
Megakaryocyte maturation 

IL-9 T cells Growth factor for some T cell clones 
Supports erythroid colony formation with erythropoietin 
Enhances IL-3-induced growth of bone marrow-derived mast cells in mouse, 

not human 

IL-10 T cells 
Monocytes 
Macrophages 
Keratinocytes 
Activated B cells 

Inhibits cytokine secretion by TH1- and TH2-type 
T cell clones 
Impairs accessory function of macrophages and dendritic cells 
Inhibits cytokine secretion by macrophages (TNFoL, IL-1, IL-6, IL-8, GM-CSF) 

and microbicidal activity 
Activates B cells (proliferation and secretion of IgM, IgG and IgA) 
Induces proliferation of thymocytes 

IL-13 T cells Induces B cell growth and differentiation 
Inhibits cytokine secretion by macrophages 

IFN,y T cells 
NK cells 

Activates tumoricidal and microbicidal activities of monocytes and 
macrophages 

Enhances MHC class I and II molecule expression on monocytes, 
macrophages, epithelium, endothelium and connective tissue cells 

Inhibits induction and proliferation of TH2-type T cells 
Regulates antibody synthesis by direct effects on B cells; inhibits IgE 

synthesis 
Activates NK cells and cytotoxic T cells 

GM-CSF T cells 
Mast cells 
Eosinophils 
Monocytes 
Fibroblasts 
Endothelial cells 
Neutrophils 

Enhances survival, proliferation and effector activity of progenitors of 
granulocytes, monocytes, eosinophils, but not mast cells 

TNFc~ T cells 
NK cells 
LAK cells 
Macrophages 
Astrocytes 
Endothelial cells 
Mast cells 

Enhances T cell proliferation 
Enhances B cell proliferation 
Enhances adhesion molecule expression on endothelium 
Neutrophils: activation, adhesion 
Fibroblasts: proliferation, cytokine secretion 
CNS: fever 
Promotes bone resorption 

TNF/~ T cells (especially 
THl-type CD4 T cells 

and cytotoxic CD8 T 
cells) 

Enhances B cell proliferation 
Enhances fibroblast proliferation 
Cytotoxic for a wide variety of tumour cell lines 
Accounts for some of the cytolytic activity of T cells, NK cells and LAK cells 
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biological function, since non-glycosylated forms gener- 
ally retain all biological activities. T cell-derived cytokine 
genes exist as single copies in the haploid genome and 
generally show a related genomic organization consisting 
of four exons and introns (Arai et al., 1990). Several T 
cell-derived cytokine genes [including intedeukin-3 
(IL-3), IL-4, IL-5, granulocyte-macrophage colony- 
stimulating factor (GM-CSF), monocyte colony- 
stimulating factor (M-CSF) and its receptor] are clustered 

on the long arm of human chromosome 5 (Arai et al., 
19.90). 

An exhaustive list of the functions of the various 
cytokines and chemokines is beyond the scope of this 
chapter, although a list of the principal T lymphocyte- 
derived cytokines, their known cellular sources (other 
than T lymphocytes) and principal activities are listed in 
Table 2.1. The principal members of the chemokine 
family of inflammatory cytokines are listed in Table 2.2. 

Table 2.2 Summary of the properties and cell sources of some chemokines 

Name Ceil sources Inducers Activities 

c~-Chemokines 
IL-8 

MGSA/Gro 

PF4 

/3-TG/NAP-2 

CTAP-III//3-TG 

-ylP-10 

ENA-78 

/3-Chemokines 
MCAF/MCP-1 

RANTES 

LD-78 (MIP-la) 

Monocytes 
Neutrophils 
Fibroblasts 
Endothelium 
T cells 

Monocytes 
Fibroblasts 
Endothelium 

Platelets 

Monocytes 
Platelets 

Monocytes 

Monocytes 
Fibroblasts 
Endothelium 

Epithelium 

Monocytes 
Fibroblasts 
Endothelium 

T cells 
Platelets 

Endotoxin 
Mitogens 
Viruses 
IL-1, TNF, IL-3 
(IFN1, co-stimulatory) 

Endotoxin 
IL-1, TNF 

Platelet activators 

Platelet activators 

Platelet activators 

Endotoxin 
IFN1, 

IL-1, TNF 

Endotoxin 
Mitogens 
IL-1, TNF, PDGF, 
IFN-y 

Mitogens 

T cells Mitogens 
Monocytes Endotoxin 

TNF 

ACT-2 (MIP-1/3) T cells Mitogens 
Monocytes TNF, IL-2 

1-309 T cells Mitogens 

MCP-3 Tcells Mitogens 

Chemotaxis: neutrophils 
T cells, basophils 
Basophil degranulation 
Neutrophil activation 

Chemotaxis: neutrophils 
Neutrophil activation 

Chemotaxis: fibroblasts 
Induces fibroblast growth 

Chemotaxis: neutrophils 
Neutrophil activation 

Chemotaxis: fibroblasts 
Neutrophil activation 

Chemotaxis: monocytes, activated T cells, DTH 
reactions 

Chemotaxis: neutrophils 
Neutrophil activation 

Chemotaxis: monocytes, basophils 
Basophil degranulation 

Chemotaxis: monocytes, memory T cells, 
eosinophils, basophils 

Basophil degranulation 

Chemotaxis: monocytes, activated CD8 T cells, 
eosinophils 

Chemotaxis: monocytes, activated CD4 T cells 

Chemotaxis: monocytes 

Chemotaxis: eosinophils, basophils 

MGSA, melanoma growth simulatory activity; Gro, growth-related oncogene; PF4, platelet factor 4; /3-TG, ~-thromboglobulin; NAP-2, 
neutrophil-activating peptide-2; CTAP-III, connective tissue-activating peptide; MCAF, monocyte chemoattractant and activating factor; MIP- 
1~, macrophage inflammatory protein-lot; MIP-1/~, macrophage inflammatory protein-I/3; MCP-1 monocyte chemotactic protein-l. 
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These chemokines have been further subdivided into two 
subsets, ~ and/5. The c~-chemokine genes are clustered 
on chromosome 4 and share a characteristic amino acid 
sequence such that the first two of their four cysteine 
groups are separated by one amino acid (C-X-C). Genes 
encoding the ~-chemokines are located on chromosome 
17. These proteins have no intervening amino acid 
between the first two cysteine residues (C-C). 

3. Functional Heterogeneity of T 
Lymphocytes in Human Immune 
Responses 

In recent years it has become clear that the nature of the 
immune response initiated by CD4 T lymphocytes is at 
least partly dependent on the "selection" or preferential 
activation of particular subsets of CD4 T lymphocytes 
which secrete defned patterns of cytokines (Table 2.3). 
These patterns of cytokine release result in the initiation 
and propagation of distinct immune effector 
mechanisms. Initial studies of mouse CD4 T lymphocyte 
clones revealed that these could be divided into two basic 
functional subsets termed TH1 and TH2. TH1 T lympho- 
cytes were characterized by the predominant secretion of 
IL-2, interferon y (IFN3,) and tumour necrosis factor 
/5 (TNF~3), while TH2 ce l l s  characteristically 
predominantly secreted IL-4, IL-5, IL-6 and IL-10. 
Other cytokines, such as TNFc~, IL-3 and GM-CSF, were 
produced by both TH1 and TH2 cell subsets (Mosmann 
et al., 1986; Mosmann and Moore, 1991). These 
differing patterns of cytokine secretion by CD4 T lym- 
phocytes result in distinct effector functions (Mosmann 
and Coffman, 1989). Broadly speaking, TH1 cells partici- 
pate in delayed type hypersensitivity (DTH) reactions 
(Cher and Mosmann, 1987), but also provide help for B 
lymphocyte immunoglobulin synthesis under certain cir- 
cumstances. TH2 cells, on the other hand, by their 

T a b l e  2 .3  C y t o k i n e  prof i les  of  s u b s e t s  of  h u m a n  T 
l y m p h o c y t e s  

Cytokine THp THO TH 1 TH2 

I L - 2  + + + - 

I F N 3 ,  - + + + + - 

T N F - B  - - + + - 

I L - 4  - + + - + + 

I L - 5  - + + - + + 

IL-9 - - + + 
I L - 1 0  - + + - + 

T N F - o ~  - + + + 

G M - C S F  - + + + + 
I L - 3  - + +  + +  + +  

- ,  little or no secretion; __., secretion by some clones; + ,  moderate 
secretion; + + ,  marked secretion. 

pattern of secretion of B lymphocyte co-stimulatory 
cytokines, enhance the synthesis of all immunoglobulins, 
including IgE, in immune responses. In the centre of this 
spectrum, T lymphocyte clones secreting cytokines 
characteristic of both TH1 and TH2 cells, termed TH0 
cells, were also described (Firestein et al., 1989). It is still 
not clear whether these TH0 cells represent distinct func- 
tional subsets or precursor cells in the process of differen- 
tiating into TH1 or TH2 cells. 

Initial studies on mitogen-stimulated or alloreactive T 
lymphocyte clones raised from the peripheral blood of 
normal donors suggested that only a few CD4 T lympho- 
cyte clones showed clear-cut TH1 or TH2 phenotypes, 
while the majority resembled Tri0 cells (Paliard et al., 
1988). A different picture emerged, however, when 
human T lymphocyte clones specific for particular 
antigens were raised, particularly when these antigens 
were implicated in prototype immunological mechanisms 
such as DTH to mycobacterial antigens or nickel on the 
one hand, and IgE-mediated responses to helminth 
allergens on the other. For example, study of a large series 
of T lymphocyte clones raised from the peripheral blood 
of healthy individuals specific for purified protein deriva- 
tive (PPD) of Mycobacterium tuberculosis or the 
excretory/secretory antigens of Toxocara canis (TES) rev- 
ealed that the majority of the PPD-specific clones showed 
a TH1 cytokine profile, with excess secretion of IL-2 and 
IFNy, whereas the TES-specific clones showed a TH2 
profile, with excess IL-4 and IL-5 secretion (Del Prete et 
al., 1991a). Similarly, many T lymphocyte clones specific 
for intracellular bacteria such as Borrelia burgdorferi 
showed a TH1 pattern of cytokine secretion (Yssel et al., 
1991). In patients with atopic dermatitis, T lymphocyte 
clones specific for house dust mite (Dermatophagoides 
pteronyssinus) allergen raised from the peripheral blood 
secreted IL-4 and not IFN% whereas all clones specific 
for Candida albicans or tetanus toxoid raised from 
the same donors secreted an excess of IFN3, and rela- 
tively little IL-4 (Parronchi et al., 1991). CD8 T lympho- 
cytes also appear to exhibit functional heterogeneity in 
terms of their cytokine secretion profile. For example, 
CD8 T cell clones specific for Mycobacterium leprae 
antigens showed patterns of cytokine secretion consistent 
with both TH1 and TH2 phenotypes (Salgame et al., 
1991). 

There is some evidence for mutual cross-inhibition of 
proliferation and cytokine secretion by Te l  and TH2 T 
lymphocytes, which is mediated by particular cytokines. 
For example, exogenous IL-4 favours the growth and 
proliferation of TH2 T lymphocytes, whereas TH2 clones 
are exquisitely sensitive to inhibition by IFNy. IL-2 is a 
growth factor for both TH1 and TH2 cells. Whereas in 
mice, IL-10 significantly inhibits the proliferation and 
cytokine secretion of Tnl cells (Fiorentino et al., 1989), 
human IL-10 significantly inhibits proliferation of and 
cytokine secretion by both Tnl and TH2 clones raised in 
response to specific antigen or lectin, and is itself a 
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product of both TH 1 and TH2 clones (Del Prete et al., 
1993). 

Human TH1 and TH2 cells also differ in the nature of 
their help for immunoglobulin (Table 2.4) synthesis by 
autologous B lymphocytes and in their cytolytic potential 
(Table 2.4). In the presence of specific antigen, TH2 
clones were able to induce the synthesis ofIgM, IgG, IgA 
and IgE by autologous B lymphocytes (Del Prete et al., 
1991b). Under the same conditions, TH1 clones induced 
synthesis of IgM, IgG and IgA, but not IgE, with a peak 
response at a T cell: B cell ratio of 1 : 1. At higher T cell: 
B cell ratios, Ig synthesis was reduced, possibly reflecting 
the cytolytic activity of the TH1 clones against autologous 
B lymphocytes at higher T cell: B cell ratios (Del Prete et 
al., 1991b). This inhibition of Ig synthesis by TH1 cells 
may represent an important mechanism whereby the 
production of antibodies other than IgE in immune 
responses is self regulated. In contrast, the failure of such 
an intrinsic regulatory mechanism in the case of TH2 cells 
may explain, at least partly, why IgE antibody responses 
may persist despite the cessation of antigen exposure. 

3.1 M E C H A N I S M S  OF 

D I F F E R E N T I A T I O N  OF H U M A N  

THi A N D  T H 2  C D 4  T 

L Y M P H O C Y T E S  

The experimental data discussed above suggest that TH1 
and TH2 CD4 T lymphocyte clones exist in humans, and 
that one factor determining their profiles of cytokine 
secretion is their antigen specificity. The observation, 
however, that T lymphocyte clones specific for any given 
antigen, such as tetanus toxoid, can exhibit TH1, TH2 
and TH0 phenotypes (Parronchi et al., 1991) suggests 
that the cytokine secretion profile of individual T lym- 
phocytes is not irrevocably "set" in a TH1 or TH2 pattern 
by the criterion of antigen specificity alone. Indeed, it is 
hard to envisage how this could occur, since T lympho- 
cyte antigen specificity is acquired at random during 
differentiation in the thymus, and therefore predetermi- 
nation of a particular cytokine secretion profile according 
to antigen specificity would have to invoke some mech- 

Table 2.4 Helper function for Ig synthesis and cytolytic 
activity of human CD4 T lymphocyte  subsets 

TH 1 TH2 T HO 

Cytolytic activity + + + + + + 
Helper funct ion for: 

IgE synthesis - + + + + 
Synthesis of other Ig classes 

Low T/B cell ratios + + + + + + 
High T/B cell ratios - + + + + 

- ,  absent; _+, detectable; + +, moderate; + + +, marked. 

anism whereby such a profile is "imprinted" on a T lym- 
phocyte before it has encountered its specific antigen, 
which is not impossible but seems unlikely. 

In order to address this problem, it has been suggested 
that, at least in mice, TH1 and TH2 cells may represent 
memory cells that have matured into different functional 
phenotypes in the face of repeated stimulation by specific 
antigen. This hypothesis invokes the putative existence of 
antigen-naive precursor T lymphocytes (THp) which 
secrete principally IL-2 and develop into early memory 
TH0 effector cells after first encounter with specific 
antigen (Swain et al., 1990). These cells then terminally 
differentiate into TH1 or TH2 cells following repetitive 
antigen stimulation. 

The concept that TH0, TH1 and TH2 effector cells 
differentiate from a common pool of precursor cells raises 
the question of which factors influence the differentiation 
of a T lymphocyte to the TH1 or TH2 phenotype. There 
is some evidence that exogenous cytokines may play a 
role in this differentiation process. For example, early 
addition of IL-4 to uncloned peripheral blood 
mononuclear cells stimulated with PPD shifted the sub- 
sequent differentiation of PPD-specific T lymphocytes 
from a TH1 towards a TH0 or TH2 phenotype. Con- 
versely, in similar cultures, early addition of both IFNqr 
and anti-IL-4 antibody induced many allergen- or TES- 
specific T lymphocyte clones to differentiate into TH0 
and TH1, instead of TH2 clones (Maggi et al., 1992). 
These data suggest that the presence or absence of 
exogenous IL-4 or IFNqr at the time of antigen stimu- 
lation of resting T cells may influence their subsequent 
development into TH1 or Tn2 clones, regardless of any 
pre-existing functional bias. In addition, the cytokines 
IFNc~ and IL-12 [both activators of natural killer (NK) 
cells which induce IFNy synthesis] were also found to 
promote the differentiation of allergen- or TES-specific T 
lymphocyte clones towards a Tn0 or TH1 phenotype 
instead of the usual TH2 phenotype, whereas neutraliza- 
tion of endogenous IL-12 by specific antibody promoted 
the differentiation of PPD-specific T lymphocytes 
towards a TH0 or TH2 phenotype instead of the typical 
TH1 phenotype (Romagnani, 1992). These observations 
have led to the hypothesis (Romagnani, 1992) that infec- 
tion of cells such as macrophages with viruses and 
intracellular bacteria may favour a TH1 response through 
local release of IFNc~ and IL-12, which might in turn 
activate NK cells resulting in local release of IFNy. It is 
less clear what could favour the differentiation of TH2 
effector T lymphocytes from precursors in v/v0, although 
it is possible to speculate that allergens or helminth- 
derived antigens, in contrast to intracellular parasites, 
might invoke relatively little IL-12 release from mono- 
cytes and therefore low local concentrations of IFNy. 
This, coupled with the presence of local IL-4 released 
from IgE-sensitized mast cells in patients with atopic dis- 
ease or helminthic infections, might favour the local 
differentiation of TH2 effector T lymphocytes. 
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3.2 POSSIBLE R O L E  OF TH1  A N D  T H 2  

T L Y M P H O C Y T E S  IN  M U C O S A L  

P R O T E C T I O N  A N D  I N J U R Y  

The existence of CD4 and CD8 T lymphocytes which 
secrete defined combinations of cytokines in response to 
various antigenie stimuli, and a consideration of the 
properties of these cytokines as summarized in Table 2.1 
above, allows the view that particular patterns of 
cytokine release during inflammatory responses play an 
important role in determining the type of immune 
effector mechanism that a foreign antigen may elicit. 
Thus, TH1 cells, through their predominant secretion of 
IL-2 and IFN3,, might be expected to promote the 
development of cytotoxic T lymphocytes, enhance the 
bactericidal activity of macrophages and stimulate the 
activity of Nk and lymphocyte-activated killer (LAK) 
cells. These effector mechanisms would be particularly 
effective for the elimination of viruses and other intracel- 
lular pathogens. On the other hand, the secretion of 
cytokines such as IL-4, IL-6 and IL-10 by TH2 T lym- 
phocytes would be expected to inhibit local activation of 
macrophages and dendritic cells but would favour the 
synthesis and release of specific antibody by activated B 
lymphocytes. Such humoral responses have a well- 
defined role in the elimination of invading extracellular 
microorganisms such as bacteria and their secreted 
products. Cytokines derived from TH2 T lymphocytes 
are also implicated in the eosinophilia (IL-3, IL-5 and 
GM-CSF) and IgE response (IL-4) which accompany hel- 
minthic parasitic infections, although whether such 
responses play an important role in elimination of the 
parasite is in many cases in doubt. 

In addition to their possible role in eliminating certain 
infections, there is also some evidence that secretion of 
TH2 cytokines may be detrimental to the host. In several 
infectious diseases of humans, a TH1 pattern of cytokine 
secretion is associated with resistance to infection, 
whereas a TH2 pattern may be associated with progres- 
sive, uncontrolled infection. The TH2 cytokines IL-4, 
IL-10 and IL-13 (Minty et al., 1993), although 
enhancing antibody production, may suppress cell- 
mediated immune responses. For example, IL-4 blocks 
the IL-2 dependent proliferation of TH1 T cells through 
down-regulation of IL-2 receptors (Martinez et al., 
1990), abrogates the antimicrobial activity of monocytes 
activated by IFN3, (Lehn et al., 1989), and blocks macro- 
phage nitric oxide production, which is essential for the 
killing of intraceUular parasites (Liew and Cox, 1991). IL- 
l0 inhibits antigen-specific T lymphocyte responses by 
interfering with antigen presentation by monocytes and 
macrophages and by down-regulation of their major 
histocompatibility complex (MHC) class II molecule 
expression (De Waal Malefyt et al., 1991b). IL-10 also 
inhibits the release from macrophages of cytokines with 
antimicrobial functional properties (De Waal Malefyt 

et al., 1991a). A good example of how TH2 cytokines 
might impair host responses to infection is provided by 
leprosy, which presents as a clinical and immunological 
spectrum of disease where, on the one hand patients with 
tuberculoid leprosy exemplify the resistant response 
restricting growth of the pathogen, whereas on the other 
hand patients with lepromatous leprosy suffer from 
uncontrolled proliferation of the Mycobacterium leprae 
organism despite demonstrating a marked humoral 
response to the pathogen. These clinical patterns of dis- 
ease are associated with distinct cytokine patterns in skin 
lesions of patients with leprosy (Yamamura et al., 1992), 
with elevated concentrations of mRNA encoding IL-2 
and IFNc~ in tuberculoid lesions and elevated concentra- 
tions of mRNA encoding IL-4, IL-5 and IL-10 in 
lepromatous lesions. Spontaneous "conversion" of the 
disease from the lepromatous to the tuberculoid form 
was associated with an alteration of the corresponding 
cytokine pattern observed in skin lesions. These differ- 
ences in cytokine profiles were confirmed in both CD4 
and CD8 T lymphocytes at the clonal level (Salgame et 
al., 1991). In addition to providing further evidence for 
the existence of Tnl and TH2 CD4 and CD8 T lympho- 
cytes, these studies also implicate TH2 cytokines in sup- 
pressing cell-mediated immunity to such an extent that 
infection is allowed to proceed unabated. 

Some of the most convincing evidence for a role for 
TH1 and TH2 cytokines in orchestrating distinct inflam- 
matory responses in vivo has come from studies of various 
immunopathological disorders. In studies employing in 
situ hybridization, the cutaneous inflammatory responses 
to challenge with allergen in atopic subjects and tuber- 
culin in non-atopic subjects were compared (Kay et al., 
1991; Tsicopoulos et al., 1992). Both types of response 
(late-phase allergic and DTH) were associated with an 
influx of activated CD4 T lymphocytes, but whereas 
mRNA molecules encoding IL-2 and IFNc~ were abun- 
dant within the tuberculin reactions, very little mRNA 
encoding these cytokines was observed in the late phase 
allergic reactions. Conversely, mRNA encoding IL-4 and 
IL-5 was abundant in the late phase allergic but not the 
tuberculin reactions. In effect, the profiles of cytokine 
secretion in the allergic and tuberculin reactions closely 
paralleled those of TH2 and TH1 CD4 T lymphocytes, 
respectively. Furthermore, the relative numbers and 
types of granulocytes infiltrating these reactions reflected 
these different patterns of cytokine release (Gaga et al., 
1991). These observations provide direct evidence in sup- 
port of the hypothesis that activated T lymphocytes, 
through their patterns of cytokine secretion, regulate the 
types of granulocyte which participate in inflammatory 
reactions. Furthermore they demonstrate that Tri1 and 
TH2 CD4 T lymphocyte responses can be detected in 
humans under physiological conditions, and that the 
antigen specificity of the T lymphocytes might be one 
factor which determines which type of response is in- 
itiated. In another study employing in situ hybridization 
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(Robinson et al., 1992) it was shown that significantly 
elevated percentages of ceils in the bronchoalveolar lavage 
(BAL) fluid of asthmatics expressed mRNA encoding IL- 
2, IL-3, IL-4, IL-5 and GM-CSF but not IFN3, in mild 
atopic asthmatics compared with non-atopic normal con- 
trols. Allergen challenge of sensitized atopic asthmatics 
was associated with increased numbers of activated T 
lymphocytes and eosinophils and increased expression of 
mRNA encoding IL-5 and GM-CSF in the bronchial 
mucosa (Bentley et al., 1993). Taken together, these 
studies have provided a considerable body of evidence for 
the existence of TH1 and TH2 patterns of cytokine secre- 
tion, although it cannot be ascertained from such studies 
whether or not these cytokines originate from the same 
cells. More direct evidence that these cytokines may 
indeed have arisen from the same cells has been obtained 
from other studies showing that following mitogen 
stimulation, the majority ofT lymphocytes derived from 
the conjunctival infiltrates of patients with vernal con- 
junctivitis developed into TH2 clones (Maggi et al., 
1991). Similarly, high proportions of TH2 clones were 
obtained from the skin lesions of patients with atopic der- 
matitis (Van der Heijden et al., 1991; Ramb-Lindhauer 
et al., 1991). A proportion of these skin-derived T lym- 
phocyte clones were specific for house dust mite (Van der 
Heijden et al., 1991)or grass pollen (Ramb-Lindhauer et 
al., 1991) allergens. 

In summary, these experimental data provide con- 
vincing evidence for specific patterns of cytokine release 
by both CD4 and CD8 T lymphocyte clones in the 
course of immune responses to invading microorganisms 
and in various immunopathological diseases. Whilst 
responses to invading microorganisms are generally pro- 
tective, there is some evidence that TrI2 cytokines may be 
instrumental in producing host susceptibility to infec- 
tions with intracellular microorganisms. Finally, the 
cytokine secretion pattern ofT lymphocytes, particularly 
CD4 T lymphocytes, is strongly reflected in their func- 
tional capacities, particularly in the expression of cytolytic 
activity and help for Ig synthesis. 

4. The Role of Cytotoxic T Lymphocytes 
in Mucosal Protection Against 
Invading Microorganisms 

Cytotoxic T lymphocytes are important for the protec- 
tion of mucosal surfaces against invading microor- 
ganisms, particularly organisms which replicate 
intracellularly. Most cytotoxic T lymphocytes (CTLs) 
express CD8, although cytocidal CD4 + T lymphocytes 
have been described (Fleischer and Wagner, 1986). 
Antigen-specific CTLs recognize foreign antigen in 
association with major histocompatibility molecules on 
the surface of infected target cells through the c~/~ T 
lymphocyte antigen receptor. In addition, some CTLs 

recognize and lyse infected target cells via -y/8 T lympho- 
cyte antigen receptors in a non-MHC-restricted fashion 
(Allison and Havran, 1991). Virtually all cells are suscept- 
ible to infection by viruses and some cells, particularly 
phagocytic cells, by bacteria and parasites. Pathogen- 
derived peptides are presented to CD8 + CTLs in con- 
junction with MHC class I molecules. 

Whereas virus-neutralizing antibody can prevent viral 
infections, only cell-mediated antiviral responses can 
eliminate established viral infections (Mackenzie et al., 
1989). It is not clear exactly how such infections are 
halted by T lymphocytes (Martz and Gamble, 1992). 
Direct CTL-mediated lysis of infected cells, or secretion 
of inhibitory cytokines such as IFNy and TNF~ may be 
involved. The fact that adoptive transfer of cloned, 
influenza virus-specific CTLs can protect mice against 
lethal doses of virus against which the cloned CTLs were 
generated, but not against a non-cross-reacting influenza 
virus strain mixed and administered with the immunizing 
virus, suggests a vital role for antigen-specific direct 
effector cell contact (Lukacher et al., 1984). MHC class 
I-restricted CD8 + CTL also appear to be important for 
resistance to microbial pathogens and parasites such as 
malarial parasites. 

Lysis of infected target cells depends on conjugate for- 
mation with antigen-specific CTLs (Zagury et al., 1975) 
mediated by the T lymphocyte antigen receptor and class 
I MHC molecules of the target cells and accessory 
molecules such as leucocyte function-associated antigen- 
1 (LFA-1) and intercellular adhesion molecule-1 (ICAM- 
1). The killing of infected target cells by CTL may be 
divided, for the purposes of analysis, into several stages, 
although these stages are not necessarily sequential, and 
may not all be utilized in every case. 

1. "Productive" conjugate formation between the 
antigen-specific CTL and the infected target cells. 

2. Recognition of specific antigen on the surface of the 
infected target cell by the CTL antigen receptor. 

3. Transmembrane triggering of the CTL following 
engagement of the antigen receptor. 

4. Induction of nuclear events in the target cell 
including apoptosis. 

5. Activation of cytoplasmic processes in the CTL, 
including granule exocytosis and perforin secretion. 

CTLs make contact with most surrounding cells when 
co-cultured with these ceils in vitro. Although a 
predominance of non-lethal engagements is observed 
even with antigen-bearing target ceils (Sitkovsky, 1988), 
only antigen-beating target cells are able to trigger killing 
by the CTLs after cross-linking of their antigen receptors. 
A critical determinant for CTL activation by antigenic 
peptides appears to be the occupancy of localized regions 
of the CTL antigen receptor complex, which comprises 
the T cell antigen receptor and the CD8 molecule over a 
contiguous region of the cell surface, since a large number 
of small artificial antigen-presenting particles were not 
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able to mimic triggering of CTLs by large particles 
(Mescher, 1992). CD8 molecules are considered impor- 
tant in this process both as co-receptors and adhesion 
molecules by enhancing the contact interactions of CTL 
with target cells which may express low surface numbers 
of MHC class I molecules or CTLs which have low- 
affinity antigen receptors for the antigenic peptide 
(O'Rourke and Mescher, 1992). Accessory adhesion 
molecules, including LFA-1 and ICAM-1, are also 
involved. 

Following contact of the CTL with the target cell, 
intracellular signals generated within the CTL appear to 
be important regulators of CTL triggering. For example, 
one such important second messenger is the cyclic AMP- 
dependent protein kinase A: cytotoxicity, granule exocy- 
tosis and IFN~, secretion were inhibited by pretreatment 
of CTLs with anti-sense mRNA oligonucleotides 
encoding the Cc~ catalytic subunit of protein kinase A 
(Sugiyama et al., 1992). 

CTL contact with target cells also induces changes in 
the target cells themselves, particularly fragmentation of 
DNA which is characteristic of the apoptotic process of 
cell death. This has long been considered to be an 
indispensable event in CTL-induced target cell death, 
although evidence that contradicts this view is 
accumulating. For example, addition of inhibitors of 
DNA topoisomerases I and II inhibited DNA fragmenta- 
tion in target cells in a dose-dependent manner without 
affecting CTL-mediated cytotoxicity (Nishioka and 
Welsh, 1992). Other CTL granule proteins, such as the 
polyadenylate-binding protein PIA-1, may also be 
involved in a target cell DNA fragmentation (Tian et al., 
1991). Thus, CTLs may have specialized "weapons" for 
particular target cells, and DNA fragmentation may not 
be indispensable. 

Another well-recognized mechanism for target cell 
killing is the compromising of the integrity of the target 
cell plasma membrane by release of the protein perforin 
which is secreted by CTL and Nk cells. This protein 
spans the membrane of the target cells and forms pores 
in it (Ortaldo et al., 1992). Perforin secretion has been 
detected in infiltrating CD8 T lymphocytes during the 
course of viral infections, autoimmune reactions, trans- 
plant rejection and tumour rejection. Perforin release 
occurs in the context of a polarized secretory event in the 
CTL triggered by its surface receptors resulting in the 
generation of second messengers, cytoplasmic polariza- 
tion and the translocation of the bulk of the CTL secre- 
tory granules towards the synapse-like junctional cleft 
formed between the CTL and the target cell. After 
granule exocytosis, the high concentration of granule 
components in this cleft enables them to diffuse into the 
target cell cytoplasm if plasma membrane permeabiliza- 
tion is effected by perforin. One of several granule 
enzymes implicated in this process is the serine protease 
granzyme A, which causes breakdown of target cell DNA 
when secreted along with perforin (Shiver et al., 1992). 

While there are still questions to be answered regarding 
the mechanisms of CTL-mediated cytotoxicity at 
mucosal surfaces, the current consensus is that multiple 
mechanisms, including perforin secretion, granule 
enzyme secretion and initiation of apoptosis, may 
account for CTL-mediated cytotoxicity (Smyth et al., 
1992). 

5. Suppression of Immune Responses by 
T Lymphocytes at Mucosal Su eaces 

Mucosal surfaces are exposed to a wide variety of foreign 
antigens, and not all of these induce an immune 
response. The mechanisms by which this selectivity is 
brought about are obviously very complex, and may 
depend on many factors other than the functioning of 
immune cells. For example, it may be that owing to (as 
yet unrecognized) variability in the structure of mucosal 
surfaces, antigen is allowed access to immune cells in 
some individuals but not in others. It is, nevertheless, 
appropriate to consider the mechanisms by which T lym- 
phocytes, which normally initiate immune reactions to 
foreign antigens, may be rendered unresponsive to such 
antigens. This should enable a full understanding of what 
goes wrong when inappropriate immune responses, as for 
example in autoimmune diseases, are initiated. 

Three principal mechanisms have been proposed to 
explain immunological tolerance: clonal deletion, clonal 
anergy and T lymphocyte-mediated immunosuppression. 
Clonal deletion refers to the physical elimination of self- 
reactive T lymphocytes, and is believed to occur prin- 
cipally in the thymus during T lymphocyte development. 
Clonal anergy, which is reversible, refers to the induction 
of cellular unresponsiveness when T lymphocytes fail to 
receive co-stimulatory signals necessary for cellular acti- 
vation, and is believed to occur primarily in the per- 
iphery. Both of these processes involve ligation of the T 
lymphocyte antigen receptor, which ultimately results in 
cell death or inactivation. In contrast, immunosuppres- 
sion is mediated by antigen-specific suppressor T lympho- 
cytes, which inhibit the immune response initiated by 
other cells. Of these mechanisms, the latter two are more 
relevant to the possible therapy of human disease since 
they are subject to manipulation. They are considered in 
more detail below. 

5.1 T L Y M P H O C Y T E  C L O N A L  

A N E R G Y  

T lymphocyte antigen receptor (TCR) signalling in 
isolation is not sufficient to activate T lymphocytes, 
since purified T lymphocytes do not secrete IL-2 in 
response to mitogenic lectins or anti-TCR antibodies in 
the absence of viable accessory cells, despite the fact that 
under these conditions TCR-associated second 
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messengers are generated (Schwartz, 1992). Further- 
more, antigen-presenting B lymphocytes differ markedly 
in their capacity to stimulate cytokine production by T 
lymphocytes under conditions where they present the 
same numbers of peptide-MHC complexes to the 
antigen receptors on responsive T lymphocytes (Jenkins 
et al., 1990). These observations suggest that accessory 
cells do more than present antigen to T lymphocytes; 
they must provide other critical "co-stimulatory" signals. 

Experiments investigating co-stimulation have been 
based on the premise that TCR-mediated and co- 
stimulatory signals could be provided by ligands present 
on different surfaces. For example, the TCR-mediated 
signal could be provided to the T lymphocyte by anti- 
TCR antibody immobilized on a plastic surface and the 
co-stimulatory signal by any accessory cell of interest. 
This approach has been used (Mueller et al., 1989) to 
identify several features of the co-stimulatory signal. 

1. It is delivered by T lymphocyte/accessory cell con- 
tact, not by soluble factors such as cytokines. 

2. It does not require MHC compatibility between the 
responding T lymphocyte and the co-stimulating 
accessory cell. 

3. It is provided most efficiently by dendritic cells, less 
effectively by macrophages and activated B lympho- 
cytes, poorly by resting B lymphocytes, and not at all 
by T lymphocytes. 

4. It is not mediated by an increase in intracellular cal- 
cium concentrations or by inositol phospholipid 
metabolism. 

lymphocytes is induced by cross-linking of their surface 
Ig or MHC class II molecules (Schwartz, 1992; Nabavi 
etal . ,  1992), as may occur during presentation of antigen 
to T lymphocytes. Anti-B7 antibodies or a fusion protein 
comprised of the extracellular domain of CTLA-4 fused 
to the human IgG1 Fc region (CTLA-4-Ig) blocked the 
proliferation of T lymphocytes in response to antigen 
presented by a variety of BT-expressing accessory cells 
(Jenkins et al., 1991). 

The critical importance of the co-stimulatory signal 
transduced by CD28, and the possible therapeutic poten- 
tial for manipulating CD28/B7 interactions, have been 
illustrated by studies in animals. Blocking of this interac- 
tion in vivo prevented rejection of xenogeneic pancreatic 
islets (Lenschow et al., 1992). The recipients of these 
xenogeneic grafts retained their grafts even when the 
blocking agent (CTLA-4-Ig) was no longer administered, 
suggesting that blocking of CD28-B7 interactions at the 
time of novel antigenic exposure may result in immuno- 
logical tolerance. Similarly, in T lymphocyte clones, TCR 
signalling in the absence of accessory cell derived co- 
stimulatory ligands in vitro results in the induction of a 
long-lasting state of unresponsiveness to antigenic stimu- 
lation (Tan et al., 1992), suggesting an important role for 
the CD28-B7 interaction in preventing the induction of 
immune unresponsiveness. 

What is the relevance of these interactions between T 
lymphocytes and antigen-presenting cells with regard to 
the induction and suppression of immune responses at 
mucosal surfaces? These interactions might be important 
for regulating the immune response to soluble antigens, 

Of the molecules studied to date, only the biology of more particularly the selective induction of Tri1 and Tri2 
the CD28-B7 receptor-ligand pair meets these criteria. 
CD28 is a dimeric cell surface glycoprotein expressed by 
all human CD4 T lymphocytes and approximately 50% 
of CD8 T lymphocytes, those with cytotoxic functions. 
Cytolytic T lymphocyte-associated antigen (CTLA)-4 is a 
cell surface protein closely related to CD28. Like CD28, 
CTLA-4 binds B7, but is expressed on T lymphocytes 
only following activation (Linsley et al., 1992). 

Evidence that CD28 is a co-stimulatory molecule for T 
lymphocytes has been provided by the finding that non- 
stimulatory anti-CD28 antibody Fab fragments com- 
pletely inhibit the provision of co-stimulation to T lym- 
phocytes by activated B lymphocytes (Harding et al., 
1992). CD28 cross-linking in the presence of phorbol 
ester results in IL-2 production by T lymphocytes which 
is resistant to inhibition by cyclosporin A (CSA; June et 
al., 1990), suggesting that CD28 signals by a biochemical 
pathway distinct from ~ that used by the T lymphocyte 
antigen receptor. 

The CD28 ligand B7 (also known as BB1) is a heavily 
glycosylated membrane glycoprotein. As might be 
expected for a co-stimulatory ligand, B7 is constitutively 
expressed on dendritic cells, is induced on activated B 
lymphocytes and monocytes, and is not expressed on 
resting T lymphocytes. Expression of B7 on B 

responses, and also suggest a critical role for antigen- 
presenting cells in determining whether or not an 
immune response is initiated, and, if so, the nature of this 
response. For example, at sites where the dominant 
antigen-presenting cells are dendritic cells, which constit- 
utively express BT, both TH1 and T~2 responses might be 
initiated. O n the other hand, soluble antigen present at 
low concentrations in the periphery, such as at a mucosal 
surface, might be preferentially taken up and presented 
by resting B lymphocytes expressing antigen-specific sur- 
face immunoglobulin. When BT-negative resting B lym- 
phocytes serve as antigen-presenting cells, however, TR1 
T lymphocytes fail to become activated and furthermore 
are rendered unresponsive (Gilbert and Weigle, 1992). In 
contrast, it is difficult to induce unresponsiveness in TH2 
T lymphocytes (Williams et al., 1992), which can be acti- 
vated, at least in mice, by resting B lymphocytes 
(Gajewski et al., 1991), suggesting that the CD28-B7 
interaction is not essential for activation of TH2 T lym- 
phocytes. IL-10 secreted by activated TI~2 T lymphocytes 
might then inhibit macrophage co-stimulation. This, 
coupled with the lack of secretion of IFN3,, which is 
required for the induction of B7 expression on resting 
macrophages, might further down-regulate Tri1 re- 
sponses in the presence of low concentrations of antigen. 
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5.2 T L Y M P H O C Y T E - M E D I A T E D  

I M M U N O S U P P R E S S I O N  

As referred to above, immunosuppression may be medi- 
ated by suppressor T lymphocytes, which inhibit the 
immune responses mediated by other cells in an antigen- 
specific fashion (Dorf and Benacerraf, 1984; Dorf et al., 
1992). Suppressor T lymphocytes express conventional 
antigen receptor a and ~ genes, and the molecular basis 
for their recognition of at least some (and probably most) 
antigens appears to be similar to that of other T lympho- 
cytes. There are several mechanisms by which suppressor 
T lymphocytes are thought to inhibit immune responses 
in an antigen-specific fashion. 

1. By secretion of soluble antigen-specific suppressor 
factors. There is some evidence that T lymphocyte 
antigen receptor c~ and/or fl genes encode molecules 
associated with these factors (Fairchild et al., 1993). 
These factors can be bound to and eluted from 
antigen affinity columns, and inhibit antigen-specific 
immune reactions in vivo. If these factors resemble 
"soluble" T lymphocyte antigen receptor molecules, 
however, it is not clear how such complexes could 
recognize intact antigens, particularly in the absence 
of MHC class I and class II molecules. Furthermore, 
solubilized a# T lymphocyte antigen receptor 
molecules show extremely low binding affinities for 
peptide-MHC complexes (Jorgensen et al., 1992). 
Finally, it is not clear exactly how such factors could 
suppress an immune response. 

2. By antigen-specific killing of effector T lymphocytes, 
B lymphocytes or antigen-presenting cells. Specific 
suppression could be achieved by killing of T lym- 
phocytes bearing clonally distributed antigen 
receptors, through recognition of idiotypic antigen 
receptor-peptide-MHC complexes. Antigen-specific 
T lymphocyte killing of B lymphocytes results in 
specific suppression of antibody responses (Shinohara 
et al., 1991), while immunosuppression by T lym- 
phocyte lysis of antigen-presenting cells has also been 
demonstrated (Rock et al., 1992). 

3. By release of inhibitory cytokines following recogni- 
tion of antigen-MHC complexes on antigen- 
presenting cells. Cytokines which have been impli- 
cated in inducing immunosuppression in this manner 
include IFNqr (Street and Mosmann 1991), TGFB, 
(Miller et al., 1992) and IL-10. 

0 Accumulation of T Lymphocytes at 
Mucosal Sites 

T lymphocyte migration serves to bring the entire range 
of T lymphocyte receptor specificities in contact with 
antigen. It also serves to disseminate the products of an 
immune response, effector cells and memory cells, to 

other regions of the body, resulting in systemic 
immunity. 

Lymphocyte homing is not random. The phenotype of 
T lymphocytes, the nature of their antigen receptors 
(c~B, "r~i) and the state of differentiation or activation of 
the cells affects their distribution and migration. The vast 
majority ofT lymphocytes migrate through the body by 
passing from the peripheral blood to secondary lymphoid 
tissues via a specialized endothelium lining the "high" 
endothelial venules. T lymphocytes are returned to the 
circulation via the efferent lymphatic ducts and the 
thoracic duct. T lymphocyte migration to the spleen is 
exceptional, in that the spleen does not contain lym- 
phatic ducts, so that migrating cells that extravasate into 
the spleen are returned directly to the bloodstream. Small 
numbers of T lymphocytes also leave the blood in the 
peripheral tissues by crossing "flat" endothelium, and 
such traffic is increased markedly in the presence of 
inflammation. T lymphocytes entering tissues eventually 
accumulate in the afferent lymphatics, which serve to 
drain cells and antigen to local lymph nodes. 

A recent conceptual development has been that adhe- 
sion and extravasation of T lymphocytes, and leucocytes 
in general, occurs through several sequential steps 
(Butcher, 1991; Lawrence and Springer, 1991; Shimizu 
et al., 1992). 

1. A primary interaction between a selectin and its 
sugar-beating receptor results in adhesion which is 
unstable under shear force, resulting in characteristic 
"rolling" of the leucocyte along the vessel wall. 
Specificity of interactions may be observed even at 
this stage. For example, T lymphocytes beating the 
cutaneous lymphocyte-associated antigen (CLA) 
selectively bind to E-selectin expressed on the 
endothelium of inflamed skin (Picker et al., 1991a). 

2. An activation step, delivered to leucocytes by certain 
cytokines or cell surface interactions which leads to a 
conformational change in their B1-or /32-integrins, 
causing a change in their binding avidity and a strong 
adhesion which is stable under shear force. For 
example, the integrin a4~7 mediates preferential 
homing of T lymphocytes to the gut mucosa (Hu et 
al., 1992). 

3. A transendothelial migration step following firm 
adhesion. 

One fundamental factor regulating the migration of T 
lymphocytes into mucosal surfaces is their naive/memory 
status. Controversy still surrounds the nature and iden- 
tity of naive and memory T lymphocytes. At present, it 
is uncertain whether long-lived memory cells actually 
exist, since there is good evidence that a major compo- 
nent (and possibly all) of immunological memory 
depends on continuous antigenic stimulation (Gray, 
1992). The most widely accepted model for T lympho- 
cyte memory (Mackay, 1993) holds that naive T lympho- 
cytes (CD45RA +) transform to effector/activated cells 
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following antigen stimulation with the appropriate co- 
stimulatory signals. These cells then transform to 
memory cells (CD45RO § ), in the course of which they 
become smaller and lose some of the markers associated 
with acute activation. The question whether CD45RO + 
memory T lymphocytes can revert to CD45RA § cells is 
at present a contentious subject (Michie et al., 1992; 
Bell, 1992). Whatever the case, CD45RA § and 
CD45RO + T lymphocytes are phenotypically and func- 
tionally distinct subsets, which migrate and localize in 
different ways. 

Naive T lymphocytes exported from the thymus 
immediately begin to recirculate through lymphoid 
tissue, which provides the appropriate environment for 
their stimulation by antigen (Mackay et al., 1990). The 
phenotype of naive T lymphocytes is consistent with 
their lymphoid tissue homing. Nearly all naive T lym- 
phocytes express L-selectin (CD62L), which mediates the 
selectin interaction for lymph node homing, whereas a 
large proportion of memory T lymphocytes are L-selectin 
negative. Binding mediated by L-selectin is favoured by 
conditions of low flow shear. The lectin moiety of L- 
selectin binds weakly to oligosaccharide-containing 
molecules expressed on lymphoid endothelial cells, 
including CD34 and glycosylation-dependent cell adhe- 
sion molecule-1 (GlyCam-1) and the mucosal vascular 
addressin MadCam-1 expressed by high endothelial 
venules of mucosal surfaces (Berg et al., 1993). Another 
ligand for L-selectin is the carbohydrate expressed on 
high endothelial venules of peripheral lymph nodes, 
which is recognized by the monoclonal antibody (mAb) 
Meca-79 (Berg et al., 1991), which also recognizes the 
carbohydrate moieties of MadCam-1 and CD34. Firm 
binding and transmigration of naive T lymphocytes 
under non-inflamed conditions may be partly dependent 
on integrin-dependent interactions through, for 
example, a4~31, c~5151 and LFA-1 (Shimizu et al., 
1992). 

In contrast to naive T lymphocytes, memory T lym- 
phocytes migrate non-randomly in a partially tissue- 
specific fashion (Salmi et al., 1992), suggesting that the 
mucosal environment in which T lymphocyte activation 
occurs may "imprint" a pattern of selectivity on the acti- 
vated cell. The selective migration of a subset of T lym- 
phocytes through the gut is probably the best 
characterized example of tissue-specific homing (Mackay, 
1992). Gut-tropic cells in humans express the c~4B7 inte- 
grin, which is a counter-receptor for the mucosal vascular 
addressin MadCam-1 expressed on high endothelial 
venules of Peyer's patches and mesenteric lymph nodes, 
and on the endothelium of the gut mucosa (Briskin et al., 
1993). a4/Sv-positive T lymphocytes in humans are of the 
memory phenotype. The T lymphocytes that localize to 
and migrate through the skin are almost exclusively of the 

ligand for E-selectin expressed on the endothelium of 
inflamed skin. 

It is predominantly memory T lymphocytes which 
localize to inflammatory lesions, especially during the 
early phases of inflammatory responses. Simple pheno- 
typic analysis of cells harvested from a variety of patholog- 
ical lesions confirmed that they were CD45RO + 
(Shimizu et al., 1992). In addition to T lymphocytes, 
local high endothelial venules may also be affected by the 
presence of an inflammatory response. For example, 
antigen-challenged lymph node vascular endothelial cells 
up-regulate adhesion molecules such as vascular cell adhe- 
sion molecule-1 (VCAM-1), and show markedly 
increased T lymphocyte traffic (Mackay et al., 1992a). In 
addition, certain endothelial adhesion molecules, for 
example E-selectin and VCAM-1, selectively bind to 
memory T lymphocytes (Shimizu et al., 1991). These 
molecules are not expressed by endothelial cells of non- 
inflamed tissue, and expression in inflammatory con- 
ditions results at least partly from exposure of the 
endothelium to cytokines such as TNFc~ and IL-1. 
Cytokines and chemokines undoubtedly play an impor- 
tant role in T lymphocyte recruitment to inflammatory 
sites. For example, MIP-1/3 preferentially augments the 
binding of CD8 T lymphocytes to VCAM-1 (Tanaka et 
al., 1993). MIP-1B is immobilized on the endothelial 
surface by binding to proteoglycans such as CD44, thus 
facilitating local concentration of the chemokine at 
inflammatory sites. 

More stable T lymphocyte binding to endothelium at 
inflammatory sites is largely mediated by integrin adhe- 
sion receptors such as VLA-4 and LFA-1. Binding of 
memory T lymphocytes through these receptors in 
inflammatory conditions does not result from increased 
expression of these molecules by T lymphocytes, but 
appears to be related to conformational changes in their 
structure. For example, LFA-1 can be functionally acti- 
vated in vitro by cross-linking of CD3 molecules on the 
surface of T lymphocytes (Dustin and Springer, 1989). 
VLA-4 recognition of VCAM- 1 plays a prominent role 
in the binding of T lymphocytes to cytokine-activated 
endothelial cells (Oppenheimer-Marks et al., 1991). 
There are other adhesion receptors that could play a role 
in mediating T lymphocyte interactions with 
endothelium at sites of inflammation, including vascular 
adhesion protein-1 (VAP-1) which is expressed in 
inflamed lymph nodes (Salmi et al., 1993). CD2 binding 
to its counter receptors CD58 (LFA-3), CD59 or CD48, 
all of which are expressed on endothelium, may also 
facilitate T lymphocyte binding. 

As mentioned above, T lymphocyte binding to 
endothelium and transmigration of the T lymphocytes 
across the endothelium are separable events, since not all 
adherent T lymphocytes transmigrate through an 

memory phenotype, but unlike gut memory cells, skin �9 endothelial cell layer in vivo or in vitro. Blocking experi- 
memory T lymphocytes express elevated ~431 integrin ments with mAbs have demonstrated that transen- 
and CLA (Pieker et al., 1991a, Mackay et al., 1992b), a dothelial migration of T lymphocytes bound to 
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endothelial cells involves LFA-1 and ICAM-1, but not 
VLA-4, VCAM-1, LFA-3 or E-selectin (Oppenheimer- 
Marks eta/ . ,  1991). These observations emphasize the 
fact that a number of adhesion receptors that mediate the 
initial adhesive events between T lymphocytes and 
endothelial cells do not necessarily play a major role 
during subsequent transendothelial migration. 

In summary, transendothelial migration is an intrinsic 
property of distinct T lymphocyte subpopulations which 
exhibit specific phenotypic characteristics. The activities 
of a variety of adhesion receptors play a central role in the 
selective recruitment of these T lymphocyte populations 
into inflammatory sites, and thus in the pathogenesis of 
chronic inflammatory diseases. The process ofT lympho- 
cyte migration involves combinatorial steps, such that 
the type ofT lymphocyte which binds to endothelium in 
a particular tissue depends not only on the specificity of 
the initial selectin interaction, but also on the actions of 
locally secreted cytokines and the types of integrins and 
their receptors which are expressed. Small differences in 
the expression of certain adhesion molecules by two cell 
types (for example naive and memory T lymphocytes) 
may be amplified through these different steps, resulting 
in markedly different efficiencies of endothelial binding 
and transmigration. 

7. T Lymphocytes and the Regulation of 
Immunoglobulin Synthesis 

Primary antibody responses are mounted by antibodies of 
the IgM class. Since these antibodies generally express 
germline-determined variable region genes that have not 
yet been modified by somatic mutation, they bind 
antigen only with low affinity. This is partially compen- 
sated for by their 10 antigen binding sites, which enable 
avid binding to multimeric antigens. IgM antibodies can 
also destroy or opsonize target cells through their very 
efficient fixation of complement. Nevertheless, the low 
affinity of IgM antibody, its pentameric structure which 
limits its diffusion capacity and its short half-life in vivo 
together suggest that IgM antibodies are probably less 
well adapted than IgG antibodies to protect the host 
against repeated infections by pathogens. 

Antibodies of the IgG, IgA and IgE classes are made 
later than IgM during a primary immune response, but 
account for most of the antibody that is made during a 
memory response. Although isotype switching and 
affinity maturation are independent processes, they 
usually occur simultaneously (Fish et al., 1989), so that 
the increased affinity of bivalent antibodies of isotypes 
other than IgM is rapidly enhanced. IgG antibody is the 
predominant isotype in plasma and lymph, while IgA 
antibody predominates at mucosal surfaces and in secre- 
tions from these surfaces. 

IgG antibodies have a long half-life, ensuring high con- 
centrations in the serum. In humans IgG1 and IgG3 fix 

complement, while IgG2 has some ability in this regard. 
Fc-yRI receptors (on monocytes, macrophages and neu- 
trophils) bind to IgG1 and IgG3 most avidly and to IgG2 
to a lesser degree. Fc-yRII (on macrophages, monocytes, 
neutrophils and B lymphocytes) and Fc~/RIII (on mono- 
cytes, macrophages, NK cells, neutrophils and some T 
lymphocytes) selectively bind, with low affinity, to IgG1 
and IgG3. IgG antibodies also bind to placental Fc 
receptors through which they can transported into the 
fetal circulation. Different antigenic stimuli result in the 
predominant production of different IgG subclasses. 
Soluble protein antigens evoke predominant synthesis of 
IgG2 in humans, although IgG4 is more predominant 
after repeated immunization. Viruses tend to provoke 
IgG1 and IgG3 responses, whereas nematode parasites 
preferentially stimulate IgG4 synthesis. The different 
functions of these IgG antibody subclasses, and their 
preferential production in infections do not necessarily 
indicate that the various subclasses are essential for pro- 
tection of the host against the particular pathogens. Most 
patients with isolated IgG2 deficiency are immunologi- 
cally normal, although some show an increased suscepti- 
bility to infection with encapsulated bacteria. In such 
cases, it is not clear whether this susceptibility to infec- 
tion is associated with a particular lack of lgG2 or a gener- 
alized lack of antibodies specific for the relevant bacterial 
epitopes, regardless of isotype. For similar reasons, it is 
difficult to interpret whether the association between low 
serum IgGx and IgG3 concentrations and chronic lung 
infections represents a particular requirement for these 
complement-fixing antibodies for host defence against 
pulmonary pathogens. 

As with the IgG subclasses, it is easier to point out 
properties of IgA antibodies that should make them par- 
ticularly well suited to protect against host infection than 
to demonstrate that these properties are essential for the 
well-being of the host. The association of one or two IgA 
dimers with a molecule of secretory component facilitates 
transport of this isotype into secretions at mucosal sur- 
faces. The oligomeric nature oflgA enhances its ability to 
interact with viruses and bacteria that may invade 
mucosal surfaces, while the lack of barriers to diffusion in 
secretions obviates the effect of its high molecular weight. 
IgA lacks the ability to fix complement by the classical 
pathway, but is the most effective isotype at fixing com- 
plement by the alternative pathway. IgA antibodies, like 
IgG antibodies, bind well to Fc receptors on granulo- 
cytes. The affinity of IgA antibodies for mucus may rein- 
force the mucus barrier to pathogen penetration at 
mucosal surfaces. Despite these apparent advantages, 
most IgA-deficient individuals have no obvious defi- 
ciency in immune function, although this deficiency 
occurs with a frequency of approximately 0.1% in the 
general population. A minority of IgA-deficient 
individuals do suffer from respiratory infections, malab- 
sorption and autoimmune disorders at increased 
frequency. In most IgA-deficient individuals, IgM 
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antibodies associate with secretory component and 
thereby replace IgA as the predominant secretory isotype 
(Bkrandtzaeg et al., 1968). In at least some of the IgA- 
deficient patients who have frequent infections, this sub- 
stitution fails to occur, leading to a more global immune 
defect (Bkrandtzaeg et al., 1968). 

IgE antibodies have the unique ability to bind with 
high affinity to Fc~RI receptors on mast cells and 
basophils, and induce degranulation and cytokine secre- 
tion by these cells when they are cross-linked by antigen. 
In addition to its central role in the pathogenesis of 
atopic disorders, it has been speculated that IgE- 
mediated mast cell degranulation may have a role in the 
expulsion of gut and respiratory tract parasites. IgE may 
also have a role in eosinophil killing of parasites by IgE- 
mediated antibody-dependent cell-mediated cytotox- 
icity. Despite these observations, it is unclear whether 
IgE plays an indispensable role in protection against 
discasc. 

Cytokines play an important role in the control of 
switching of antibody isotypes in humans away from !gM 
during the evolution of the immune response. Cytokines 
which play a role in this process may be classified as 
follows. 

1. Those cytokines which are responsible for the speci- 
ficity of the isotype switch event in B lymphocytes. 
They include IL-4 and TGF/5, and have in common 
the ability to induce the transcription of an immature 
(germline) form of RNA encoding the heavy chain 
isotype to which switching will be induced. 

2. Those cytokines which are generally permissive or 
inhibitory for antibody production by B lymphocytes 
and may influence the secretion of a number of 
different antibody isotypes, depending on which of 
the specific stimuli are present. These cytokines 
include IL-2, IL-5, IL-6 and IFN3, (but this is not an 
exhaustive list). Permissive stimuli other than 
cytokines, for example the co-stimulatory signals 
delivered by T lymphocytes, may also be included in 
this category. 

The control of switching to IgE synthesis in human B 
lymphocytes has been the subject of many studies. IL-4 
is a critical stimulus for IgE switching in human B lym- 
phocytes cultured with Epstein-Barr virus, anti-CD40 
antibody and activated T lymphocytes (Gascan et al., 
1991). No other cytokine has been able to substitute for 
IL-4 in any of these systems. The inducement of a large 
increase in steady-state germline e-chain RNA expression 
in B lymphocytes stimulated with IL-4 and endotoxin 
(Gauchat et al., 1990) also provides evidence for IL-4 
promotion of switching to IgE. In addition to IgE, IL-4 
also stimulates switching of human B lymphocytes to 
synthesis of IgG4, although IgG4 is detectable earlier, 
consistent with the interpretation that the switch from 
IgM to IgE typically involves an initial switch to an IgG4 
and then a second switch to IgE (Gascan et al., 1991). 

The cytokines IL-2, IL-5 and IL-6 enhance IL-4-induced 
secretion of IgE by human B lymphocytes (Vercelli et al., 
1989; Jabura et al., 1990), and probably act as "permis- 
sive" stimuli through their non-specific activation of B 
cells, since there is no evidence that they can induce IgE 
switching. Several cytokines also inhibit IgE synthesis by 
human B lymphocytes in vitro. Both IFN3, and IFNc~ spe- 
cifically inhibit IgE secretion by B lymphocytes cultured 
with Epstein-Barr virus (Thyphronitis et al., 1989), 
although neither of these cytokines inhibits IL-4- 
dependent induction of increased steady-state concentra- 
tions of germline e-chain RNA in B lymphocytes 
(Gauchat et al., 1990). IL-12 has been reported to reduce 
IgE synthesis by B lymphocytes stimulated with IL-4 and 
cortisol (Kiniwa et al., 1992). 

In the case of the other immunoglobulin classes, much 
less information is available as regards regulation of their 
synthesis in humans. TGF~ has been shown selectively to 
stimulate IgA class switching by B lymphocytes in several 
in vitro systems (van Vlasselaer et al., 1992). Little is 
known, however, about the control of the synthesis of 
human IgG and its various subclasses. There is no evi- 
dence that IFN3,, IL-4 or TNF/5 regulate switching to 
any of the IgG subclasses. Although IL-4 enhances IgG4 
secretion in B lymphocytes cultured with anti-CD40 
antibodies (Gascan et al., 1991), it has not been shown 
to induce expression of the germline form of ~/4 RNA. 

In summary, it is clear that cytokines play a critical role 
in the regulation of both the amount and the class of 
immunoglobulins secreted by B lymphocytes at mucosal 
surfaces. Conversely, B lymphocytes themselves may 
influence local cytokine synthesis by T lymphocytes, as 
exemplified by their differential capacity to present 
soluble antigens to TH1 and TH2 T lymphocytes 
(described previously). 

8. The Role of T Lymphocytes in 
Recruitment of Granulocytes to 
Mucosal Surfaces 

8.1 NEUTROPHILS 
By analogy with T lymphocytes, the migration of neu- 
trophils from the peripheral circulation into mucosal sur- 
faces has been conceptualized as consisting of three 
separate steps (Butcher, 1991). 

1. Selectins mediate the initial weak tethering of neu- 
trophils to the endothelial wall. This results in 
characteristic "rolling" of the neutrophils along the 
endothelium under conditions of heightened shear 
force. L-selectin (LECAM-1) is constitutively 
expressed on neutrophils (Lasky, 1991), whereas E- 
selectin (ELAM-1) expression is induced on 
endothelial cells by exposure to endotoxin, TNF~ or 
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IL-1 (Lasky, 1991). P-selectin (GMP-140, 
PADGEM) is rapidly expressed on endothelial cells 
after release from intracellular storage granules 
(Weibal-Palade bodies) on exposure to a variety of 
inflammatory mediators such as complement, 
thrombin and histamine. The selectins are important 
molecules for the promotion of neutrophil adhesion. 
Their ligands are sialylated derivatives of the Lewis X 
and Lewis A oligosaccharides which are found on sev- 
eral molecules including L-selectin itself (Picker et al., 
1991b). 

2. fl2-Integrins expressed on the neutrophil surface 
mediate their firm adhesion to endothelium, by 
binding to immunoglobulin-like molecules such as 
ICAM-1 (CD54) on the endothelium. Of the fl2- 
integrins, CDllb/CD18 (Mac-l) is expressed 
predominantly on neutrophils, although 
CD11a/CD18 (LFA-1) and CD11c/CD18 (p150,95) 
are also expressed on all granulocytes (Kishimoto et 
al., 1989). As with T lymphocytes, the local gener- 
ation of cytokines and chemokines may bring about 
activation of neutrophils within the vascular com- 
partment, resulting in up-regulation of surface 
expression of 32-integrins and shedding of surface L- 
selectin. In addition, certain cytokines, such as IL-1, 
may up-regulate the constitutive expression of 
endothelial ICAM-1. The importance of 32-integrins 
for extravasation of granulocytes has been shown in 
animal models, where prior administration of anti- 
CD18 antibodies attenuates the neutrophil- 
dependent increase in pulmonary vascular permea- 
bility, haemorrhage and neutrophil accumulation in 
the lung which accompanies haemorrhagic shock 
(Vedder et al., 1988). 

3. Finally, 32-integrin interactions with ICAM-1 and 
other adhesion molecules of the immunoglobulin 
supergene family mediate firm adhesion of neu- 
trophils and diapadesis beyond the vascular compart- 
ment. This process may also be dependent on the 
local release of cytokines and chemokines. For 
example, the c~-chemokines IL-8 and NAP-2 (a pro- 
teolytic cleavage product of connective tissue acti- 
vating peptide III) are potent chemotactic and 
activating factors for neutrophils (Baggiolini et al., 
1989; Walz and Baggiolini, 1989). 

8.2 EOSINOPHILS 
The mucosal inflammatory responses which accompany 
asthma, allergic inflammation and helminthic infestations 
are characterized by a marked and specific infiltration of 
eosinophils into the relevant mucosal surfaces. Of the 
cytokines secreted by activated T lymphocytes, IL-3, IL- 
5 and GM-CSF promote maturation, activation and 
prolonged survival of the eosinophil (Lopez et al., 1986; 
Rothenberg et al., 1988, 1989). IL-5 is unique in that, 
unlike IL-3 and GM-CSF, it acts specifically on 

eosinophils in terms of activation, hyperadhesion and ter- 
minal differentiation of the eosinophil precursor (Lopez 
et al., 1988; Walsh et al., 1990). IL-5 may be the most 
important cytokine for eosinophil differentiation since it 
is released principally by T lymphocytes, and the 
eosinophilia associated with parasitic infections is T lym- 
phocyte dependent (Basten and Beeson, 1970). This 
hypothesis is further supported by the observation that 
transgenic mice constitutively expressing the IL-5 gene 
show a marked, specific expansion of blood and tissue 
eosinophils (Dent et al., 1990). 

One fundamental problem with asthma pathogenesis is 
the mechanism by which eosinophils preferentially 
accumulate in the inflamed mucosa. Local expression of 
eosinophil-specific cytokines such as IL-5 may partly 
account for this phenomenon by selectively enhancing 
eosinophil differentiation and survival (Hamid et al., 
1991; Robinson et al., 1992). Chemoattractants may also 
play a role. Cytokines such as IL-5, IL-3 and GM-CSF 
have been shown to prime eosinophils for an enhanced 
chemotactic response to other chemoattractants 
including chemokines such as IL-8 (Warringa et al., 
1991; Sehmi et M., 1992). The T lymphocyte-derived 
cytokines, lymphocyte chemoattractant factor (LCF) and 
IL-2 are also relatively potent eosinophil chemoattrac- 
tants (Rand et al., 1991a,b). The LCF protein exerts its 
activity by binding to CD4 molecules, so that in addition 
to affecting lymphocytes it also specifically acts on 
eosinophils compared with other granulocytes, since only 
eosinophil granulocytes express CD4 (Rand et al., 
1991a). An exciting recent observation has been that the 
chemokines RANTES, MCP-3 and, to a lesser extent, 
MIP-Ic~ are powerful and selective chemoattractants for 
eosinophils and basophils in vitro (Kameyoshi et al., 
1992; Baggiolini and Datinden, 1994). An investigation 
of whether these chemokines are released at mucosal sur- 
faces involved with asthmatic and allergic inflammation is 
now urgently required. 

Another revealing field of study has been the role of 
adhesion molecules in selective eosinophil migration. As 
with neutrophils, eosinophils can bind to endothelium 
using L-selectin, P-selectin and E-selectin, with no 
apparent differences between these cells and neutrophils. 
As with neutrophils, eosinophils exhibit surface shedding 
of L-selectin on activation, which may facilitate 
endothelial transmigration (Smith et al., 1992). 
Eosinophil 32-integrins such as LFA-1 and Mac-l, as 
with neutrophils, probably mediate firm adhesion of 
these cells to endothelium and subsequent transmigra- 
tion by binding to molecules such as ICAM-1 expressed 
on the endothelium (Bochner et al., 1991; Kyan-Aung et 
al., 1991). The expression of LFA-1 and Mac-1 on 
eosinophils can be up-regulated by inflammatory medi- 
ators (Hartnell et al., 1990). Eosinophils appear to be 
unique, however, in that IL-3 and IL-5 up-regulate 
eosinophil, but not neutrophil, adhesion to unstimu- 
lated endothelial cells (Walsh et al., 1990). Furthermore, 
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eosinophils, but not neutrophils, express the ~l-integrin 
VLA-4, which is a ligand for the adhesion molecule 
VCAM-1 expressed on the surface of  stimulated 
endothelial cells (Walsh et al., 1991). Eosinophils may 
also use VLA-4 for binding to tissue fibronectin (Elices et 
al., 1990), which prolongs their survival in v/tr0, possibly 
by inducing autocrine secretion of IL-3 (Anwar et al., 
1993). The expression of VCAM-1 on endothelial cells is 
increased by exposure to IL-4, which enhanced VLA- 
4/VCAM-l-dependent adherence of eosinophils, but 
not neutrophils, to endothelium (Schleimer et al., 1992). 
In summary, these mechanisms offer several possible 
explanations for the selective accumulation of eosinophils 
observed in asthmatic and allergic inflammation. The 
important role of T lymphocytes, which are clearly an 
important source of IL-3, IL-4, IL-5 and GM-CSF, and 
may be an important source of chemokines such as 
RANTES, MCP-3 and MIP-lc~, is self-evident. 

9. Summary 
T lymphocytes clearly play a vital role in immune 
mechanisms which lead both to damage and to protec- 
tion of mucosal surfaces. Through their specifc antigen 
receptors, they are responsible for the initiation and 
orchestration of immune responses. It is clear that the 
particular patterns of cytokines secreted by activated T 
lymphocytes determine the nature of the ensuing inflam- 
matory response, and in particular, whether cell- 
mediated reactions or humoral reactions predominate. T 
lymphocytes also play a role in the genesis of immunolog- 
ical tolerance, which may abrogate unwanted inflamma- 
tory responses in mucosal surfaces exposed to a wide 
variety of foreign antigens. Finally, T lymphocytes play a 
major role in the recruitment of particular granulocytes 
to inflammatory reactions at mucosal surfaces. These 
granulocytes may be responsible for the repulsion of 
invading microorganisms, or alternatively for chronic 
tissue damage. A more intimate knowledge of the func- 
tions of T lymphocytes in both health and disease will 
surely create a wider scope for therapeutic intervention. 
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I .  InPoduction 
Largely because it is present at such low concentrations, 
immunoglobulin E (I@) was the last of the five different 
classes of immunoglobulin to be identified (Ishizaka and 
Ishizaka, 1967; Johansson and Bennich, 1967; Bennich 
et al., 1968). Since its discovery there have been many 
theories about how IgE is regulated (Katz, 1980; Geha, 
1987; Ishizaka, 1988) but it was not until the advent of 
molecular immunology that the factors which control 
IgE production were properly defined (Coffman and 
Carty, 1986; Snapper etal., 1988). All B cells contain a 
single gene for each of the immunoglobulin isotypes, yet 
the amount of IgE produced and the frequency of IgE 
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antibody responses to common environmental antigens 
differs greatly between individuals. Clearly there are 
genetic as well as environmental factors which determine 
whether or not an individual will make an IgE response 
and it is unclear whether the absence of IgE responses in 
normal individuals is due to the failure of the immune 
system to respond to small quantities of antigen, to an 
inability to generate appropriate T cell help or to an 
increased capacity to activate IgE suppressor T cells. 

The failure of non-atopic humans to mount an IgE 
response to grass pollen, for example, does not appear to 
be due to an inability of the immune system to respond 
to the small quantities that are inhaled (ngyear-'), 
(Platts-Mills, 1987) although it is possible that less is 
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required to sensitize the atopic individual so that IgE 
responses can be established before IgE suppressor 
mechanisms are activated. Nearly all humans make IgG 
antibodies to grass pollen and house dust mite (Kemeny 
et al., 1989) and most have T cells which proliferate in 
response to these allergens. Furthermore, most people 
possess the ability to mount an IgE response if 
immunized under suitable conditions. For example, 
novice beekeepers produce IgE antibody to bee venom 
when first stung (Aalberse et al., 1983); a significant 
proportion of normal babies produce low levels of IgE 
antibody to foods (Hattevig et al., 1987); and most non- 
atopic adults immunized with grass pollen together with 
alum mount a pollen-specific IgE antibody response 
(Marsh et al., 1972). In non-atopic individuals, IgE 
responses tend to be short lived, suggesting that the IgE 
response is limited by the presence of active IgE suppres- 
sive mechanisms. In this chapter I will describe the 
process of IgE synthesis by the B cell, the effect of 
different cytokines on IgE synthesis and the contribution 
of different immune and accessory cells to this process. 

2. Characteristics of the Human IgE 
Response 

The link between production of IgE antibodies to 
environmental allergens, allergic sensitization and allergic 
disease such as asthma, rhinitis, conjunctivitis and 
eczema is well established. The allergic immune response 
has, however, proved to be very resistant to manipula- 
tion either by vaccine immunotherapy (Committe on 
Safety of Medicines, 1986) or by treatment with inter- 
feron (IFNct; Boguniewicz et al., 1990). IgE antibodies 
to grass pollen continue to be synthesized throughout 
the year despite the absence of antigen, although levels 
are boosted each summer, and bee venom-specific IgE 
antibodies can persist for over 20 years following the last 
recorded sting (Harries et al., 1984; Urbanek et al., 
1986; Devey et al., 1989). Interestingly, year-long 
immunotherapy with ragweed pollen vaccine has been 
shown to suppress the seasonal rise in ragweed-specific 
IgE (Yunginger and Gleich, 1973) indicating that at least 
part of the IgE response is susceptible to therapeutic 
manipulation. 

Small amounts of IgE (0.4-80 IU ml- 1) are detected in 

the sera of almost all non-allergic adults. There are rare 
individuals who have undetectable levels of IgE and they 
appear healthy which suggests that IgE is not essential. In 
certain parasitic diseases IgE levels are greatly elevated, for 
example, infection with metazoan helminths such as 
Echinococcus granulomatus is characterized by increased 
serum IgE levels (Dessaint et al., 1975), although pro- 
tozoan infections do not affect IgE levels (Rademecker et 
al., 1974). Other immunoglobulin isotypes remain 
unaffected in patients with helminth infections indicating 
that the effect of the parasite is selective for the IgE iso- 
type. Patients with atopic diseases such as conjunctivitis, 
rhinitis, asthma and atopic dermatitis have elevated IgE 
levels. 

As stated above, year-long, high levels of serum IgE 
antibody to grass pollen are maintained without constant 
exposure to allergen in hay fever patients. Since the 
average half-life of IgE in the serum is 2.3 days in humans 
(Waldmann, 1969; Table 3.1) IgE antibodies must be 
formed continuously. Indeed, if the rate of clearance is 
taken into account this would translate into a normal 
range of 10-1000 IUm1-1 (0.024-2.4 #gm1-1) with 
IgE levels in the sera of some atopic dermatitis patients 
as high as 50 000 IU ml- 1 (1.2 mg ml- 1). Similarly, as 
much of the IgE is secreted via the various mucosae, and 
so continually removed, the daily production of this 
immunoglobulin can, in some patients, be comparable to 
that of other immunoglobulins. The half-life of rat and 
mouse IgE is even shorter at less than 0.5 days. 

3. The Stricture of IgE 
Like other immunoglobulins, IgE is comprised of two 
pairs of heavy and light chains (Fig. 3.1) joined by disul- 
phide bridges. Following digestion with the enzyme 
papain, IgE is split into a fragment containing the anti- 
body combining site (Fab) and a second fragment (Fc). 
IgE has four constant heavy chain domains, one more 
than IgG, IgD and IgA. The second heavy chain domain 
of IgE substitutes for the hinge region. The light chains 
exist in two distinct forms, x and ~,, although the two 
light chains in any given IgE molecule are normally the 
same. The sequence of amino acids for both heavy and 
light chains is remarkably conserved along most of their 
length. Recent studies have indicated that, in contrast to 
IgG1, IgE is bent (Zheng et al., 1992). 

Table 3.1 The serum half-life of human and rodent immunoglobulin in days. Data 
from various sources: Cremer et al. (1973), Bazin et al. (1974), Tada et al. (1975). 

IgA IgM IgD IgG1. IgG2 IgG3 IgG4 IgE 
Human 5.8 5.1 2.8 21 21 7 21 2.3 

IgA IgM IgG IgG 1 IgG2a IgG2b IgG2c IgE 
Rat ND 2.6 1.6 13 5 15 3 0.5 
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Figure 3,1 The structure of IgE showing the 
substitution of Ce2 for the hinge region and the 

location of the FceRI and II receptor sites, 

3.1 T H E  I G E  A N T I B O D Y  C O M B I N I N G  

SITE 

At the amino terminal end of the molecule are variable 
regions which comprise the antibody binding site and 
confer specifcity on the IgE molecule. Although both 
heavy and light chain variable regions may contribute to 
the antigen binding site this is not always so, and some 
antibodies, for example egg lyosyme (Smith-Gill et al., 
1987), can possess all of their antigen binding activity in 
the heavy or light chain variable region. Furthermore, 
variability is not evenly distributed along the variable 
region; some regions show exceptional variability (hyper- 
variable) and it is these regions which are directly 
involved in the formation of the antibody combin- 
ing site. These regions have a lso  been called 
complementarity-determining regions, because their 
structure complements that of the antigen, and are 
named CDR1, CDR2 and CDR3. Adjacent to the hyper- 
variable regions are highly conserved framework regions 
which dictate the overall structure of the combining site. 
On x chains there are four, and on ~, chains there are six, 
framework regions. The framework regions are not 
entirely constant and do show some variation. 

3.2 GENERATION OF IGE ANTIBODY 
DIVERSITY 

The heavy chain variable region (Vrt) is composed of J, 
D and V exon-encoded proteins whereas the light chain 
variable region (VL) only contains J and V exon 
products. In order to be expressed in a functional form 
the respective exons, J . ,  DH and Jr/or JL and VL, must 
be assembled in their germline configuration by site- 
specific recombination. It is during this recombination 
that antibody diversity is generated. We know that 
somatic mutation takes place because many antibody 
specificities can be generated from single V gene. These 
mutations occur during the proliferation and differentia- 
tion of B cells as the result of errors in DNA replication 
around the V(D)J region which are not corrected 
(deleted). Further diversity is generated by recombina- 
tion of different variable region gene products. It can also 
be generated by joining different heavy and light chain 
variable gene products. Thus antibodies will be variants 
of the original germline transcript. It is likely that, in the 
germinal centre, antigen selectively binds to the highest 
affinity antibody-bearing B cells which take up more 
antigen and so express more antigen peptide to specific T 
cells. Interaction with these T cells protects the B cell 
from apoptosis and so increases the likelihood that high 
affinity IgE antibody-secreting B cells will survive. 

3.3 THE IGE CONSTANT REGION 
The constant region of immunoglobulins is divided into 
into three (IgD, IgA, IgG)or  four (IgM, IgE) heavy 
chain domains which are named (el, e2, e3 etc.) 
according to the immunoglobulin class concerned. It is in 
this part of the molecule that the structures that are 
responsible for the effector functions of the 
immunoglobulin are located. In the case of IgA and IgM 
it is here that the J chain, which forms dimeric IgA and 
pentameric IgM, and a secretory component, which pro- 
tects these molecules from enzymic digestion, bind. For 
IgG, this is where C lq binds, although the flexibility of 
the hinge region dictates whether it does so, as for IgG1 
and IgG3, or not, as with IgG2 and IgGa. 

4. IgE and its Receptors 
The unique feature of IgE is its ability to bind to high 
affinity receptors, Fc~RI, on mast cells and basophils 
(Ravetch and Kinet, 1991; Metzger, 1992). IgE has been 
cloned and the Fc~RI binding site localized to the 
Ce2'-Ce3' region (Gould et al., 1987; Helm et al., 
1988). This fragment was shown to block sensitization of 
human skin mast cells in vivo (Geha et al., 1985). The 
affinity of binding of IgE to these receptors is far greater 
than for other classes of immunoglobulin to their 
respective receptors. In addition to the high affinity 
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receptor Fc~RI there is the so-called low affinity IgE 
receptor, FceRII (CD23), which exists in two forms, 
Fc~RIIa and Fc~RIIb. The binding affinity of IgE to 
CD23 is similar to that of IgG to its receptor. The region 
of IgE which binds to both the FceRI and Fc~RII has 
been mapped to the Ce3 domain (Beavil et al., 1992). As 
well as activating mast cells and basophils when 
IgE-Fc~RI is cross-linked by antigen, IgE-Fc~RII acti- 
vates eosinophils to kill schistosome parasites (Joseph et 
al., 1983). Furthermore, Fc~RI on Langerhans cells in 
the skin (Rieger et al., 1992) and FceRII on B cells and 
macrophages facilitate antigen uptake as described above 
(Mudde et al., 1990). 

5. Molecular Organization of IgE 
During an immune response newly activated B cells 
undergo a process of somatic mutation in which a large 
number of variable genes are expressed and those B cells 

duplication does not appear to have occurred and the C# 
and Cdi genes are followed by C3r3, C3,1, C3,2b, Cy2a, Ce 
and Ca. 

5.2 EXPRESSION OF 
IMMUNOGLOBULIN GENES 

Synthesis of IgE requires rearrangements within the 
immunoglobulin gene complex to produce productive 
mRNA transcripts encoding both the variable and cons- 
tant regions of the molecule. The variable regions are 
encoded by multiple germline DNA elements that are 
assembled into complete V(D)J regions by recombinase 
enzymes (Schatz et al., 1989). B cells retain their antigen 
specificity, as determined by the variable region, 
throughout their life. Isotype switching occurs during B 
cell differentiation so that a different heavy chain region 
is produced in association with the same V(D)J segment. 
This process involves a DNA recombination event which 
deletes regions between the V(D)J segments and the 

that make high affinity antibody are selected. Following genes encoding different heavy chain regions (CH genes). 
activation of the B cell, the IgE heavy chain or ~ gene is �9 Genes are organized along chromosomes as exons (the 
transcribed. In general, once activated, a B cell only code for the protein concerned) and are separated by 
expresses a single heavy chain gene. What leads it to 
express the IgE heavy chain is discussed below. 

5.1 ORGANIZATION OF 
IMMUNOGLOBULIN GENES 

The loci for human and mouse immunoglobulin heavy 
chain constant region genes are similar (Fig. 3.2; 
Flanagan and Rabbits, 1982). Each starts with a cluster of 
variable region genes [V(D)J] followed by the C# gene 
and Cc5 genes. These are followed in humans by Cy3, 
C3'1, a pseudo-Cs0e, gene followed by Cal ,  a second 
pseudo-Cs03, gene, C'r2, C3r4, Ce and Ca2. It is likely 
that the heavy chain % e and a genes in the human cons- 
tant region arose as the result of gene duplication. Thus 
there are two types ofIgA (IgA1 and IgA2) and two com- 
plement fixing (IgG1 and IgG3) and non-complement 
fixing (IgG2 and IgG4) forms of IgG. In mice such gene 

introns (intervening stretches of DNA). Synthesis of pro- 
teins involves transcription (copying) of the relevant 
gene, post-transcriptional modification of the transcribed 
gene, translation (assembly of the protein according to 
the RNA message), and post-translational modification 
such as glycosylation (the addition of sugar groups to the 
polypeptide backbone). Initiation of transcription 
requires activation of a promoter which is a segment of 
DNA upstream of the 5' end of the gene and initiates 
transcription. During transcription the DNA unwinds 
and copies (transfer RNA) are made. The initial transcript 
can be modified in a number of ways (Fig. 3.3) by cap- 
ping at the 5' end and by polyadenylation [addition of a 
poly(A) tail] at the 3' end. Introns are spliced out and 
exons joined to form the mature transcript. For 
immunoglobulins it appears that exons as well as introns 
may be spliced out in the form of a loop or switch circle. 
Recombination occurs in highly repetitive regions of 

Mouse 

! l l I l 
l l l l 

VDJ C~ C6 Cy3 

m m m m m ' 2 !  
mm m u m m . . )  

Cyl Cy2b Cy2a Ce Cot 

Human 

5 . . . .  H " | | | H ' - - ~  I I  | | | | m-- 3 1  l l I l l 

VDJ C~C6 Cy3 Cy1 Ctpe Coil CqTy Cy2 Cy4 Ce Cot2 

Figure 3.2 Human and mouse immunoglobulin heavy chain genes. 
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Poly A tail 

DNA located immediately 5' of each CH gene at switch 
(S) regions, with the exception of C8. Isotype switching 
is preceded by transcription ofa germline transcript of the 
CH gene to which switching will be directed. This tran- 
script is of a region upstream of the CH gene and cannot 
be translated into mature protein (Ichiki et al., 1992). 
The excised DNA forms a loop of extrachromosomal, 

circular DNA, or a switch circle (Fig. 3.4; Harriman et 
al., 1993). In the case of switching to IgE, recombination 
occurs in B cells which express surface IgM and IgD by 
deletion of the regions between the S/~ and Se switch 
regions adjacent to the IgM (C/~) and IgE (Ce) heavy 
chain region genes. Experiments in mice in which the 
switch from IgG1 to IgE is blocked have shown that it is 

Sit Sy3 Sy1 Sy2b Sy2a Se Sa 
5'--!1--C---- ---- D --_ .~. _-- ~ 3 '  

V(D)J Ctt C5 Cy3 Cy1 Cy2b Cy2a Ce Ca 

Mouse immunoglobulin heavy chain genes 

V(D)J Se Sa 
5 ~ 3 '  

DNA loops back Sy2a~b Jay3 Loop (switch circle) of 
on itself unwanted DNA 

cy~ 

Sy2a Sy3 

" ~ S y 1  
Se Sa 

5' ~ 3 '  
V(D)J Ce Ca 

Ce gene next to V(D)J 

Figure 3.4 A possible scheme for IgE transcription in which the genes for other immunoglobulins are looped 
out to leave the IgE transcript next to the variable gene transcript. 
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possible to switch directly from IgM to IgE although 
switching via IgG1 also occurs (Siebenkotten et al., 1992; 
Mandler et al., 1993; Jung et al., 1994). Similar evidence 
exists for a direct # to e switch in human B cells (Brink- 
mann et al., 1992; van der Stoep et al., 1994) although 
from the analysis of switch circles it also appears that 
there is # to 3' to e and ~ to c~ to 3" to e switching (Zhang 
et al., 1994b). Furthermore, it is possible to identify at 
least four alternatively spliced forms of IgE in human B 
cells (Zhang et al., 1994a) which explains some of the dis- 
parity between the observed and predicted molecular 
weight of IgE (Zhang et al., 1992). The functional sig- 
nificance of these different forms of IgE is presently 
unknown. Other switch factors include interleukin-10 
(IL-10) for IgG1 and IgG3 (Briere et al., 1994) and trans- 
forming growth factor 3 (TGF3) for IgA (van Vlasselaer 
et al., 1992). 

6. Control of IgE Synthesis by Cytokines 
The process of B cell immunoglobulin class switching is 
controlled by number of cytokines of which only two 
have been shown to selectively promote switching to 
IgE, IL-4 (Coffman et al., 1986; Snapper and Paul, 1987) 
and more recently IL-13 (Punnonen et al., 1993b; 
Fig. 3.5). There is a requirement for T-B cell contact 
(discussed below; Del Prete et al., 1988; Parronchi et al., 
1990). In addition to cytokines that promote expression 
of IgE and immunoglobulin synthesis, a number of 
cytokines have been identified which inhibit IgE produc- 
tion - most notably IFN3' and IFNc~ (Snapper and Paul, 
1987) and IL-8 (Kimata et al., 1992). Other cytokines, 
such as IL-12, may also be important, but these act inde- 
pendently to influence the generation of IL-4-producing 
T cells rather that the B cell itself (Romagnani, 1992). 

I F N . a ~ I L . 1 2  TGF-~ 

Germline E 
transcription 

IL-4 
IL-13 Class IFN-T 

�9 : ~ switching 

IL-5 
IL-6 

I g E  

Figure 3.5 IgE class switching. The open arrows indicate those stimuli that support IgE synthesis and the grey 
arrows those that inhibit it directly or indirectly. 
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6.1 ISOTYPE-SPECIFIC ENHANCERS OF 
IGE SYNTHESIS 

IL-4 is the most important factor for determining 
switching to IgE. In the presence of increasing concentra- 
tions of IL-4 Snapper et al. (1988) showed that B cells 
stimulated with lipopolysaccharide (LPS) were switched 
from IgM and IgG3 to IgG1 and, at still higher concentra- 
tions of IL-4, to IgE production. Interestingly, the levels 
of IgE produced were of the same order of magnitude for 
all isotypes. IL-4 alone is sufficient to initiate synthesis of 
a 1.7-1.9 kb non-productive germline Ce transcript, 
containing a 2 kb region upstream of the e S region, and 
the four exons encoding the heavy chain domains of IgE 
(Gauchat et al., 1990). Transcription of this product pre- 
cedes IgE responses in vivo (Thyphronitis et al., 1993). 
IL-4 alone is not sufficient, however, to induce synthesis 
of the mature IgE transcript. A second signal to the B cell 
is required which can be provided in a number of 
different ways which are described below. 

IL-13 was discovered through its sequence similarity 
with IL-4 (Minty et al., 1993). It is the human homo- 
logue of mouse P600 which is produced by TH2 cells 
(Defiance etal.,  1994) but has no effect on murine B cells 
(Zurawski and de Vries, 1994). IL-13 is able to induce 
IgE synthesis from purified human B cells and appears 
able to act in the absence of IL-4 (Punnonen et al., 
1993b). Although the IL-4 receptor does not bind IL- 
l3, it appears that IL-4 and IL-13 receptors share a 
common subunit that is important for signal transduc- 
tion (Zurawski and de Vries, 1994); furthermore, an IL- 
4 mutant protein inhibits both IL-4- and IL-13-induced 
IgG4 and IgE synthesis (Aversa et al., 1993a). IL-13 
exerts similar effects on monocytes to IL-4 but, unlike 
IL-4, IL-13 was reported not to affect T cells (Punnonen 
and de Vries, 1994). However it has recently been shown 
that IL-13 activates the recently described IL-4- 
dependent transcription factor NF-IL-4 (Kohler et al., 
1994) and clearly there are questions about IL-13/T cell 
interactions that remain unresolved. 

6.2 SOURCE OF IL-4 AND IL-13 
IL-4 and IL-13 are derived from a number of cells. T cells 
are the major source of these cytokines and this is 
addressed in greater detail below. However a number of 
other cells make IL-4, such as mast cells (Plaut et al., 
1989) and basophils (Brunner et al., 1993). These also 
express CD23 and CD40-L, can trigger B cells via CD21 
and CD40, respectively (see below), and serve as a co- 
stimulus for IgE production. Indeed, mast cell and 
basophil lines (Gauchat et al., 1993) and IL-3-stimulated 
splenic and bone marrow non-T, non-B cells (Leder- 
mann et al., 1992) are capable of switching B cells to 

there is a significant increase in IgE receptor-positive non- 
T, non-B cells in the spleen from 0.53% to 3.8% 8-9 
weeks after infection with Schistosoma mansoni. These 
cells, although present in smaller numbers than T cells (c. 
70%), secrete similar amounts of IL-4 (Williams et al., 
1993). The extent to which non-T cell-derived IL-4 is 
important in IgE synthesis in vivo is unclear. 

Confirmation of the importance of IL-4 in IgE produc- 
tion in vivo came from the work of Finkelman and col- 
leagues who showed that anti-IL-4, and anti-IL-4 
receptor (IL-4R), antibody inhibited ongoing IgE syn- 
thesis in mice infected with the nematode Nippostrongylus 
braziliensis and in mice immunized with the polyclonal B 
cell activator, goat anti-mouse IgD (Finkelman et al., 
1988, 1991). IL-4 appeared to be critical during the early 
phase (first 4 days) of the IgE response (Finkelman et al., 
1988). However CD4 + T cells were still required after 
this time indicating that cell-cell contact or other 
cytokines were required (Finkelman et al., 1989). To 
determine whether the continued presence of IL-4 was 
required for IgE production, Finkelman and colleagues 
showed that the majority of the IgE response in animals 
sensitized with TNP-KLH or with the nematode Hel~q- 
mosomoides polygyrus, which induces a chronic IgE 
response, was inhibited with anti-IL-4 (Urban et al., 
1991). This fits our understanding of B cell immunobi- 
ology as B cells do not live for long and when they 
differentiate into IgE-producing cells must continually 
switch to IgE for which they require IL-4. The definitive 
proof that IL-4 is required for IgE production comes 
from IL-4 knockout mice (Kuhn et al., 1991) which are 
completely unable to produce IgE. 

6.3 NON-ISOTYPE-SPECIFIC 
ENHANCERS OF IGE 

Although IL-4 and IL-13 are the only currently known 
IgE switch factors, a number of other cytokines have 
been shown to modulate IgE synthesis. These include 
other T cell-derived cytokines such as IL-5 and IL-6 
(Pene et al., 1988a; Vercelli et al., 1989) which promote 
the subsequent growth and development of IgE-switched 
B cells into mature plasma cells (Pene et al., 1988b; Ver- 
celli et al., 1989a; Purkerson and Isakson, 1992), 
although there is evidence that it is not essential for IgE 
in vivo (van Ommen et al., 1994). IL-6 may also be a 
switch factor for mouse IgG1. Tumour necrosis factor 
(TNFc~), which is produced by both TH1 and TH2 CD4 + 
T cells, enhances germline IgE transcription induced by 
IL-4 (Gauchat et al., 1992a). IL-4 may inhibit IgM 
(Snapper and Paul, 1987; Snapper et al., 1988) as IL-4 
inhibited lipopolysaccharide (LPS)-stimulated mouse 
IgM production. Furthermore, treatment of rheumatoid 
patients with IL-4 reduced the production of IgM rheu- 

make IgE. IL-4-producing mast cells have been identified" matoid factor (Hidaka et al., 1992). IL-9 is reported to 
in the lung (Bradding et al., 1992), in the nasal mucosae potentiate IL-4-induced IgE and IgG1 release from LPS- 
(Bradding et al., 1993), and in parasite-infested animals primed murine B lymphocytes (Petit-Frere et al., 1993). 
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IL-3 promotes IgE from B cells induced by non-T cells 
(Le Gros et al., 1990; Ledermann et al., 1992). 

6 . 4  I N H I B I T O R S  OF I G E  S Y N T H E S I S  

The observation that IFN-y antagonized the IL-4- 
induced IgE switch in murine B cells was made concur- 
rent with the discovery that IL-4 Was able to switch B 
cells to produce IgE (Snapper and Paul 1987; Snapper et 
al., 1988) and was subsequently confirmed with human 
peripheral blood B cells (Pene et al., 1988a). It is still 
unclear how IFN~, and IFNu suppress IgE production 
but it does not appear to be at the level of e germline 
transcription (Gauchat et al., 1992b). IL-8 is also 
reported to inhibit IL-4-induced IgE and IgG4 produc- 
tion (Kimata et al., 1992) although this remains to be 
confirmed. IL-8 is made by a number of cells including 
epithelial cells. It is also made by monocytic cell lines 
(Friedland et al., 1992) and by alveolar macrophages 
(Dentener et al., 1993). IFNa is produced by monocytes 
and macrophages which may moderate IgE production. 
The role of IFN-y and IFNa in antagonizing IgE was con- 
firmed by Finkelman and colleagues who showed that 
pretreatment of mice with IFN~, or IFNa blocked the 
anti-IgD-induced IgE response. Although clinically effec- 
tive, these cytokines have failed to suppress IgE produc- 
tion in patients with atopic dermatitis (Boguniewicz et 
al., 1990). 

The mechanism for these regulatory effects is not com- 
pletely understood. IFN-y and IFNc~ are unable to inhibit 
IL-4 and anti-CD40-induced IgE production or IL-4- 

induced germline e chain transcription (Gauchat et al., 
1990, 1992a,b; Gascan et al., 1991; Rousset et al., 
1991). TGF~ and TNFct act directly on B cells to block 
or enhance e transcription, respectively (de Vries et al., 
1991). Epstein-Barr vivus (EBV)/IL-4-induced IgE syn- 
thesis is reported to be refractory to the effects of TGF~ 
ONu et al., 1992). 

7. Control of IgE Synthesis by Cell 
Surface Molecules 

In addition to secreted cytokines there are a number of 
other stimuli, delivered by interaction between the B cells 
and other immune cells (principally the T cell), which are 
required for IgE synthesis (Fig. 3.6). These include cog- 
nate T cell-B cell interactions involving the TcR/CD3 
complex and major histocompatibility complex (MHC) 
class II-associated antigens (VerceUi et al., 1989), and 
non-cognate interactions via accessory molecules on T 
cells (Parronchi et al., 1990) although there is no evi- 
dence that this interaction exerts an isotype-specific 
effect. In mice bacterial LPS serves as a co-stimulus for 
IL-4 (Coffman et al., 1986), and infection with EBV 
(Thyphronitis et al., 1989) induces high levels of IgE in 
B cells cultured with IL-4. CD58 (LFA-3)-CD2 interac- 
tion stimulates IgE production of B cells cultured with 
IL-4 (Diaz-Sanchez et al., 1994). Membrane TNFt~ 
on CD4 + T cell can also provide a co-stimulatory 
stimulus for IL-4 and B cells to produce IgE and IgGa 
(Aversa et al., 1993b). 

T cell 

TcR CD40-L CD28 
CD2 CD4 CD21 

r, ..CD3 CD3 .. r x ~  

CD58 MHC II CD23 
CD40 B7 

B cell 

Antigen [ 
peptkle ~ 

Figure 3.6 T - B  cell co-stimuli. 
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It is also possible to induce in v/tr0 IgE synthesis in the 
absence of T cells, most commonly using ligation of the 
CD40 antigen on B cells by anti-CD40 monoclonal anti- 
bodies (mABs; Jabara et al., 1990; Brinkmann et al., 
1992; Armitage et al., 1993) or by treatment with 
hydrocortisone (Jabara et al., 1991), which presumably 
activates the same intracellular pathway as these other cell 
surface stimuli. The counterstructure for CD40 on T cells 
has been cloned and is termed CD40L (Spriggs et al., 
1992). Transfection of cells with CD40L stimulated pro- 
liferation of B cells and, in the presence of IL-4, induced 
IgE synthesis (Spriggs et al., 1992). Defective expression 
of CD40L causes X-linked immunodeficiency with 
hyper-IgM production (Korthauer et al., 1993). There 
are also cell surface interactions that specifically regulate 
IgE. Stimulation of CD21, for example with anti-CD21 
antibodies, promotes the rescue of germinal centre B cells 
from apoptosis (Bonnefoy et al., 1993; Henchoz et al., 
1994). Soluble IgE FceRII (sCD23) can trigger CD21 on 
B cells (Aubry et al., 1992). Cross-linking of CD23 
antigen by its natural ligand (IgE) or by anti-CD23 anti- 
body prevents B lymphocyte proliferation and differentia- 
tion (Luo et al., 1991); this has recently been reviewed 
(Sutton and Gould, 1993). 

8. CD4 + T Cell Production of IgE 
Regulatory Cytokines 

8.1 MURINE CD4 + T CELL SUBSETS 
T cells are the principal source of IgE regulatory 
cytokines. CD4 + T cells can be subdivided on the basis 
of the cytokines they secrete. These subsets have been 
termed T helper 1 (TH1) and T helper 2 (TH2) (Mos- 
mann et al., 1986; Mosmann, 1992) on the basis of the 
cytokines that they produce. TH1 cells make IFN% IL-2 
and TNFfl and effect cell-mediated immunity. In the 
mouse, TH1 cells support IgG2a antibody production. 
Tti2 cells make IL-4, IL-5, IL-6 and IL-10, support IgE 
responses and cause eosinophilia. Some cytokines, e.g. 
IL-3, TNFc~ and granulocyte-macrophage colony 
stimulating factor (GM-CSF), are secreted in similar 
amounts by both subsets (Table 3.2). In addition to TH1 
and TH2 cells there are other subtypes such as TH0, 
which exhibit an unrestricted cytokine profile (Firestein 
et al., 1989), ahd there are probably others, such as a 
non-cytolytic vesicular stomatitis virus-specific CD4 § T 
cell clone which produces IL-6, TNFc~ and TNFfl but 
not IL-2, IL-4 or IFNy (Cao et al., 1993). 

8.2 HUMAN CD4 + T CELL SUBSETS 
Available evidence indicates that the cytokine profile of 
human T cell clones resembles that seen in the mouse 
although there are some notable exceptions. Most, but 

Table3.2 The comparative amounts of cytokines 
produced by mouse CD4* and human CD8* T cell 
clones. The data in this table were compiled from various 
sources: Mosmann et al. (1986), Mosmann and Moore 
(1991), Salgame et al. (1991), Yamamura et al. (1991). 

CD4 * ceil clones CD8 * T ceil clones 

TH 1 TH2 THO Type 1 Type 2 

G M - C S F  + + + + + + + + 

IL -3  + + + + + + 

TNFc~ + + + + + + + + 

IL -2  + +  - + +  + +  + 

IFNv + + - + + + + + 
TNF /~  + + - + + 

I L -4  - + + + + - + + 

IL -5  - + +  + +  - + +  

IL -6  - + + + + + + - 

I L - 1 0  - + + + + 

P 6 0 0  ( I L - 1 3 )  - + + + + 

+ +, strong producer; +, moderate producer; - ,  non producer. 

not all, T cell clones prepared from atopic donors were 
Tri2-1ike (Parronchi et al., 1991), while the majority der- 
ived from non-atopic individuals were closer to TH1 
(Wierenga et al., 1990a,b; Del Prete et al., 1991; Par- 
ronchi et al., 1991). Some human TH1 clones, however, 
make appreciable amounts of IL-6 (Wierenga et al., 
1991). Allergen-specific peripheral human T cell clones 
commonly have a TH0 profile as do some of those from 
the skin of atopic dermatitis patients (Van Reijsen et al., 
1992). The extent to which the conditions under which 
cells are cloned dictates their cytokine profile is unclear 
but addition of cytokines can certainly influence the type 
of clones produced. Indeed if clones are prepared 
without prior bulk culture there is less evidence for bias 
to one subtype or another, suggesting that the presence 
of specific cells present in peripheral blood influences 
the cytokine profile of the T cell clones produced 
(Fig. 3.7). 

8.3 CD4 + T CELL DIFFERENTIATION 
The mechanism whereby one subset is activated in prefer- 
ence to the other is not completely understood but 
appears to involve IL-4 and IFN~ (Fig. 3.8; Swain, 1991; 
Swain et al., 1991; Chatelain et al., 1992). In mice, IL-4 
supports the generation of TH2 cells (Swain et al., 1990) 
and suppresses TH1 cell development, while IFN3, sup- 
presses the development of TH2 cells (Gajewski et al., 
1989a). TGFfl induces a cell population distinct from 
TH1 and TH2 which predominantly secretes IL-2 and 
expresses a memory phenotype (Swain et al., 1991). 
CD4 + T cells, activated in the presence of IL-6, are 
reported to have a TH0 cytokine profile (Croft and Swain, 
1991). Similar effects of IL-4 and IFN3, are seen in the rat 
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Figure 3.7 The effect of IL-4 and IFN~ on the generation of Dermatophagoides pteronyssinus-specific CD4 § 
T.1/T.2/T.O T cell clones generated at limiting dilution without prior bulk culture. 

(Diaz-Sanchez et al., 1993b; Noble et al., 1993b,c) 
where IL-4 enhanced production ofmRNA for IL4, IL-5 
and IL-10. 

In addition, different types of antigen-presenting cell 
may influence TH1/TH2 CD4 + T cell subset development 
(Chang et al., 1990). Macrophages are reported to favour 
TH1 cells by producing cytokines such as IFNc~ and IL-12 
(Hsieh et al., 1993; Manetti et al., 1993) while B cells 
appear to favour TH2 cell growth. IL-10 may also be 
involved in TH1/TH2 cross-regulation (Mosmann and 
Moore, 1991) by inhibiting the accessory cell function of 
monocytes (Punnonen et al., 1993a), in particular their 
production ofIL-12 (D'Andrea et al., 1992). Romagnani 
and his colleagues reported that IL-4 enhanced the for- 
mation of TH2 clones (Romagnani, 1992) and inhibited 
the formation of TH1 clones while IFN-y and IL-12 

(Maggi et al., 1992; Hsieh et al., 1993; Manetti et al., 
1993) supported the differentiation of TH1 T cells but 
inhibited the formation of TH2 cells. The number of 
cytolytic clones generated was increased by IFNy and 
decreased by IL-4 (Parronchi et al., 1992). 

8.4 GROWTH AND SURVIVAL OF 
CD4 § T CELL SUBSETS 

As well as regulating the differentiation of CD4 + T cells, 
some cytokines can inhibit the proliferation and cyto- 
toxic capability of TH1 and TH2 cells (Sher et al., 1992). 
TH2 but not TH1 cells express IL-1/3 receptors and can 
accept IL-1/3 as a second signal for clonal expansion 
(Greenbaum et al., 1988; Lichtman et al., 1988; Munoz 
et al., 1990a). TGF/3 is reported to inhibit the growth of 
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Figure 3.8 CD4 differentiation. The open arrows indicate those stimuli that support and the grey arrows those 
that inhibit the growth and differentiation of T cell subtypes. 

THl-like tumour (CSA1M)-specific CD4 + T cells (Li et 
al., 1993). Down-regulation of host cell-mediated immu- 
nity to some parasites can, at least in part, be attributed 
to the action of IL-4, IL-10 and TGF/5 (Sher et al., 
1992). Fitch and his group have shown that IFN3, 
inhibits proliferation of TH2 clones (Gajewski and Fitch, 
1990). This effect is only seen in those clones which do 
not make IFN3' and is not seen with T.1 or TH0 clones 
(Greenbaum et al., 1988; Lichtman et al., 1988). We 
have observed that TH2-1ike cells generated by culture of 
splenic rat T cells with IL-4 and anti-IFN3~, proliferated 
in response to recombinant rat IL-4 (Noble et al., 
1993b), but was inhibited by IFN-y. 

Overstimulation of the T cell receptor complex with 
high doses of aqueous protein antigens (Burstein and 
Abbas, 1993) or anti-CD3 (Gajewski et al., 1989b) 
induces T cell tolerance in which TH1 cells are inhibited, 
but TH2 cells are not. This does not appear to be due to 
gross differences in CD3 expression but rather to differ- 
ences in TCR-associated signal transduction pathways for 
lymphokine gene expression. Inositol phosphates, for 
example, were readily detected in TH1 but not TH2 
clones activated via the TCR complex (Gajewski et al., 
1990). Anergy, mediated by high doses of IL-2, can be 
induced in T.1 but not TH2 clones (Schwartz, 1990; 
Williams and Unanue, 1990; Kang et al., 1992). Unlike 
IFN3,, which only affected non-IFN-y-producing cells, 
IL-2-induced anergy was only seen in IL-2-producing 
CD4 + (TH1 and TH0; Williams and Unanue, 1990; 

Williams et al., 1990) and CD8 + T cell clones (Otten and 
Germain, 1991). Indeed, faced with an anergic stimulus 
TH0 clones are reported to lose the capacity to respond 
to IL-2 and to exhibit a TH2-1ike cytokine profile (Jenkins 
et al., 1990). The resistance of TH2 cells to IL-2-induced 
anergy may explain their participation in long-lived IgE 
antibody responses. 

TH1 clones are also reported to be more sensitive to 
inhibitors of some second messenger pathways such as 
cholera toxin, 8-bromoadenosine 3'5'-cyclic mono- 
phosphate, and cyclosporin A than are TH2 clones 
(Munoz et al., 1990b). Indeed IL-l-induced c-jun gene 
transcription and mRNA expression proceeds by a 
pathway which is dependent on protein tyrosine kinase 
activity. This mechanism of signal transmission was 
independent of protein kinase C (PKC) whereas c-3~s 
mRNA expression was linked to the 80 kDa IL-1 
receptor (IL-1R; Munoz et al., 1992). To date little is 
known about differential signal transduction in TH1 and 
TH2 cells except that TH1 cells do not appear as respon- 
sive to IL-1 as TH2 cells (Greenbaum et al., 1988; 
Lichtman et al., 1988; Munoz et al., 1990a). The 
response of TH1 and TH2 cells to cytotoxic drugs also 
differs. Ricin has been shown to inhibit TH1 cytokine 
production (Diaz-Sanchez et al., 1993b; Kemeny et al., 
1994) in rats in vivo. Cyclosporin A is reported to inhibit 
mouse TH1 rather than TH2 clones (Munoz et al., 
1990b). T cells cultured with IL-2 and IL-4 are claimed 
to be resistant to glucocorticoid-induced apoptosis 
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(Zubiaga et al., 1992) and to have a reduction in 
glucocorticoid receptor binding affinity (Kam et al., 
1993). 

9. CD8 + Tcells 

9.1 S U P P R E S S I O N  OF I G E  BY C D 8  § T 

C E L L S  

In addition to CD4 + T cells, CD8 + T cells also appear to 
play an important part in IgE regulation. Our attention 
was drawn to immunoregulatory CD8 § T cells while 
investigating the mechanism of castor bean sensitization. 
Virtually all people exposed to castor bean dust, regard- 
less of their genetic background, make IgE antibodies to 
castor bean proteins (Thorpe et al., 1988). Rats 
immunized with castor bean extract became sensitized to 
castor bean proteins (Thorpe et al., 1989). The substance 
responsible is ricin, a toxic lectin which, when injected 
together with a bystander antigen, potentiates the IgE, 
but not the IgG, antibody response to bystander antigen 
(Diaz-Sanchez and Kemeny, 1990; Hellman, 1994). The 
IgE response thus induced can be boosted by repeated 
injection of ricin and antigen and is long-lived (Diaz- 
Sanchez and Kemeny, 1991; Fig. 3.9). 

In these animals there was a profound (> 50%) reduc- 
tion in the number of CD8 + T cells in the spleen. These 
appear to have been targeted because they bore an 
increased number of ricin-binding glycoproteins on 
their surface 12-24 h after immunization (Diaz-Sanchez 
et al., 1993a). When adoptively transferred to naive, 
syngeneic recipients, early-activated CD8 + T cells sup- 
pressed the IgE response by up to 95% (Diaz-Sanchez 
et al., 1993a; Fig. 3.10). Sedgwick and Holt (1985) have 
shown that IgE regulatory CD8 + T cells are generated 
following inhalation of ovalbumin. Such cells bear 
the 3'c5 form of the T cell receptor (McMenamin 
and Holt, 1994) and are discussed in more detail in 
Chapter 1. 

The fact that CD8 § T cells can regulate immune 
responses to antigens normally processed via the MHC 
class I pathway poses some interesting questions. Are 
these cells antigen specific? Holt's work indicates that 
they are although the early activated CD8 + T cells that 
we described did not appear to be, possibly because of 
the large number of cells transferred (1 x 108). Are these 
cells MHC class I restricted? IFN7 secretion by these cells 
appears to be partially inhibited by anti-MHC class I 
(McMenamin and Holt, 1993). We have recently found 
that proliferation of ovalbumin-specific CD8 + T cell lines 
generated following parenteral immunization are 
inhibited by anti-MHC class I antibodies in a dose- 
dependent manner. In the mouse, ovalbumin-specifir 
CD8 + MHC class I restricted T cell clones have been 
produced either by immunization with a monomethox- 
ypolyethylene glycol-ovalbumin conjugate or with 
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Figure 3.9 The persistent IgE response induced by 
repeated immunization of Brown Norway and Wistar 

rats with ricin and antigen. 

trypsin-digested ovalbumin fragments (Chen et al., 1992; 
Ishioka et al., 1989). Ovalbumin-specific CD8 + T cell 
clones derived using the former regime suppressed in vitro 
production of IgG and IgE antibody but were not 
cytotoxic (Chen et al., 1992), while those produced 
using the latter strategy were cytotoxic (Ishioka et al., 
1989). 

9.2 CD8 § T CELL DEPLETION, A 
PARADOX 

From these data it might be expected that removal of 
CD8 § T cells would enhance IgE production and favour 
Tn2-type immune responses. However, this appears to 
depend on the stage at which depletion is carried out. 
Thus, if CD8 + T cells are depleted in rats (using the mAb 
OX-8) in which an IgE response had been induced, then 
the usual decline in serum IgE levels is prevented 
(Holmes et al., 1994). This supports the view that CD8 + 
T cells suppress IgE. However, if depletion of CD8 § T 
cells is performed prior to immunization, then the IgE 
response is not enhanced. Moreover, the IgE response is 
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Figure 3.10 Suppression of the IgE response by adoptively transferred CD8 § but not CD4 § T cells. 

inhibited if animals are immunized with ricin and a 
bystander antigen (Kemeny et al., 1992). This suggests 
that CD8 + T cells may actually contribute to the IgE 
response. Indeed, some CD8 + T cell clones that inhibit 
cytotoxic CD4 + T cells secrete large amounts of  IL-4 
(Salgame et al., 1991) and CD8 + T cells are capable of 
differentiating into C D 4 - C D 8 -  cells that secrete IL-4, 
IL-5 and IL-6 and provide B cell help (Erard et al., 
1993). 

Discrepancies between the effects of  CD8 § T cell deple- 
tion on the early and later stages of  the immune response 
are not uncommon.  In the mercuric chloride-induced 
model of autoimmune disease (Mathieson et al., 1991), 

depletion of  CD8 + T cells did not prevent disease but 
rendered animals more susceptible to rechallenge. Deple- 
tion of  CD8 + T cells had no apparent effect on P/asm0- 
dium cha~audi infection, although it increased recurring 
parasitaemia (Podoba and Stevenson, 1991). Further- 
more, depletion of CD8 + T cells alone was insufficient to 
prevent reinfection with Toxoplasma gondii despite the 
finding that in vitro killing of  mastocytoma cells infected 
with T. gondii was completely dependent on the presence 
o f C D 8  + T cells (Subauste etal., 1991; Gazzinelli etal., 
1992). Thus, depletion of  CD8 + T cells appears to do 
more than simply remove cells that suppress IgE or 
mediate cytotoxicity. 
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9.3 CD8 § T CELL REGULATION OF 
TH1 AND TH2 CYTOKINE 
PRODUCTION 

CD8 + T cells might regulate IgE production: by sup- 
pressing IgE synthesis through the inhibitory effect of 
IFN3' on B cells; and/or by altering the differentiation 
and function of Tri2-1ike CD4 § T cells. There is in vivo 
evidence for both of these mechanisms. Depletion of 
early-activated CD8 § T cells in rats immunized with ricin 
and bystander antigen reduces the amount of IFNy 
produced by CD4 + and CD8 + T cells (Kemeny et al., 
1993). This treatment also results in a transient 10-fold 
increase in the capacity of splenocytes to produce the 
Tri2-type cytokines IL-4, IL-5 and IL-10 (Noble et al., 
1993c). Furthermore, adoptive transfer of early-activated 
IgE-specific CD8 + T suppressor cells enhances the 
production of IFN3, by splenocytes more than 1000-fold, 
although it is yet not clear if IFN3' is the product of the 
adoptively transferred CD8 + donor cells or host CD4 + or 
CD8 + T cells (Kemeny et al., 1994). 

The influence of polyclonal CD8 + T cells on CD4 + T 
cell differentiation can also be observed in vitro. Splenic T 
cells were cultured for 4 days with concanavalin A (Con 
A) and various cytokines (Noble et al., 1993b) before iso- 
lating CD4 + T cells by positive selection and determining 
the cytokines released by these cells after restimulation. It 
was observed that prior removal of CD8 + T cells 
enhanced the capacity of Tri2 CD4 + T cells to produce 
IL-4 and IL-5, and increased the ability of these cells to 
proliferate in response to recombinant rat IL-4 (Noble et 
al., 1993a). However, removal of CD8 + T cells also 
increased the capacity of TH1 CD4 + T cells to produce 
IFNy. 

These data suggest either that CD8 + T cells inhibit 
CD4 + T cell development in an unrestricted manner, or 
that there were different populations of CD8 + T cells 
that exerted differential effects on Trll and Tri2 CD4 + T 
cell development. Clearly, this will not be resolved until 
more CD8 + T cells have been cloned and the effects of 
these clones on CD4 + T cell development determined. 
The fact that immunoregulatory CD8 + T cells appear to 
be active early in the immune response places these cells 
in an ideal position to influence the direction that the 
response will take. However, how CD8 + T cells are 
recruited and activated, how they interact with accessory 
cells and recognize antigen, and how they mediate their 
effects, have yet to be determined. 

9.4  CD8 § T CELL SUBSETS 

The strongest evidence for the existence of different 
subsets of CD8 + T cells comes from the finding that 
CD8 + T cell clones specific for Mycobacterium/eprae, der- 
ived from the skin biopsies of patients with leprosy, could 
be divided into two subtypes according to their cytokine 

secretion profile (Salgame et al., 1991; Table 3.2). Type 
1 CD8 + T cell clones were derived from healed lesions of 
patients with tuberculoid leprosy, were cytotoxic, 
secreted IFN3, but not IL-4, and were restricted to MHC 
class I. Type 2 CD8 + T cell clones were derived from 
patients with lepromatous leprosy, suppressed the killing 
of M./eprae by M. /eprae-specific CD4 + T cell clones by 
secretion of IL-4, secreted IFN3,, IL-4, IL-5 and IL-10, 
but not IL-6, and were restricted to MHC class II. Fur- 
thermore, production of IFNy by mouse CD8 + T cells 
has also been shown to be confned to a CD44 high 
subset (Rocken et al., 1992). 

Control of cytokine release by CD8 + T cells shares 
some features with CD4 + T cells, although there is no 
direct correlation between CD8 + subsets and CD4 + Tri1 
and TH2 cell subsets. Mouse CD8 + spleen cells cultured 
with IL-2, IL-4 and anti-CD3 antibodies produce large 
amounts of IL-4 (Seder et al., 1992). Rat CD8 + T cells 
cultured with Con A, IL-2, IL-4 and anti-IFN3, generate 
increased amounts of IL-4 and IL-5 mRNA when res- 
timulated with phorbol myristate acetate (PMA) and 
ionomycin (Noble, MacAry and Kemeny, 1995). 
However, in contrast to CD4 + TH2 cells, most alloreac- 
tive and antigen-specific CD8 + T cell clones also produce 
large amounts of IFN-r (Rocken et al., 1992). A similar 
split between IL-4 and IL-5 on the one hand and IL-6 
on the other has been described for Mycobacterium leprae- 
specific human type 1 and type 2 CD8 + T cell clones 
(Salgame et al., 1991; Yamamura et al., 1991). 

10. Conclusions 
During the past few years there has been an explosion in 
our understanding of the processes that regulate IgE syn- 
thesis. We now know that B cells can switch directly or 
sequentially to IgE, that IL-4 and IL-13 are switch 
factors for IgE, and that TGFB, IFNa and IFNy inhibit 
IgE while TNFc~ and IL-5 enhance IgE synthesis. Many 
of the interactions between B cells and T cells such as 
CD58/CD2, CD40/CD40L, CD28/B7 and CD21/CD23 
further serve to regulate the IgE response and many 
different cells contribute to the B cell cytokine microen- 
vironment including mast cells and basophils, mono- 
cytes, macrophages, and dendritic cells, although the 
major stimulus appears to be delivered by the T cell. 
Although conveniently ordered into IgE helper (TH2) 
and IgE suppressor (TH1) cells, subtypes of CD8 + T cells 
also appear to be important either by exerting direct 
effects on B cells or by influencing the direction that the 
CD4 + T cell response takes (Kemeny et M., 1994). 
During the next few years we can expect that our under- 
standing of the process of immune regulation will 
increase. I believe that the application of this knowledge 
to the IgE regulatory network will lead to the discovery 
of new immunomodulatory compounds and novel vac- 
cines to control the IgE response in allergic disease. 
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I. Introduction 
The mast cell is well established as a major initiating cell 
of the early phase of allergic responses. On cross-linkage 
of its membrane-bound IgE receptors by specific allergen, 
the mast cell releases into the local environment the 
granule-associated mediator histamine (H) and the newly 
generated mediators prostaglandin D2 (PGD2) and leu- 
kotriene C4 (LTC4). These mediators, the biological 
properties of which are summarized in Table 4.1, are 
responsible for most of the early events which charac- 
terize allergic reactions of the lung, nose, eye, intestine 
and skin. It has recently been established that the mast 
cell is also able to contribute to the chronic inflammatory 
events of allergic disease by the secretion of cytokines. 
After a brief description of mast cell biology, it is the 
intention of this review to concentrate on the role of 
mast cells in initiating and maintaining allergic inflamma- 
tion by secretion of cytokines, and their possible role in 
the repair process. 

2. Mast Cell Development 
The first description of the mast cell was made in 1863 
by Von Recklinhausen, although it was not until 1878 
that the cell was named by Paul Ehrlich (Ehrlich, 1878). 

While still a medical student at Freiburg University, 
Ehrlich noticed that the granules of the cell appeared 
purple in colour when stained with blue aniline dyes. 
This change in colour, or metachromasia, we now know 
to represent the interaction of the dyes with the highly 
acidic heparin proteoglycan which is present in the 
granules. Ehrlich, however, supposed that the granules 
contained phagocytosed materials, or nutrients, and 
hence named the cells mag~llen, or well-fed cells, from 
where we have derived the English name mast cell. 
Ehrlich also described the association of mast cells with 
blood vessels, inflamed tissues, nerves and neoplastic 
foci, and provided the first description of mast cell 
degranulation. In addition, he also described the 
basophil separately as a metachromatically staining cell 
which circulated in the blood (Ehrlich, 1879). Although 
this was originally thought to be a circulating mast cell, 
there is now a plethora of evidence that the mast cell and 
the basophil are only distantly related, being derived 
from different stem cells. 

Although H was discovered independently by chemical 
synthesis by Windaus and Vogt in 1907, and by extrac- 
tion from tissues by von Kutscher in 1910, and shown to 
mimic many of the symptoms of the anaphylactic reac- 
tion by Dale and Laidlaw in 1910 (see also Dale and 
Laidlaw, 1911), we had to wait until 1953 before the 
studies of Riley and West positively identified the mast 

Mediator 

Table 4.1 Human mast cell mediators and their biological effects 

Effects 

Performed 
Histamine 

Heparin 

Tryptase 

Chymase 

Newly generated 
PGD2 

LTC2 

PAF 

Cytokines 
IL-4 

IL-5 

IL-6 

TNFoe 

Bronchoconstriction, tissue oedema, mucus secretion, fibroblast proliferation, collagen 
synthesis,* endothelial proliferation 

Anticoagulant, storage matrix for mast cell mediators, fibroblast activation, protects growth 
factors from degradation and potentiates their action, endothelial cell migration 

Generates C3a and bradykinin, degrades neuropeptides, increases BHR,* indirectly activates 
collagenase, fibroblast proliferation, bone remodelling 

Mucus secretion, extracellular matrix degradation 

Bronchoconstriction, tissue oedema, mucus secretion 

Bronchoconstriction, tissue oedema, mucus secretion 

Bronchoconstriction, tissue oedema, mucus secretion, neutrophil and eosinophil chemotaxis 

IgE regulation" VCAM-1 expression; TH2 cell development; fibroblast proliferation,* chemotaxis 
and protein secretion; capillary endothelial cell proliferation 

Eosinophil growth, adhesion, chemotaxis, activation, survival 

Acute phase protein response, immunoglobulin secretion, T cell activation 

Adhesion molecule expression, inflammatory cell activation and chemotaxis, fibroblast prolifer- 
ation and collagenase production, endothelial cell proliferation, increases BHR* 

* Animal data. 
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cell as the source of H released during allergic reactions. 
The final piece of this preliminary jigsaw had to wait 
until the late 1960s when Johansson and Bennich in 
Sweden and Ishizaka and colleagues in the United States 
independently isolated the allergic, or reaginic, antibody 
as immunoglobulin E (IgE; Bennich et al., 1968). This 
antibody binds with high affinity to both mast cells 
and basophils, and when cross-linked by specific anti- 
body, or allergen, initiates the generation of mast cell 
mediators. 

Mast cells and basophils have many features in 
common, including the presence of acidic proteoglycan 
in the granule, their ability to store and release H and 
their ability to bind IgE with high affinity to a specific IgE 
RI receptor. However, there are also many differences 
including nuclear morphology, location within the body, 
mediator content and synthesis and responses to non- 
immunological stimulants and drugs. It is now coosi- 
dered that basophils are terminally differentiated leuco- 
cytes which mature in the bone marrow from precursors 
closely related to those of eosinophils, and are released 
into the bloodstream as fully mature cells (Galli, 1990). 
Furthermore, culture of basophils in vitro does not give 
rise to mast cells even under conditions favourable for 
mast cell growth (Seder et al., 1991a). While basophils 
are not normally found in extravascular compartments, 
they may migrate there during late-phase allergic 
responses when they may be responsible for some of the 

symptoms at that time (Bochner and Lichtenstein, 
1992). 

In contrast, mast cells leave the bone marrow and circu- 
late in the blood as progenitors and it is not until they 
enter the tissues that they undergo their terminal 
differentiation into mature mast cells (Fig. 4.1). A major 
factor necessary for the maturation of mast cells is the 
stromal cell-derived factor called stem cell factor (SCF), a 
ligand for the c-kit receptor. The most elegant studies 
showing the necessity of this factor have been performed 
by Kitamura and colleagues using mice. They have 
produced two strains of mouse, W/W v and S1/S1 a, 
which both show macrocytic anaemia, sterility, lack of 
hair pigmentation and very few mast cells (Kitamura et 
al., 1989). However, when mast cell precursors from 
S1/S1 a are transplanted into W/W v mice normal mast 
cells develop, but when the inverse experiment is per- 
formed no mast cells are found. These results suggest that 
S1/S1 a mice have normal mast cell precursors, but are 
different in a factor in the microenvironment necessary 
for their maturation, while W/W v mice have a normal 
microenvironment but their mast cell precursors are 
abnormal. Further genetic studies have shown W/W v 
mast cell precursors to be deficient in the c-k# receptor 
while S1]S1 a mice do not produce SCF (Kitamura et al., 
1978, 1989; Kitamura and Go, 1979; Sonoda et al., 
1984; Kanakura et al., 1988). 

Figure 4.1 The development of mast cells from bone marrow precursors into mature cells in the tissues. Also 
illustrated are granulocytes, including basophils which mature in the bone marrow before being released into 

the blood as fully mature cells. 
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3. Mast Cell Heterogeneity 
Studies on mast cells of all species have shown that they 
are not a homogeneous population, but differ markedly 
between species and within a particular species. The 
earliest suggestion of mast cell heterogeneity stems back 
to the histochemical studies of Maximow in 1906. 
However, it was not until 1966 that Enerback published 
a series of papers showing that the mast cells of the rat 
intestinal mucosa could be stained metachromatically 
after fixation in Carnoy's fixative, but not after fixation in 
formalin. In contrast, the mast cells of the connective 
tissues stained equally well after both types of fixation 
(Enerback, 1966a-d). This difference in staining has since 
been shown to be due to the different proteoglycan con- 
tent of the two cells in rodents (Razin et al., 1982; Ener- 
back et al., 1985). Furthermore, the studies of Enerback 
(1966a) showed that intestinal mast cells did not respond 
to compound 48/80, a property which was not typical of 
the peritoneal mast cells previously studied with this 
agent. Thus the mast cells of the mucosa became known 
as mucosal mast cells (MMCs), or atypical mast cells, 
whereas those of the peritoneal cavity were termed con- 
nective tissue mast cells (CTMCs). An indication that the 
development and physiological function of these mast 
cell subtypes may be different came from the observation 
that MMCs proliferated during parasitic infection (Miller 
et al., 1986) and are decreased in number with suppres- 
sion of T cell function (King et al., 1985). In contrast, 
the numbers of CTMCs are not affected by either of these 
events. These observations strongly suggest that the 
MMC is associated functionally with the immune 
system, whereas the CTMC is not. 

Extrapolation of Enerback's rodent mast cell staining 
criteria to those of humans by Stroebel and colleagues 
(Strobel et al., 1981) suggested a similar subdivision of 
mast cells in humans. However, two further studies, 
both of which confirmed the presence of formalin- 
sensitive and formalin-insensitive subpopulations in 
humans, failed to find an absolute relationship of 
histochemical subtype with anatomical site, both sub- 
types, for example, being found in the skin (Befus et al., 
1985; Marshall et al., 1987). The relative unsatisfactori- 
ness of differential histochemical methods to distinguish 
between human mast cell subtypes led to the use of anti- 
bodies raised against the two major proteases identified in 
human mast cells. These are tryptase (Glenner and 
Cohen, 1960; Schwartz et al., 1981b), which is present 
in all mast cells, and chymase (Schwartz et al., 1981b; 
Schechter et al., 1983), which is present in mast cells 
predominantly found in connective tissues (Irani et al., 
1986). However, the realization that, as with staining, 
the use of anatomical location to define mast cell subtype 
was unreliable led to it being abandoned in 1989 in favour 
ofimmunocytochemical subtyping into MCTs (those mast 
cells which contain only tryptase) and MCTcs (those mast 
cells which contain both tryptase and chymase). However, 

it should be stated here that MCTs are preferentially 
located at mucosal surfaces (Irani et al., 1989b), increase 
in number in allergic disease (Irani et al., 1987a, 1988, 
1989a) and are reduced in number in acquired and 
chronic immunodeficiency syndromes (Irani et al., 
1987b), suggesting that, like rodent MMCs, they are 
acting as an arm of the immune system. In contrast, 
MCTcS are found predominantly in submucosal and con- 
nective tissues, are not increased in numbers in areas of 
heavy lymphocytic infiltration (Irani et al., 1988, 1989a) 
and are not decreased in number in immunodeficiency 
syndromes (Irani et al., 1987b). The biological role of this 
cell is less clear but its associations with fibrotic disease 
OlValls et al., 1990c) and angiogenesis (Kessler et al., 1976; 
Rakusan and Campbell, 1991; Meininger and Zetter, 
1992; Duncan et al., 1992; Sorbo et al., 1994) indicate 
that it is likely to play a role in tissue reconstruction. 

The obvious question which arises at this point is the 
relationship between immunocytochemical heter- 
ogeneity and functional heterogeneity, viz. their respon- 
siveness to secretagogues and their modulation by 
pharmacological agents. All mast cells bear in their mem- 
brane Fc~RI, receptors capable of binding with high 
affinity the Fc portion of IgE. Cross-linkage of two or 
more IgE molecules to bring their receptors into juxtapo- 
sition initiates a sequence of biochemical events which 
results in degranulation to release H, proteases and 
heparin, and synthesis of PGD2 and LTC4 from the 
membrane-associated phospholipid, arachidonic acid 
(AA). When we simulated this in the laboratory by cross- 
linking the IgE with anti-IgE, we found that mast cells 
dispersed from different tissues responded in a quantita- 
tively different manner, both in the extent of H release 
and the time it took to release their H (Lowman et al., 
1988c, Lau et al., 1995; Fig. 4.2). This bore no relation- 
ship to the predominating mast cell type, MCT or MCTc. 
It is likely to represent, however, the effect of the local 
environment on the maturation and priming of the mast 
cell. For example, it has been established that stromal 
cell-derived SCF can prime mast cells for H release 
(Bischoff and Dahinden, 1992; Columbo et al., 1992; 
Teixeira and Hellewell, 1993). To examine the heter- 
ogeneity of eicosanoid production, we compared dis- 
persed lung, skin, colon mucosa and colon muscle mast 
cells, all stimulated with optional concentrations of 
anti-IgE (Campbell and Robinson, 1988; Rees et al., 
1988; Robinson et al., 1989; Benyon et al., 1989; 
Church et al., 1989). The results showed that all 
the cell types produced equivalent amounts of PGD2, 
100-150pmo110 -6 mast cells, but lung mast cells 
produced considerably more leukotriene, around 
55 pmol 10 -6 mast cells, compared with skin mast cells, 
around 6 pmol 10 -6 mast cells. 

In addition to IgE-dependent stimulation, mast cells 
may be activated for mediator release by non- 
immunological secretagogues such as neuropeptides, 
anaphylatoxins and xenobiotics, including morphine, 
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Figure 4,2 The release of H from human mast cells dispersed from different tissues (shaded bars) and the lime 
taken for that H to be released (open bars). This figure was constructed using data from Benyon el al. (1987), 

Lowman et al. (198c), Rees et al. (1988) and Lau et al. (1995). 

codeine, muscle relaxants and the H releaser, compound 
48/80. Of these, perhaps the most studied is the neu- 
ropeptide substance P, which causes a wheal and flare 
response when injected intradermally into human skin 
(Hagermark et al., 1978). We have confirmed, using dis- 
persed skin mast cells, that substance P interacts directly 
with activation sites on the mast cell membrane to induce 
mediator release (Lowman et al. ,  1988b). However, we 

also showed that the characteristics of substance P skin 
mast cell activation were quite different from those of 
IgE-dependent activation. Details of these differences are 
contained in Table 4.2. Of more relevance to this dis- 
cussion, however, is the relationship between functional 
and immunocytochemical heterogeneity. Figure 4.3 
shows that skin mast cells secrete H in response to sub- 
stance P, while those of the lung and colon do not (Rees 

Table 4.2 Similarities and differences between anti-lgE-induced and substance P-stimulated histamine release from 
human skin mast cells 

Anti-lgE Substance P 

Spectrum of mediators 

Kinetics of histamine release 

Effect of immunological densensitization 
or removal of cell surface IgE 

Effect of the neuropeptide antagonist SPA 

Calcium requirements 

Dependency on glucose and oxidative 
phosphorylation 

Nature of degranulation 

Histamine, PGD2, LTC4 

Slow, around 5 min 

Blockade of cell activation 
and mediator release 

No effect 

Extracellular and 
intracellular calcium 

Complete dependency 

Compound exocytosis 

Histamine only 

Rapid, around 15 s 

No effect 

Reduction of cell activation and mediator 
release 

Intracellular calcium only 

Complete dependency 

Compound exocytosis 

This table was compiled using data from Benyon et al. (1986, 1987, 1989) and Church et al. (1989). 
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Figure 4.3 H release from human skin, lung and colon mast cells induced by substance P and the approximate 

proportions of MCrcS and MCTs in the mast cell preparations. This figure was constructed using data from 
Lowman et al. (1988c) and Rees et al, (1988). 

et al., 1988). Examination of the protease content of the 
mast cells shows that the lung contains primarily MCTs, 
whilst the skin and colon are composed primarily of 
MCTcs. Thus we must conclude that the responsiveness 
to substance P does not follow immunocytochemical 
subtyping. 

Another example of functional heterogeneity may be 
explored with the complement anaphylatoxin C5a. 
When injected into the skin, C5a causes an anti- 
histamine sensitive wheal and flare response (Wuepper et 
al., 1972; Swerlick et al., 1988) suggestive of a mast cell 
H releasing activity. We have recently confirmed this is 
dispersed human skin mast cells (El Lati et al., 1994). 
The characteristics of H release are similar to those 
described for substance P, with the exception that the 
substance P antagonist, SPA, does not modulate release 
suggesting that C5a acts at a different cell surface acti- 
vation site. In comparison with the skin, human lung 
mast cells do not respond to C5a (Schulman etal. ,  1988). 
This work has recently been extended (P. Valent et al., 
personal communication) by the observations that 
human skin mast cells express the C5a receptor (CD88) 
whereas mast cells of the lung and uterus do not. As the 
majority of the uterine mast cells are of the MCTc sub- 
type, this provides another example of divergence 
between immunocytochemical and functional 
heterogeneity. 

The final example of functional heterogeneity which we 
will illustrate relates to drug modulation of mediator 
release. Using mast cells dispersed from human lung, 
skin, adenoids, tonsils and colon, we have shown each to 
be similarly sensitive to /3-stimulants and theophylline- 
like drugs, concentrations of 106M and 5x104 M, 

respectively, being effective inhibitors of mediator release 
(Church and Hiroi, 1987; Okayama and Church, 1992). 
In contrast, glucocorticoids do not inhibit mast cell 
degranulation or production of newly generated medi- 
ators (Schleimer et al., 1983; Cohan et al., 1989). With 
anti-allergic drugs, such as sodium cromoglycate and 
nedocromil sodium, heterogeneity is seen. In lung mast 
cells, high concentrations of both drugs, up to 100 I~M, 
are required to cause modest inhibition. Furthermore, 
human lung mast cells rapidly become refractory to the 
modulatory effects of these drugs (Church and Hiroi, 
1987; Okayama et al., 1992; Okayama and Church, 
1992). A different profile was seen with colonic mast cells 
(Rees et al., 1988; Okayama et al., 1992), tonsillar mast 
cells (Okayama etal . ,  1992) and mast cells obtained from 
the airways by bronchoalveolar lavage (BAL; Flint et al., 
1985a), being both more sensitive to sodium cromogly- 
cate and not exhibiting tachyphylaxis. In contrast, 
human skin mast cells are refractory to the modulatory 
actions of anti-allergic drugs (Clegg et al., 1985; Lowman 
etal. ,  1988a; Church etal. ,  1989; Okayama etal. ,  1992). 
Thus, again, there is no clear association between 
immunocytochemical and functional heterogeneity. 

From our present knowledge base, it is logical to con- 
clude that human mast cells mature into one or other of 
two basic phenotypes, the development of MCTs being 
dependent on factors derived from the immune system 
while the MCTcs appear to be independent of the 
immune system and probably have a role in tissue 
reconstruction. However, the expression of cell surface 
receptors on mast cells appears to be determined 
by the local environment and to be independent of 
phenotype. 
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4. Preformed Mast Cell Mediators 
The secretory granule of the human mast cell is a complex 
matrix, including H, proteases and proteoglycan. Elec- 
tron microscopy of MCTs shows them to have crystalline 
intragranular matrices which are seen as scrolls, crystals or 
whorls (Caulfield et al., 1980). In contrast, MCTcs, 
which contain chymase and carboxypeptidase in addition 
to tryptase, contain more electron dense granules in 
which the crystalline structure, although often just 
visible, is clouded by the sheer volume of protease (Caul- 
field et al., 1990). Furthermore, the presence of a further 
crystalline form, the crystal form, has been reported by 
Dvorak and Rissel (1991) and Dvorak et al. (1991). 
When mast cell activation occurs, the granules swell, lose 
their crystalline nature as they become solubilized, and 
are expelled into the local environment by compound 
exocytosis (Benveniste etal . ,  1972; Caulfield etal . ,  1980, 
1990) (Fig. 4.4). The granule matrix is then further solu- 
bilized by ion exchange, particularly with sodium 
(Uvnas, 1967), in the extracellular environment. 

The mediator most readily associated with the mast cell 
is the diamine, H. This is synthesized in the mast cell 
granule by decarboxylation of histidine, mainly by histi- 
dine decarboxylase and, to a lesser extent, by the non- 

specifc decarboxylase, dopa decarboxylase (Schayer, 
1963; Beaven, 1978). H is stored in the acid pH of the 
granules at around 100 mM (equivalent to about 1-4 pg 
cell -i) by ionic linkage with proteoglycans and proteases 
(Johnson et al., 1980; Lagunoff and Richard, 1983). 
Once in the extracellular environment, H exerts its 
potent effects, which include increased vasopermeability 
between endothelial cells, vasodilatation, contraction of 
bronchial and gastrointestinal smooth muscle, and 
increased mucus production. However, H is a short-lived 
mediator, being rapidly metabolized by histamine-N- 
methyltransferase and diamine oxidase (histaminase), 
with the former playing the major role in humans. 

The backbone of the crystalline mast cell granule is pro- 
teoglycan which, in human mast cells, is mainly heparin 
with chondroitin E (Stevens et al., 1988a; Thompson et 
al., 1988). Basophils, in contrast, do not contain 
heparin, the primary proteoglycan of their granule being 
chondroitin A (Metcalfe et al., 1984). Proteoglycan com- 
prises a single chain peptide core which, in humans, is 
17.6 kDa containing a glycosaminoglycan attachment 
region of alternating Ser-Gly residues (Stevens et al., 
1988a). The specific glycosaminoglycans attached to 
these sites determine the nature of the proteoglycan. The 
relative homogeneity of proteoglycan throughout all 

Figure 4.4 The release of preformed mast cell mediators by compound exocytosis. Note the progressive way in 
which successive granules merge with each other and with the cell membrane. 
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human mast cells, unlike the rat whose mast cell subtypes 
express markedly different proteoglycans, explains the 
inability to extrapolate the distinguishing histochemical 
techniques (Enerback, 1966c,d)to humans. 

Within the granule, the acid nature of the sulphate 
groups of the glycosaminoglycans provides binding sites 
for H, neutral proteases and acid hydrolases, which it 
keeps in an inactive state. Thus the proteoglycan may be 
viewed as a granular storage matrix. Once released, 
heparin and, to a lesser effect, chondroitin E may affect 
the stability or function of other mast cell mediators, e.g. 
its stabilization of the active tetramer of tryptase 
(Schwartz and Bradford, 1986). Other actions of these 
proteoglycans include anti-coagulant, anti-complement 
and anti-kallikrein effects, the ability to sequester 
eosinophil major basic protein, enhancement of binding 
of collagen to fibronectin, and numerous growth factor- 
enhancing activities. 

The major mast cell protease, present in all mast cells 
regardless of subtype, is tryptase. Tryptase is a tetrameric 
serine protease of around 130 kDa (Schwartz et al., 
1981a; Smith et al., 1984; Walls et al., 1990a) which is 
stored in a fully active form in the granule (Alter et al., 
1990). When released into the extracellular environment, 
the neutral pH allows tryptase to become enzymatically 
functional. While there appear to be no endogenous 
inhibitors of tryptase, it is likely to be an enzyme with a 
very local effect only. This is because in the absence of 
heparin, tryptase rapidly dissociates into inactive 
monomers with altered secondary and ternary structures 
(Schwartz and Bradford, 1986; Schwartz et al., 1990). 
The difficulty of extracting active tryptase from tissues, its 
relative instability, and the failure, as yet, to clone the 
enzyme in its fully active tetrameric form has meant that 
our knowledge of its function is limited. In early studies, 
it was shown to cleave the bronchodilator peptides, 
vasoactive intestinal polypeptide (VIP), peptide histidine 
methionine (PHM) and the vasodilator calcitonin gene- 
related peptide (CGRP; Tam and Caughey, 1990; Walls 
et al., 1992b). These effects, together with its failure to 
cleave the bronchoconstrictor, substance P, have led to 
suggestions that an imbalance of peptides may be a factor 
in bronchial hyperresponsiveness. Furthermore, the 
report by Sekizawa et al. (1989) that tryptase sensitizes 
bronchial smooth muscle to contractile agents, 
strengthens the view that tryptase may play a role in 
asthma. Further actions of tryptase include a kallikrein- 
like activity (Proud et al., 1988; Walls et al., 1992a), 
cleavage of matrix components, including 75 kDa 
gelatinase/type IV collagen, fibronectin (Lohi et al., 
1992) and type VI collagen (Kielty et al., 1993), and acti- 
vation of stromelysin which may, in turn, cleave other 
matrix components (Gruber et al., 1989). In addition, 
tryptase is a mitogen for fibroblasts (Ruoss et al., 1991; 
Hartmann et al., 1992) and in a human epithelial cell line 
may induce its proliferation, stimulate it to release the 
granulocyte chemoattractant IL-8 and up-regulate its 

expression of intercellular adhesion molecule-1 (ICAM- 
1; Cairns et al., unpublished observations). 

Chymase is a monomeric protease of 30 kDa (Fraki 
and Hopsu-Havu, 1972; Wintroub et al., 1986a; 
Urata et al., 1990) which is stored in the same secretory 
granules as tryptase (Craig et al., 1988), but is released 
in a macromolecule complex distinct from tryptase 
(Goldstein et al., 1992), suggesting that there is no 
physicochemical bonding between them. It is the 
presence of chymase in a subset only of mast cells that has 
allowed the differentiation into MCTs and MCTcs. 
Within the lung, there are a negligible number of MCTcs 
in the epithelial layer, but they are found in large 
numbers close to submucosal glands and, to a lesser 
extent, associated with smooth muscle (Matin et al., 
1992). Like tryptase, chymase is stored within the 
granule in its fully active form (Huntley et al., 1985; 
Goldstein et al., 1992) so that is needs no further 
processing before release. The enzymatic activities of 
chymase include the degradation of neurotensin 
(Kinoshita et al., 1991), but not substance P or VIP 
(Urata et al., 1990) and the cleavage of angiotensin I (AI) 
to angiotensin II (AII; Reilley et al., 1982; Powers et al., 
1995; Urata et al., 1990; Kinoshita et al., 1991). In fact, 
chymase is more active than angiotensin-converting 
enzyme (ACE) in this activity which has led to much 
interest in chymase from cardiac mast cells. Chymase may 
also contribute to the purported role of mast cells in 
tissue remodelling by cleaving type IV collagen (Sage et 
al., 1979) and splitting the dermal-epidermal junction 
(Briggman et al., 1984). Actions pertinent to mucosal 
inflammation include the activation of interleukin-1/5 
(IL-1/5) to IL-1 (Mizutani et al., 1991), the degradation 
of IL-4 (Tounon de Lara et al., 1994) and the stimu- 
lation of secretion from cultured submucosal gland cells 
(Sommerhoff et al., 1989). 

Carboxypeptidase is a unique 34.5kDa metal- 
loproteinase which removes the carboxyl terminal 
residues from a range of peptides, including angiotensin, 
leuS-enkephalin, kinetensin, neuromedin N and neu- 
rotensin (Goldstein et al., 1989, 1991; Bunnett et al., 
1992). As carboxypeptidase is released together with 
chymase, cathepsin G and proteoglycan in a 
400-500 kDa complex, it is likely to act in concert with 
the other enzymes to degrade proteins. 

5. Newly Generated Mediators 
Immunological activation of mast cells induces the liber- 
ation of AA within the membrane. This phospholipid is 
then rapidly oxidized down either of two pathways: the 
cyclooxygenase pathway to form PGD2 or the lipox- 
ygenase pathway to form LTC4. These are the only two 
eicosanoids made by the human mast cell (Robinson et 
al., 1989). 

PGD2 is a potent bronchoconstrictor agent which is 
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rapidly degraded to another bronchoconstrictor agent, 
9~, 11/5-PGF2 (Hardy et al., 1985; Liston and Roberts, 
1985; Beasley eta / . ,  1987). Both of these substances are 
thought to exert the majority of their actions by the 
occupation of thromboxane (TX) receptors (Beasley et 
al., 1989b). In addition to its bronchoconstrictor effect, 
PGD2 is chemokinetic for human neutrophils (Goetzl 
and Pickett, 1981), augments LTB4-induced neu- 
trophilia in the skin (Soter etal . ,  1983), and is a powerful 
inhibitor of platelet aggregation. 

The physiological effects of the sulphidopeptide leu- 
kotrienes, including LTC4, are potent contraction of 
bronchial smooth muscle, contraction of arterial, arteri- 
olar and intestinal smooth muscle, enhanced permea- 
bility of post-capillary venules and enhanced bronchial 
mucus secretion. Because of their potent effects on the 
airways, leukotrienes have long been regarded as impor- 
tant molecules in the pathogenesis of asthma. Because of 
this, and the multicellular provenance of leukotrienes 
many comprehensive reviews have been written on these 
molecules to which the reader is referred (Ford et al., 
1994; Chanarin and Johnston, 1994; Valone et al., 
1994). 

6. Mast Cell Cytokines 
It is now established that murine mast cells are a source 
of several multifunctional cytokines. Initial studies 
demonstrated that many Abelson murine leukaemia virus 
(Ab-MuLV)-transformed mouse mast cell lines con- 
stitutively express granulocyte-macrophage colony- 
stimulating factor (GM-CSF) and IL-4 mRNA, and 
release GM-CSF and IL-4 bioactivity (Chung et al., 
1986; Brown et al., 1987). A few lines also express 
mRNA for IL-3. In addition, Brown et al. (1987) 
demonstrated constitutive expression of IL-4 mRNA in 
non-transformed IL-3-dependent mast cell lines, 
although they could not detect IL-4 bioactivity in the cell 
supernatants. Further studies demonstrated that in 
response to Fc~RI activation, non-transformed murine 
mast cell lines or primary cultures of bone marrow- 
derived mast cells have the potential to synthesize and 
secrete many cytokines including IL-1, IL-2, IL-3, IL-4, 
IL-5, IL-6, GM-CSF, interferon 3r (IFN3,), and three 
members of the intercrine family of cytokines, macro- 
phage inflammatory protein (MIP)-I~, MIP-I~, and T 
cell activation antigen 3 (TLA-3), (Plaut et al., 1989; 
Wodnar-Filpowicz et al., 1989; Burd et al., 1989). 
Gorden et al. (1990) subsequently demonstrated that 
mast cells grown in vitro or freshly isolated mouse 
peritoneal mast cells constitutively contained tumour 
necrosis factor ~ (TNFc~) bioactivity and could be 
induced by IgE-dependent stimulation to generate high 
levels of TNF~ mRNA. The observations in the above 
experiments that not all mast cell lines and cultures 
produced the same pattern of cytokines, and that within 

primary cultures of bone marrow-cultured mast cells 
(BMCMCs) not all cells produce the cytokine mRNA 
(Gurish et al., 1991) raises the question of whether mast 
cell heterogeneity exists with regard to cytokine produc- 
tion in addition to protease production. 

Information on human mast cells is more limited. Klein 
et al. (1989) showed that degranulation of mast cells in 
human skin organ cultures induced expression of 
endothelial leucocyte adhesion molecule-1 (ELAM-1) on 
vascular endothelial cells, an effect which was abrogated 
by prior administration of either cromolyn sodium, an 
inhibitor of mast cell mediator release, or neutralizing 
antibodies to TNFc~. The same group subsequently 
demonstrated that human dermal mast cells contain size- 
able quantities of TNFc~ within granules, which can be 
released rapidly upon degranulation (Walsh et al., 
1991b). Storage of TNFa, with IgE-dependent release 
and mRNA induction, has also been demonstrated in 
human lung mast cells (Ohkawara et al., 1992). 

Studies from our own group have now demonstrated 
that human mast cells are also a source of IL-4, IL-5 and 
IL-6. Human mast cells isolated from human skin and 
lung contain immunoreactivity for IL-4 which is lost fol- 
lowing IgE-dependent activation, indicative of release 
(Bradding et al., 1992). IL-4 mRNA is not expressed 
constitutively but is induced following 20 h of culture 
with SCF and anti-IgE (Church et al., 1994). The 
presence of IL-4 in mast cells in situ has been confirmed 
using immunohistochemistry on nasal and bronchial 
biopsies from normal subjects, patients with allergic per- 
ennial and seasonal rhinitis and allergic asthma (Bradding 
et al., 1992, 1993, 1994, 1995). Using two monoclonal 
antibodies (mAbs) to human IL-4 which identify 
different epitopes, an interesting pattern has emerged. 
Mast cells staining with one mAb to IL-4 (3H4) are 
clearly increased in number in these allergic mucosal dis- 
eases compared to normal subjects. Furthermore this 
mAb gives a pericellular staining pattern in disease sug- 
gesting it may detect secreted IL-4 (Bradding etal . ,  1993, 
1994). Furthermore, strong correlations between 3H4 + 
mast cell numbers and eosinophil numbers are present in 
both allergic asthma and allergic rhinitis. Expression of 
IL-4 immunoreactivity with this anti-IL-4 mAb is clearly 
suppressed by the potent topical corticosteroid flutica- 
sone propionate following natural seasonal allergen 
exposure (Bradding et al., 1995). In contrast a second 
monoclonal antibody (4D9) gives a granular cytoplasmic 
staining pattern in both normals and patients, and stains 
the same number of cells in both normals and patients, 
suggesting that it detects stored IL-4 (Bradding et al., 
1993, 1994). These studies have also identified IL-5, IL- 
6 and TNF~ localized to mast cells although the percen- 
tage of mast cells staining for these cytokines is signifi- 
cantly less than for IL-4. We have recently found IL-5 
mRNA in purified mast cells preincubated with SCF for 
16 h and then challenged with anti-IgE (Okayama and 
Church, 1995), while Ying et al. (1994) have described 
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expression of mRNA for IL-4 and IL-5 in about 20% and 
10%, respectively, of nasal mucosal mast cells following 
allergen challenge. We have found no difference in the 
number of mast cells staining for IL-5 or IL-6 in allergic 
mucosal disease, but in asthma there was a significant 
increase in the number of TNFc~-positive cells (Bradding 
et al. ,  1994). IL-4-positive mast cells are also increased in 
the nasal and bronchial epithelium of patients with rhi- 
nitis and asthma, respectively, but IL-5-, - 6  and TNFa- 
positive cells are only present in the submucosa. Overall 
in both the nasal mucosa and bronchus, approximately 
75%, 10%, 35% and 35% of mast cells contain IL-4, IL- 
5, IL-6 and TNFc~, respectively. Some mast cells contain 
combinations of cytokines while others appear to 
produce only one cytokine. These observations, plus the 
predominance of IL-6 positive cells compared to others 
amongst the submucosal glands, suggest that heter- 
ogeneity exists among human mast cells with regards to 
cytokine production in addition to the well-established 
heterogeneity of protease production. 

IL-8 is a further cytokine which has now been identi- 
fied as a product of human mast cells. M6ller etal .  (1993) 
showed that mast cells in human skin cultures express IL- 
8 immunoreactivity after 16 h incubation with anti-IgE 
but do not express it constitutively. This lack of stored 
IL-8 may explain the apparent discrepancy with our own 
investigation of IL-8 immunoreactivity in the nasal 
mucosa of normal subjects and patients with allergic per- 
ennial rhinitis (McNamee et al. ,  1991), where IL-8 was 
localized predominantly to the nasal epithelium and was 
not found in mast cells. 

6.1 R E G U L A T I O N  O F  M A S T  C E L L  

C Y T O K I N E  P R O D U C T I O N  

The studies of mast cell cytokine production described 
above have shown that maximal induction of cytokine 
synthesis and release usually occurs in response to IgE- 
dependent activation. In common with many cell types, 
there is evidence that Fc~RI on mast cells is coupled to 
the phospholipase C effector system that controls two 
distinct signal transduction pathways, one regulated by 
Ca 2+ ions and the other by protein kinase C (PKC). 
Exocytotic degranulation is associated with an increased 
cytoplasmic level of Ca ~+ ions, and activation of mast 
cells can be therefore achieved by the use of calcium iono- 
phores which raise intracellular calcium concentrations 
through a receptor-independent mechanism. Alternative 
mast cell stimuli include phorbol-12-myristate-13-acetate 
(PMA) which activates PKC and induces mediator secre- 
tion from basophils and rodent mast cells but not from 
human mast cells, and concanavalin A (Con A), a lectin 
which can stimulate mast cells by cross-linking of cell- 
bound IgE and/or cell surface glycoproteins. 

synthesis and release (Plaut et al. ,  1989; Wodnar- 
Filpowicz et al. ,  1989; Burd et al. ,  1990), the study by 
Burd et al. (1989) being the exception to this. PMA 
induced high levels of TNFa mRNA, and some GM- 
CSF and IL-6 mRNA, but failed to induce IL-1 or IL-3 
mRNA (Wodnar-Filpowicz et al. ,  1989; Burd et al. ,  
1989; Gordon et al. ,  1990). Subsequently Burd et al. 
(1990) demonstrated that in BMCMCs the calcium iono- 
phore A-23187 or PMA could in fact induce IL-1, 
TCA3, MIP- la  and MIP-lfl in addition to IL-6. 
Interestingly, mast cell activation with A23187 resem- 
bled that seen with IgE-dependent stimulation and was 
associated with H release, while PMA cytokine induction 
occurred independently of mast cell degranulation. This 
study also found that induction of mRNA for IL-2, IL-3 
and IL-5 required the synergistic effects of both PMA 
and A23187. Whether the differences in these two 
studies by Burd et al. (1989, 1990) reflect the different 
mast cell types studied or methodological problems is 
unclear. Furthermore, Burd et al. (1989) showed that 
Con A induced IL-6 mRNA and the release of IL-6 
bioactivity, but failed to have any effect on IL-1 or IL-4. 

The kinetics of mRNA induction and cytokine release 
also suggests there may be some differences in the regu- 
lation of the various mast cell cytokines. Gordon et al. 
(1990) showed that TNFa mRNA is rapidly induced fol- 
lowing IgE-dependent activation reaching maximal levels 
at 30-60 min, while levels of mRNA for IL-3 and IL-5 
in the same cells were highest at about 2 h. In contrast, 
Wodnar-Filipowicz et al. (1989) found that IL-3 and 
GM-CSF mRNA were readily detectable by 30 min after 
activation and had decayed by 2 h, but also observed that 
secreted IL-3 peaked at 30 min while secreted GM-CSF 
peaked at 2 h. Wershil et al. (1990) demonstrated that in 
an IL-3-independent mast cell line, following activation 
with the calcium ionophore ionomycin, IL-3 and IL-4 
mRNA were both detectable after 30 min, but that IL-3 
mRNA continued to increase over a 24 h period while 
IL-4 mRNA peaked at 4 h  and had significantly 
diminished by 24 h. Secreted bioactivity for these two 
cytokines paralleled the changes in mRNA. Finally Burd 
et al. (1990) reported that mRNA for IL-1 and IL-6 was 
detectable within 30 min following mast cell activation 
with anti-IgE or A23187, but was not detected until 
60-90 min following induction with PMA. Our own 
studies with human mast cell cells suggest that there are 
differences in the kinetics of mRNA expression for IL-4 
and IL-5. Challenge with anti-IgE leads to transient 
expression of IL-4 mRNA after 6 h, while IL-5 mRNA 
appears after only 2 h and remains detectable over a fur- 
ther 24 h (Okayama and Church, 1995). 

Evidence also exists that transcriptional and post- 
transcriptional regulation of mast cell cytokine mRNA 
may differ for individual cytokines. Thus Wodnar- 

In addition to triggering with anti-IgE, most studies of Filipowicz et al. (1989) demonstrated that in a murine 
murine mast cells have demonstrated that activation with mast cell line, induction of IL-3 mRNA with A23187 
calcium ionophores also results in significant cytokine was controlled primarily at the post-transcriptional level, 
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while induction of GM-CSF mRNA was subject to both 
transcriptional and post-transcriptional regulation. 

How many of these apparent differences in the signal 
transduction and kinetics for the expression of individual 
cytokines are real or secondary to differing experimental 
conditions awaits further clarification. It is also likely that 
some of these differences are characteristics of the genes 
in general rather than specifically limited to their expres- 
sion in mast cells. However it has recently been shown 
that murine Ab-MuLV-transformed and IL-3-dependent 
mast cell lines contain an active transcription enhancer in 
the second intron of the IL-4 gene which is inactive in a 
murine IL-4-producing T cell line (Henkel et al., 1992). 
This suggests that the intronic enhancer is mast cell 
specific and that regulation of IL-4 transcription in mast 
cells and T cells may be distinct. 

Overall, these results suggest that different regulatory 
mechanisms may exist in mast cells for the transcription 
of various cytokines. If these findings apply in v/v0, then 
stimuli which favour either activation of PKC or mobili- 
zation ofintracellular calcium may have distinct effects on 
the subsequent profile of cytokines released, and hence 
the type of inflammatory response. Furthermore if heter- 
ogeneity exists amongst mast cells in the cytokines they 
produce, this would provide further evidence that there 
are subsets of mast cells with specific effector roles. It 
must be stressed however that the full relevance of these 
findings to human mast cells is yet to be determined. 

6.2 N O N - B ,  N O N - T  C E L L / B A S O P H I L  

C Y T O K I N E S  

In mice, a population of splenic and bone marrow non- 
B, non-T cells expressing Fc~RI are capable of producing 
IL-4, and in the case of the former, also IL-3, following 
IgE-dependent activation (Ben-Sasson et al., 1990; 
Conrad et al., 1990). The production of IL-4 by these 
cells is potentiated by either preincubation with IL-3 or 
prior infection with Nippostrongylus brasiliensis. Sub- 
sequent characterization of these IL-4-producing cells has 
demonstrated that they are negative for the expression of 
c-kit and resemble basophils morphologically, suggesting 
that they are of basophil lineage (Seder et al., 1991a,b). 
Human bone marrow non-B, non-T cells produce IL-4 
and IL-5 mRNA, and release IL-4 but not IL-5 protein, 
following exposure to anti-IgE (Piccinni et al., 1991). 
The induction of IL-4 mRNA occurred after 48 h and 
was potentiated by IL-3. 

A recent study by Brunner et al. (1993) has confirmed 
that mature human basophils synthesize and release IL-4. 
For optimal secretion, priming with IL-3 for 18-48 h 
before activation with anti-IgE was required, although 
low amounts of IL-4 were occasionally detected fol- 
lowing incubation with either IL-3 or anti-IgE alone. No 
spontaneous IL-4 production was detected, and other 
cytokines known to enhance basophil mediator release, 
namely IL-5, GM-CSF and nerve growth factor (NGF), 

were inactive. IgE-dependent synthesis and release of IL- 
4 by IL-3-primed basophils occurred within 2-6 h, and 
no IL-4 was stored preformed. Stimulation of basophils 
with a combination of PMA and ionomycin, or 
ionomycin alone, resulted in IL-4 production of greater 
or comparable magnitude to that induced by sequential 
stimulation with IL-3 and anti-IgE. Arock et al. (1993) 
have subsequently confirmed that normal basophils 
produce IL-4 following activation, and in addition have 
shown that leukaemic basophils express IL-4 
constitutively. 

6.3 BIOLOGICAL PROPERTIES OF 
HUMAN MAST CELL CYTOKINES 

Each of the cytokines so far identified as human mast cell 
products are likely to be involved in the pathogenesis of 
allergic mucosal inflammation. IL-4 activates B cells for 
immunoglobulin secretion through up-regulation of cell 
surface major histocompatibility complex (MHC) class II 
antigen (Rousset et al., 1988), CD23 (FceRII; Vercelli et 
al., 1988) and CD40 (Clark et al., 1989), and plays a 
pivotal role in the isotype switching of B cells to IgE syn- 
thesis (Del Prete et al., 1988). IL-4 specifically increases 
expression of vascular cell adhesion molecule-1 (VCAM- 
1; Thornhill and Haskard, 1990) involved in the VLA-4- 
dependent recruitment of T cells and eosinophils (Thorn- 
hill e tal . ,  1991; Schleimer etal . ,  1992), and induces the 
expression of the low affinity IgE receptor (Fc~RII, 
CD23) on monocytes (te Velde etal. ,  1988). In addition, 
IL-4 induces fibroblast chemotaxis (Postlethwaite and 
Seyer, 1991) and collagen secretion (Postlethwaite et al., 
1992). Possibly the most important effect of IL-4 is its 
ability to induce the development of the TrI2 phenotype 
of T cells (Le Gros et al., 1990; Swain et al., 1990), which 
itself produces IL-4, IL-5 and IL-6 (reviewed by Romag- 
nani, 1991). The presence of IL-4 at the onset of an 
immunological response may therefore dictate whether a 
cell-mediated (TH1) or humoral (TH2) response develops. 

The effects of IL-5 in humans are almost exclusively 
limited to eosinophils. It is a growth and differentiation 
factor (Clutterbuck et al., 1989), and activator (Lopez et 
al., 1988) for eosinophils, and in addition prevents their 
programmed cell death, prolonging survival (Yamaguchi 
et al., 1991). IL-5 promotes eosinophil adhesion to vas- 
cular endothelium through a CD11/CD18-dependent 
mechanism (Walsh et al., 1991a), and both primes 
eosinophils for chemotaxis in response to other medi- 
ators (Warringa et al., 1992a) as well as being directly 
chemotactic itself (Wang et al., 1989). As a consequence, 
IL-5 is considered as a pivotal cytokine in allergen- and 
parasite-mediated eosinophilic responses. 

IL-6 has activities on a wide range of cellular processes 
including T cell activation (Tosato and Pike, 1988) and 
stimulation of immunoglobulin production by B cells, 
and thus it enhances IL-4-dependent IgE synthesis 
(Jabara et al., 1988). IL-6 is also the most important 
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cytokine responsible for the production of acute-phase 
proteins by hepatocytes during inflammatory responses. 
IL-8 belongs to the intercrine family of cytokines and is 
secreted by a wide variety of cells including T cells, 
macrophage/monocytes, endothelium and epithelial cells 
(Schroder and Christophers, 1989; Smyth et al., 1991; 
Standiford etal.,  1991; Marini etal.,  1992). It is a potent 
chemoattractant for neutrophils (Kunkel et al., 1991) 
and is also chemotactic for eosinophils after priming with 
IL-3, IL-5 or GM-CSF (Warringa et al., 1991, 1992). 

TNFc~ (cachectin) is another cytokine implicated in the 
pathogenesis of asthma. When administered by inha- 
lation or intravenously to animals TNFc~ increases bron- 
chial responsiveness (Kips et al., 1992; Wheeler et al., 
1990). It is a chemoattractant for neutrophils and mono- 
cytes (Ming et al., 1987), increases microvascular permea- 
bility, and enhances both mast cell mediator release (Van 
Overveld etal.,  1992) and eosinophil cytotoxicity (Silber- 
stein and David, 1986; Slungaard et al., 1990). In addi- 
tion, it has the capacity to up-regulate the leucocyte 
endothelial cell adhesion molecules E-selectin, VCAM-1 
and ICAM-1 (Bevilacqua et al., 1989; Osborn et al., 
1989; Leung et al., 1991) involved in the recruitment of 
neutrophils, eosinophils, monocytes and T cells into 
inflammatory zones. TNF~ also stimulates fibroblast pro- 
liferation and secretion of matrix proteins, collagenase 
and cytokines including IL-6 (Dayer et al., 1985; Kohase 
etal.,  1986; Postlethwaite and Seyer, 1990; Mielke etal.,  
1990; Warringa et al., 1992). 

7. Mast Cells and Basophils in Disease 
It is recognized that in addition to contributing to the 
pathophysiology of allergy, mast cells also play important 
roles in a number of other physiological, pathological and 
immunological processes including tissue remodelling, 
wound repair, pathological fibrosis, angiogenesis, clot- 
ting and host reactions to certain neoplasms. The ubiqui- 
tous distribution of mast cells throughout connective 
tissues, along epithelial surfaces and in close proximity to 
blood vessels, makes their products available to a large 
number of different cell types including fibroblasts, glan- 
dular epithelial cells, nerves, vascular endothelial cells, 
smooth muscle cells and other cells of the immune 
system. This tissue distribution, and the vast array of lipid 
mediators, proteases, proteoglycans and cytokines identi- 
fied as potential products of murine and human mast 
cells, explains how this type of cell could mediate so 
many diverse effects. 

7.1 A L L E R G I C  M U C O S A L  

I N F L A M M A T I O N  

7.1.1 Asthma 
Asthma is characterized by the presence of bronchial 

obstruction which is potentially reversible either spon- 
taneously or with pharmacological intervention, and is 
manifest clinically by wheeze, dyspnoea, chest tightness 
and cough. Exacerbations may be triggered by a number 
of different stimuli, one or more of which may 
predominate in any individual. The major pathological 
processes involved in the airflow obstruction of asthma 
are mucosal oedema due to increased vascular permea- 
bility, smooth muscle contraction, excessive mucus secre- 
tion and airway inflammation. 

The presence of airway inflammation is thought to 
underlie much of the altered airway physiology of 
asthma. Severe inflammatory changes in relationship to 
asthma death have been recognized for many years 
(Huber and Koessler, 1922; Dunnill, 1960; Hogg, 
1977), but the recent development of fibreoptic bron- 
choscopy as a research tool has allowed histological inves- 
tigation of bronchial biopsies from patients with milder 
disease (Beasley et al., 1989a). Interestingly in mild asth- 
matics and even in those who are asymptomatic, signifi- 
cant inflammation is present with eosinophil infiltration 
and activation. Mast cell numbers are not increased but 
there is morphological evidence of continuous degranula- 
tion (Beasley et al., 1989a; Djukanovic et al., 1990). 
Basophils are rarely seen (Beasley et al., 1989a). There is 
also epithelial disruption, and type 3 and 5 collagen 
deposition in the sub-basement membrane (Roche et al., 
1989). 

Fibreoptic bronchoscopy has also allowed the study of 
BAL from asthmatic subjects, and again gives evidence 
that active inflammation is present (Beasley et al., 1989a). 
Several groups have shown increased numbers of mast 
cells, eosinophils and lymphocytes in BAL from 
unchallenged asthmatics compared to normal controls 
(Flint et al., 1985a; Casale et al., 1987; Kirby et al., 
1987; Godard et al., 1987; Kelly et al., 1989) and 
increased levels of inflammatory mediators such as H 
(Casale et al., 1987; Kirby et al., 1987) and LTE4 (Lam 
et al., 1988). Levels of the mast cell-specific protease 
tryptase are also elevated providing further evidence of 
ongoing mast cell degranulation (Wenzel et al., 1988). 

7 .1 .1 .1  E x p e r i m e n t a l  A l l e r g e n - i n d u c e d  A s t h m a  
Approximately 90% of subjects with asthma under the 
age of 30 are atopic (Smith, 1974), most frequently with 
reactions to the house dust mite Dermatophagoides 
pteronyssinus or D. farinae, whereas in subjects developing 
asthma for the first time over the age of 40, the preva- 
lence of atopy is no greater than in the general popula- 
tion. The recognition of the early and late asthmatic 
reaction (EAR and LAR, respectively) in response to 
bronchial allergen challenge has been used as a model 
with which to gain further information on the patholog- 
ical processes involved in clinical asthma. Similar 
responses may also be seen in the skin and nose following 
intracutaneous and nasal allergen challenge, respectively, 
in atopic subjects. 
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Following allergen challenge, up to 50% of asthmatic 
subjects exhibit a dual bronchoconstrictor response. 
There is a rapid tall in pulmonary function (e.g FEV1) at 
10-20 min which gradually recovers over the Following 
2 h, defined as the EAR. Between 4 and 6 h there is a fur- 
ther fall in FEV1, the LAR. This may last up to 12 h and 
in some individuals may be followed by recurring airway 
obstruction for several days or even weeks (Booij Noord 
et al., 1972). 

7 . 1 . 1 . 2  The  E a r l y  A s t h m a t i c  Response  
During the EAR there is release of a wide range of vasoac- 
tive and spasmogenic mediators most of which originate 
from mast cells resident in the airway mucosa. When IgE 
bound to the high affinity IgE Fc receptor on mast cells 
is cross-linked by allergen, a series of membrane and 
cytoplasmic events utilizing Ca 2 + and energy-dependent 
mechanisms culminate in the secretion of preformed 
granule-derived mediators, and the synthesis and release 
of newly formed lipid products (Table 4.1). The meas- 
urement of mediators in blood, urine and BAL has 
provided strong evidence that the EAR is predominantly 
due to the effects of released H, PGDz and the 
suplidopeptide leukotrienes LTC4, LTD4 and LTE4 
(slow reacting substances of anaphylaxis), the latter two 
being generated from LTC4 extracellularly (Arm and Lee, 
1990). Attenuation of the EAR following administration 
of specific receptor antagonists to these compounds pro- 
vides further evidence of their role (Rafferty et al., 1987; 
Beasley et al., 1989a; Taylor et al., 1991). 

In addition to these autacoids, other mast cell products 
are likely to contribute to the EAR. Tryptase and 
chymase are preformed proteases specific for mast cells 
(Schwartz et al., 1981a; Wintroub et al., 1986b) which 
are also released following IgE cross-linkage. Tryptase 
levels are raised at baseline in asthmatic subjects, and rise 
during the EAR following allergen provocation (Wenzel 
et al., 1988). Tryptase may generate C3 and bradykinin 
from their protein precursors, which may act as sec- 
ondary mediators of smooth muscle contraction and vas- 
cular permeability, whilst chymase is a potent 
secretagogue for bovine airway submucosal glands (Som- 
merhoff et al., 1989). 

The significance of the mast cell as a source of these 
mediators is supported by the observation that sodium 
cromoglycate, an inhibitor of mast cell degranulation, 
completely abolishes the early reaction (Pepys et al., 
1968). 

7.1.1.3 The Late A s t h m a t i c  Response  
In contrast to the acute mediator-induced bronchocon- 
striction and mucosal oedema characteristic of the EAR, 
there is now considerable evidence that the LAR is 
associated with inflammatory cell accumulation and acti- 
vation. This situation is generally considered to be analo- 
gous to that seen in chronic airway inflammation, but 
some caution is needed in extrapolating the results of 

applying a single large dose of allergen to the airways, in 
the presence of natural disease, to the natural disease 
itself. The characteristic cell infiltrating the bronchial 
mucosa during the LAR is the eosinophil. During the 
period between the EAR and LAR a transit eosinopenia 
occurs which is thought to be a reflection of eosinophil 
recruitment into the lung. BAL recovered during the 
LAR reveals an increased number of eosinophils and 
elevated levels of eosinophil basic proteins (De Monchy 
et al., 1985; Metzger et al., 1987; Diaz et al., 1989; 
Sedgwick et al., 1991), while bronchial biopsy shows 
eosinophil infiltration with increased numbers of both 
total and activated cells (Bentley et al., 1993). 

Neutrophil numbers increase transiently following 
both allergen challenge (Diaz et al., 1989) and exposure 
in sensitized subjects to occupational agents such as 
toluene di-isocyanate (TDI; Fabbri et al., 1987) but are 
not increased in stable asthmatic subjects (Wardlaw et al., 
1988; Bradley et al., 1991). Similarly, basophils, which 
are not usually prominent in the "steady-state" allergic 
bronchial mucosa (Beasley et al., 1989a) have been reco- 
vered from BAL fluid during the LAR, albeit in very low 
numbers when compared with the number of recovered 
eosinophils (Liu et al., 1991). Subsequent mediator 
release and tissue damage following inflammatory cell 
infiltration and activation are thought to account for the 
ensuing airway obstruction and associated increase in 
bronchial hyperresponsiveness which accompanies the 
LAR. 

7 .1 .2  Mas t  Cell Media to rs  and  A s t h m a  
Pa thophys io logy  

The biological activities of a number of mast cell medi- 
ators may explain a number of the pathological features 
present in asthma (Fig. 4.5). 

7.1.2.1 Epithelial Damage 
As described above, the epithelium is fragile and denuded 
even in mild asthmatics. Often the basal cell layer is left 
intact suggesting the point of weakness is between this 
layer and the surface epithelium. Whether this abnor- 
mality is primary or secondary is unclear although evi- 
dence suggests the latter may be the case. Although it has 
been demonstrated that eosinophil products such as 
major basic protein (MBP), eosinophil cationic protein 
(ECP) and eosinophil peroxidase (EPO) are cytotoxic to 
the respiratory epithelium (Irani et al., 1989b; Ayars et 
al., 1989), mast cell products could also be important in 
this process, although there has been little study in this 
area. Superoxide produced following mast cell degranula- 
tion (Henderson and Kaliner, 1978) may generate highly 
reactive oxygen species such as hydrogen peroxide, the 
hydroxyl radical (OH-) and oxygen free radicals which 
are able to damage cell membranes, and studies in dogs 
have shown that proteolytic enzymes such as chymase 
may also weaken intracellular bonds resulting in release of 
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Figure 4.5 The potential contribution of mast cell mediators to the pathology of asthma. 

epithelial cells from the basal layer (Briggman et al., 
1984). 

7.1.2.2 Epithelial Sub-basement Membrane 
Thickening 
A characteristic histological feature of asthma is thick- 
ening of the sub-basement membrane due to type III and 
V collagen deposition in the lamina reticularis (Roche et 
al., 1989). The most likely origin for this collagen is pro- 
liferating myofibroblasts whose number correlates with 
the collagen thickness (Brewster et al., 1990). The 
stimulus for this is not yet clear, but is probably under 
the control of fibrogenic cytokines which include IL-4 
and TNF~, and possibly mast cell tryptase, heparin and 
H. The effects of mast cells on fibroblasts are described in 
more detail below. 

7 . 1 . 2 . 3  Mucosal  Oedema and Plasma Leakage 
Mucosal oedema contributes to the airway narrowing 
present in asthma. Contraction of endothelial cells in 
post-capillary venules leads to the formation of gaps 
which allow the outflow of plasma. This occurs in 
response to mediators released from inflammatory cells 
such as H, PGs, LTs, and platelet activating factor (PAF) 
which probably act directly on endothelial cells and 
bradykinin which may act via neural reflexes. In addition 
to obstructing the airway lumen, exuded plasma may 

markedly enhance mucus viscosity. Albumin may 
increase mucus viscosity through the formation of var- 
ious protein-glycoprotein complexes (List et al., 1978) 
which in combination with impaired ciliary motility will 
promote mucostasis. 

7.1.2.4 M u c u s  Production 
Extensive mucus plugging is a characteristic finding in 
patients dying from asthma, but is also likely to con- 
tribute to airways obstruction in stable disease (Cutz et 
al., 1978). Mucus production in asthmatic airways comes 
from both hyperplastic goblet cells in the airway 
epithelium and hypertrophic submucosal glands. The 
latter are innervated by the parasympathetic nervous 
system. In addition to cholinergic stimulation, a number 
of mediators released from inflammatory cells also stimu- 
late mucus secretion. In order of potency these include 
LTD4, LTC4, hydroxyeicosatetraenoic acid (HETE), 
prostanoids and H (Shelhamer et al., 1980; Marom et al., 
1981, 1982). Canine mast cell chymase is also a potent 
mucus secretagogue when added to cultures of bovine 
airway glands (Sommerhoff et al., 1989). 

7.1.2.5 Bronchial Hyperresponsiveness 
A characteristic pathophysiological feature of asthma is 
bronchial hyperresponsiveness (BHR), the exaggerated 
bronchoconstrictor response of the airways to a wide 
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range of specific and non-specific stimuli (Boushey et al., 
1980). Stimuli may act directly, such as the pharmacolog- 
ical compounds H and methacholine, or indirectly such 
as adenosine, exercise, cold air, bradykinin and sulphur 
dioxide. BHRis usually expressed as the concentration of 
H or methacholine required to produce a 20% fall in 
FEVI (PC20). It is on this background of BHR that 
natural insults such as exercise, cold air or irritant smoke 
may induce airway obstruction. The cause of airway nar- 
rowing is generally assumed to be bronchoconstriction, 
although oedema and mucus production may contribute. 
With respect to asthma, several studies have suggested a 
cause and effect relationship between inflammation and 
BHtL Following allergen challenge, BHR increases at the 
time of the late reaction, the time when there is an influx 
of inflammatory cells, particularly eosinophils, into the 
airway mucosa. This increase in BHRmay last for days or 
even weeks (Cartier et al., 1982). BAL studies have 
shown a positive correlation between the number of acti- 
vated eosinophils and BHR. Furthermore, levels of 
eosinophil products such as MBP, numbers of epithelial 
cells, numbers of mast cells, and levels of H in bronchial 
lavage also correlate with the degree of BHR (Wardlaw et 
al., 1988; Beasley et al., 1989a). 

Several factors are probably related to the development 
of BHRin the presence of inflammation. The presence of 
bronchospastic and mucogenic mediators released by a 
variety of inflammatory cells, including mast cells, either 
spontaneously or following exposure to allergen probably 
contribute. TNFc~ induces BHR in mice and sheep, 
apparently independent of its effects on inflammatory cell 
recruitment (Wheeler et al., 1990; Kips et al., 1992). 
Similarly, tryptase has been shown to induce BHR to H 
in dogs (Sekizawa et al., 1989). Tryptase may also con- 
tribute to the development of BHR and bronchocon- 
striction through its degradation of bronchodilator 
neuropeptides (Caughey et al., 1988; Tam and Caughey, 
1990). 

7 .1 .3  AUergic Rhini t is  
The diagnosis of allergic rhinitis relies on the presence of 
the classical symptoms of nasal and palatal itch, rhinor- 
rhoea, sneezing and blockage. These symptoms follow 
exposure to airborne allergens in the environment, due 
to the presence of specific IgE antibodies demonstrable 
by skin prick testing. Symptoms may be either seasonal, 
commonly due to sensitivity to grass, tree or shrub 
pollens, or perennial, usually due to sensitivity to the 
house dust mite Dermatophagoides pteronyssinus or animal 
dander, or combinations of allergens. No firm definition 
of allergic rhinitis exists, and as with asthma, many 
patients present with symptoms when no identifiable 
allergy is present (non-allergic rhinitis). 

7.1.3.1 N a s a l  A l l e rg i c  M u c o s a l  I n f l a m m a t i o n  
The mucosal inflammatory changes seen in allergic rhi- 
nitis are very similar to those described for asthma above. 

In patients with seasonal allergic rhinitis (SAR) mast cell 
numbers increase in the nasal epithelium during the 
pollen season (Enerback et al., 1986; Howarth et al., 
1991), but studies of mast cell numbers in the submucosa 
have given conflicting results (Viegas et al., 1987; 
Howarth et al., 1991; Bradding et al., 1995). There is 
ultrastructural evidence of mast cell degranulation 
(Howarth et al., 1991) and increased levels of LTC4 but 
not H in nasal lavage fluid (Volovitz et al., 1988). In per- 
ennial allergic rhinitis (PAR) biopsy studies of the nasal 
mucosa have demonstrated that mast cell numbers in the 
submucosa do not differ from normal controls (Drake 
Lee et al., 1991; Bradding et al., 1993), but are increased 
in the nasal epithelium (Bradding et al., 1993). Sub- 
mucosal and epithelial eosinophil numbers are increased 
in both PAR (Bradding et al., 1993), and SAR during the 
pollen season (Pipkorn et al., 1988; Lozewicz et al., 
1990; Bradding et al., 1995). 

Z 1 . 3 . 2  E x p e r i m e n t a l  A l l e r g e n - i n d u c e d  R h i n i t i s  
Nasal challenge with a relevant allergen in patients with 
a history of allergic rhinitis results in an early-phase 
response (EPR) and then in about 40% of subjects a late 
phase response (LPR). During the EPR, typical rhinitic 
symptoms are associated with the release of a similar spec- 
trum of inflammatory mediators due to mast degranula- 
tion, similar to those described above for asthma 
(Naclerio et al., 1983; Creticos et al., 1984; Castells and 
Schwartz, 1988). During the LPR which begins at about 
6 h post-allergen challenge, symptoms recur in associ- 
ation with tissue infiltration by CD4 + and CD25 + 
T cells, eosinophils and neutrophils (Varney et al., 1992), 
and also low numbers of basophils (Bascom et al., 
1988). This phase is associated with the release of a 
second wave of mediators (Naclerio et al., 1985). As 
mentioned with respect to asthma, the effects of a single 
dose of allergen delivered in high concentration to the 
nasal mucosa should probably be interpreted with cau- 
tion when applying them to chronic disease. A better 
model for studying the mechanisms of allergic airway 
inflammation is probably that of Pipkorn et al. (1989) 
who performed controlled daily nasal allergen challenges 
for 7 days during winter months to a group of patients 
with seasonal allergic rhinitis. This study demon- 
strated eosinophil recruitment after 48 hours which 
then persisted at the same level for the remainder of the 
week, and migration of mast cells into the epithelium at 
Day 6. 

As with asthma, the presence of inflammatory cell 
infiltration and mediator release may explain the 
associated symptoms. Nasal obstruction results from vas- 
cular engorgement induced by H, PGD2, LTC4 and 
LTD4, and from increased vascular permeability 
producing mucosal oedema mediated by H, LTC4 and 
LTD4. H produces itching, sneezing and rhinorrhoea by 
direct mechanisms, whilst the generation of kinins by 
tryptase and kininogenase stimulates afferent sensory 
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nerve endings to produce sneeze and itch (Howarth 
et al., 1991). 

7 .1 .4  Do  Mas t  Cells In i t ia te  Late Phase 
I n f l a m m a t o r y  Reactions? 

The mast cell contains a virtual pharmacopoeia of bio- 
logical substances, many of which are capable of inducing 
the typical pathophysiological changes of bronchial and 
nasal allergic mucosal disease, and, as described above, 
there is clear evidence of mast cell degranulation and 
mediator release in asthma and rhinitis. The recent iden- 
tification of mast cells as a source of multifunctional 
cytokines which are released in response to Ig~dependent 
activation suggests that mast cells may also mediate 
several aspects of the allergic inflammatory response. 

With respect to allergic inflammation, most studies 
have investigated the role of mast cell cytokines in the 
rodent model of the IgE-dependent cutaneous LPtL In 
mice and rats, this LPR is similar to that seen in humans 
although the infiltrating cells are predominantly neu- 
trophils, which may in part be a reflection of the general 
eosinopenia present in normal "non-atopic" rodents. 
Studying mice that are normal, genetically mast cell defi- 
cient, and genetically mast cell deficient but subsequently 
replenished with mast cells from normal mice, has 
demonstrated that the early and late increase in vascular 
permeability and tissue swelling following IgE-dependent 
passive cutaneous anaphlylactic reactions is mast cell 
dependent (Wershil et al., 1987). Furthermore, nearly all 
the late leucocyte infiltration is also mast cell dependent 
(Wershil etal . ,  1991). Higher levels of TNFcz were found 
in mast cell-reconstituted sites than mast cell-deficient 
sites (Gordon and Galli, 1991), and the local administra- 
tion of neutralizing antibodies to TNFcr reduced leuco- 
cyte infiltration by about 50% (Galli et al., 1990). The 
recruitment of the remaining leucocytes was likely to be 
due to other mast cell-derived cytokines. Other studies 
using this mouse model have also demonstrated that 
intradermal administration of PMA induces mast cell- 
dependent neutrophil infiltration (Wershil et al., 1988), 
while intradermal injection of substance P induces mast 
cell-dependent eosinophil infiltration (Matsuda et al., 
1989). Similarly, in rats, intracutaneous injection of anti- 
IgE antibodies or compound 48/80, an agent which spe- 
cifically induces mast cell degranulation, resulted in both 
EPR and LPR (Tannenbaum et al., 1980). This late- 
phase cellular infiltration was reproduced by 
intracutaneous injection of mast cell granules, and was 
shown to be due to an unidentified granule constituent 
(Tannenbaum et al., 1980). These studies provide strong 
evidence that mast cells and their products including 
TNFc~ are directly involved in late phase inflammatory 
cell recruitment in rodent systems. 

The relevance of mast cell cytokines to the inflamma- 
tory response during parasite infection however is less 
clear. Nogami et al. (1990) demonstrated that in contrast 

to T cell deficiency, mast cell deficiency did not prevent 
marked pulmonary eosinophilia following transnasal 
infection with Ascaris suum. 

Although the role of the mast cell in the early response 
to allergen is well defined and has been described already, 
studying mast cell dependency in human LPRs, and par- 
ticularly in chronic allergic inflammation, is more 
difficult. It has been recognized for many years that 
human LPRs are IgE dependent (Dolovich et al., 1973; 
Solley et al., 1976), but this does not necessarily impli- 
cate mast cells solely in the pathogenesis as other inflam- 
matory cells such as macrophages, B cells and possibly 
eosinophils, can be activated via IgE bound to its low 
affinity receptor (Fc~RII, CD23). Several studies however 
have demonstrated that intradermal injection of com- 
pound 48/80 which produces degranulation of the MCTc 
subset of mast cells, initiates an LPR associated with 
inflammatory cell infiltration, therefore suggesting that 
mast cells are directly involved (Atkins et al., 1973; Solley 
et al., 1976; James et al., 1981). However, Dolovich et 
al. (1973) could only induce an immediate skin response 
with this compound. 

The study by Klein et al. (1989), demonstrating that 
exposure of skin organ cultures to anti-IgE, morphine 
sulphate, compound 48/80 or A-23187 resulted in 
expression of E-selectin on endothelial cells within 2 h, 
and that this effect could be inhibited by prior adminis- 
tration of cromolyn sodium or anti-TNFcz antibodies, 
provided indirect evidence that mast cell-derived TNFc~ 
is likely to be involved in cutaneous LPRs. Leung et al. 
(1991) also reached the conclusion that resident cells 
within the skin rather than newly recruited cells were 
responsible for TNFcc-induced E-selectin expression fol- 
lowing intradermal allergen challenge. Walsh et al. 
(1991b) subsequently showed that among normal dermal 
cells, mast cells are the predominant cell type that express 
both TNFc~ protein and TNFc~ mRNA, and that induc- 
tion of E-selectin is a direct consequence of release of 
mast cell TNFc~. 

Taken together, these findings indicate that mast cell- 
derived TNFc~, and probably other mast cell-derived 
cytokines such as IL-4 and IL-5, are likely to be involved 
in human LPRs, and therefore by inference, chronic 
human allergic inflammation. Many resident and 
recruited inflammatory cells have the potential to secrete 
further cytokines in response to mast cell cytokine 
release. This suggests that the response to release of mast 
cell cytokines may extend far beyond the changes medi- 
ated directly by mast cell cytokines themselves, and has 
led to the concept of the mast cell-leucocyte cytokine 
cascade (Galli, 1993). 

7 .1 .5  Do  Basophils C o n t r i b u t e  to  the 
Allergic I n f l a m m a t o r y  Response? 

The lack of a specific marker for basophils has hampered 
studying them in allergic diseases, and their relative 
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importance is uncertain. They are only present in very 
low numbers in peripheral blood, and are not found in 
normal non-inflamed tissues, indicating that they are 
recruited to sites of inflammation by mediators from 
other cell types. Several studies have described the 
presence of basophils at sites of allergic inflammation 
using metachromatic staining and morphological criteria. 
In both nasal and cutaneous LPRs induced in otherwise 
asymptomatic patients, basophil recruitment has been 
reported although the number of infiltrating basophils 
compared to neutrophils and eosinophils is tiny (Bascom 
etal . ,  1988; Chadesworth etal . ,  1989a). In patients with 
symptomatic allergic rhinitis, small numbers of basophils 
were reported to be present in nasal secretions, while 
small numbers of mast cells were seen in nasal mucosal 
scrapings, but neither was present in normal subjects 
(Hastie et al., 1979). In patients with symptomatic 
asthma, however, basophils were almost undetectable in 
BAL at baseline, but comprised 1% of cells recovered by 
BAL following allergen challenge, compared to 38% for 
eosinophils (Heaney et al., 1994). One of the standard 
morphological criteria for identifying metachromatically 
staining cells as basophils is the presence of a multilobed 
nucleus. However, with the introduction of immuno- 
histochemistry to identify mast cells using mAbs to mast 
cell-specific tryptase, it has become apparent that some 
mast cells, particularly immature mast cells (Irani et al., 
1992; Dvorak et al., 1993) and those cells residing in the 
epithelium (Walls et al., 1990c), may also have a lobu- 
lated nucleus. This has also been described for up to 15% 
of mast cells identified by electron microcopy (Kawanami 
et al., 1985). As the epithelial mast cell population is 
most likely to account for those cells recovered by lavage 
procedures, the identification of basophils in the above 
studies may be an overestimate. 

Indirect evidence for the participation of basophils in 
allergic responses stems from the pattern of mediator 
release observed during allergen-induced LPRs. In both 
the nose and the skin, a secondary rise occurs in H and 
LTC4, but not PGD2, or tryptase (Miller, 1984; Naclerio 
et al., 1985; Bascom et al., 1988; Shalit et al., 1988; 
Charlesworth et al., 1989b). It has been suggested that 
this discriminates between mast cells and basophils as the 
source of these mediators in the LPR as basophils only 
produce H and LTC4, while mast cells produce tryptase 
and PGD2 in addition. Inhibition of this late H rise by 
corticosteroids also suggests that it may not be due to 
mast degranulation (Bascom etal. ,  1988; Charlesworth et 
al., 1991). It cannot be assumed, however, that mast 
cells always release their entire armamentarium of medi- 
ators on non-immunological stimulation. An example of 
this is the non-immunological activation of human skin 
mast cells which causes the preferential release of H, with 
negligible levels of newly generated prostanoids (Benyon 
et al., 1989). Furthermore, eosinophils which accumu- 
late in the LPR in large numbers also produce LTC4. 

Thus, current evidence suggests that the basophil is 

involved in allergic inflammatory reactions, but proof will 
have to await the development of a specific immuno- 
cytochemical marker for this cell. 

7.1.6 IgE Production 
As highlighted above, allergic mucosal and cutaneous 
responses are dependent on the presence of IgE. Until 
recently it was believed that immunoglobulin secretion 
by B cells was dependent on two types of signals, the first 
delivered by various cytokines, and the second delivered 
by contact with T cells. With respect to IgE synthesis, 
in vitro studies first demonstrated that IL-4 is an essential 
cofactor required for the production of IgE by B cells, an 
activity which is antagonized by IFN3, (Del Prete et al., 
1988; Pene et al., 1988). IL-4 induces isotype switching 
to IgE mRNA within B cells (Lebman and Coffman, 
1988; Gauchat etal . ,  1990), but before they can produce 
IgE they also require a second signal from direct T-B cell 
contact. This second signal involves either a cognate 
interaction between B cell MHC class II antigen and the 
T cell receptor/CD3 complex (Vercelli et al., 1989), or a 
non-cognate T-B cell interaction (Parronchi et al., 1990) 
which probably involves B cell activation via CD40 
(Spriggs et al., 1992; Castle et al., 1993). The require- 
ment for T cells can be replaced by stimulation of B cells 
with anti-CD40 (Zhang et al., 1991) or infection of B 
cells with the Epstein-Barr virus (EBV; Thyphronitis et 
al., 1989). An alternative signal may also be provided by 
hydrocortisone (Wu et al., 1991; Nusslein et al., 1992). 

The recognition that both mast cells and basophils 
produce IL-4 suggested that they have the potential to 
influence IgE production by B cells. Gauchat etal. (1993) 
tested this hypothesis recently using isolated human lung 
mast cells and peripheral blood basophils. They demon- 
strated convincingly that both mast cells and basophils 
express CD40 ligand (CD40L), and are able to provide 
the cell-cell signal required for IgE production through 
the interaction of this ligand with CD40 expressed on B 
cells. Furthermore, in their experimental fluid phase 
system, basophils induced IgE synthesis without the 
addition of exogenous IL-4 following stimulation with 
ionomycin and PMA for 3 h. In contrast, lung mast cells 
which were incubated with SCF (c-kit ligand) in the 
absence of anti-IgE for 72 h required the addition of 
exogenous IL-4 in order to induce IgE secretion. These 
observations, therefore, open a completely new field in 
mast cell biology. 

7 . 2  M A S T  C E L L S  IN I N F L A M M A T I O N  

A N D  T I S S U E  

R E M O D E L L I N G / R E P A I R  

Tissue remodelling in normal healthy tissue is dependent 
upon continuous turnover of connective tissue elements. 
This requires dissolution of structural matrix proteins, 
and laying down of new structural components. Acute 
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tissue injury by immunological, mechanical, physical or 
chemical stimuli is followed by the acute inflammatory 
response which classically consists of early vascular 
changes producing active hyperaemia and oedema, fol- 
lowed later by emigration of leucocytes, which are 
predominantly neutrophils in the early stages. The close 
proximity of mast cells to blood vessels suggests that their 
preformed and newly generated lipid mediators are likely 
to contribute to this response. It can be seen that this 
series of events is not dissimilar to those which follow 
allergen-induced mast cell degranulation. If the tissue 
insult is short-lived, resolution usually occurs with 
removal of cellular and tissue debris by phagocytes and 
secreted enzymes, and repair and remodelling of the 
extracellular matrix by connective tissue cells. This 
involves both the dissolution and synthesis of new matrix 
proteins by recruited fibroblasts, and in large wounds for 
instance, in growth of new blood vessels (neovasculariza- 
tion). However if the tissue insult persists, the features of 
chronic inflammation are likely to develop with infiltra- 
tion by mononuclear cells and the development of tissue 
fibrosis. Mast cells are ubiquitous in human tissues and 
release many products that have the potential to 
influence these acute and chronic inflammatory 
processes. 

Wound healing provides one of the clearest examples of 
the stages involved in the host response to injury and 
repair. Primary union of clean surgical wounds begins 
with the acute inflammatory (exudativ.e) phase of 
response to tissue injury, with removal of clot and dead 
tissue by neutrophils and later macrophages. Within 3-5 
days capillaries and fibroblasts (granulation tissue) grow 
into the wound beneath the epithelium, and collagen 
formed by the fibroblasts begins to bind the wound edges 
together, reaching a maximum in 2 or 3 weeks. Remodel- 
ling of the scar by fibroblasts with lysis and synthesis of 
collagen may then continue for up to a year. In open 
gaping wounds which heal by secondary intention, the 
vascular and fibroblastic proliferation which together 
make up the granulation tissue are much more abundant, 
and healing takes much longer. 

In experimental skin wounds in rats, mast cells almost 
"disappear" near the wound edge in the first few days, 
possibly as a result of degranulation. Mast cell numbers 
then increase 2-fold over baseline numbers by Day 10, 
and then gradually return to normal (Wichman, 1955; 
Persinger et al., 1983). Murine studies have shown that 
accumulation of mast cells in surgically induced wounds 
in mast cell-deficient skin grafted onto a normal compat- 
ible host is dependent on the migration of stromal cells 
from the subcutaneous tissue of the normal host into the 
wound. The mast cells which appear in this situation are 
derived from circulating precursors, rather than migra- 
tion of mature cells (Matsuda and Kitamura, 1981). 
However mast cell deficient mice are able to form scars by 
secondary intention suggesting that mast cells are not 
essential for this process (Matsuda and Kitamura, 1981). 

As mast cells are normally found in skin, this recruitment 
of mast cells may simply reflect the restoration of normal 
tissue homeostasis, although they may play an inter- 
mediate role. Mast cells are also found in keloids and 
hypertrophic scars (Smith etal. ,  1987), both of which are 
considered to be abnormal types of wound healing, and 
it has been suggested that this provides further evidence 
of their involvement in fibrotic responses. 

7.2.1 Mast Cells and Fibrosis 
Fibrosis is often a normal response to tissue injury where 
the damaged cells of an organ are unable to regenerate. 
An example of this is seen in the heart following 
myocardial infarction, where the infarcted tissue is 
replaced by a strong fibrous scar. However there are 
many pathological conditions where the development of 
fibrosis is detrimental. The fibrotic tissue response of 
chronic inflammation is often associated with increased 
numbers of mast cells, and has been most extensively 
studied in pulmonary fibrosis and systemic sclerosis. 

7 .2 .2  P u l m o n a r y  Fibrosis 
Marked mast cell hyperplasia has been described in the 
fibrous alveolar septae of patients with pulmonary fibrosis 
resulting from several diverse aetiologies (Kawanami et 
al., 1985). These mast cells often showed reduced 
numbers of granules and disorganized granule content. 
suggesting there was partial ongoing degranulation. 
Basophils in contrast were rarely seen. In addition, 
elevated H levels, as well as elevated H releasing factor(s), 
have been described in BAL fluid from patients with pul- 
monary fibrosis (Broide et al., 1990). In animal models 
increased numbers of mast cells and elevated lung H con- 
tent has been documented in pulmonary fibrosis induced 
by bleomycin (Goto et al., 1984), radiation (Watanabe et 
al., 1974) and asbestos (Wagner et al., 1984). In the rat 
bleomycin model mast cell numbers identified by 
metachromatic staining with toluidine blue decreased sig- 
nificantly by Day 7 suggesting degranulation, but by Day 
14 significant mast cell hyperplasia was apparent and per- 
sisted for at least 50 days. A similar pattern was also 
observed with lung H content. The increased mast cell 
population was comprised predominantly of the connec- 
tive tissue type, which as described above, appear to be 
dependent on fibroblasts for their growth. In the murine 
model of silica-induced pulmonary inflammation, mast 
cell hyperplasia is also seen (Suzuki etal. ,  1993), but mast 
cell-deficient mice develop significantly less severe lung 
lesions, and have a reduced BAL fluid neutrophilia and 
protein content, providing evidence that mast cells con- 
tribute to this response. 

7 .2 .3  Systemic Sclerosis (Scleroderma) 
Systemic sclerosis is a multi-system connective tissue dis- 
order characterized by intimal proliferation and fibrosis in 
small arteries and arterioles, and degenerative changes 
with fibrosis in the skin and certain internal organs. The 
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term scleroderma is best reserved for cutaneous in- 
volvement. The aetiology remains unclear although 
autoimmune mechanisms have been implicated as auto- 
antibodies are commonly present. 

Studies by Hawkins et al. (1985) and Nishioka et al. 
(1987) showed increased numbers of mast cells were 
present in clinically involved skin in early cutaneous sys- 
temic sclerosis but not in later disease. Seibold et al. 
(1990) however found increased numbers of mast cells in 
both involved and uninvolved skin in both early and late 
disease, and also provided evidence of increased mast cell 
degranulation in early but not late disease, suggesting 
that increases in mast cell numbers and degranulation 
precede clinically apparent dermal fibrosis. A study by 
Falanga and Julien (1990) found elevated H levels in the 
plasma of patients with systemic sclerosis, providing evi- 
dence of mast cell activation. 

Animal models have also provided useful information 
for the role of mast cells in cutaneous fibrosis. Chronic 
murine graft-versus-host disease is associated with skin 
changes very similar to those seen in human systemic scle- 
rosis (Jaffee and Claman, 1983). Over the first 3-4 weeks 
stainable mast cells gradually "disappear" from the skin 
due to activation and loss of their granules, before gradu- 
ally returning (Claman et al. ,  1985, 1986; Choi et al.,  
1987; Giorno et al. ,  1987). The tight skin (TSK) mouse 
has a genetically transmitted connective tissue disease 
whose skin lesions resemble those of systemic sclerosis. 
This cutaneous fibrosis is associated with increased mast 
cell numbers and increased numbers of degranulated 
mast cells (Walker et al. ,  1985). Of particular interest was 
the observation that treatment of TSK mice with oral 
sodium cromoglycate was associated with a decrease in 
degranulation of dermal mast cells, and a significant 
decrease in the subcutaneous fibrous layer (Walker et al. ,  
1985). 

7.3 M A S T  CELLS,  M E D I A T O R S  A N D  

C O N N E C T I V E  T I S S U E  C E L L S  

In addition to finding mast cell infiltration and mediator 
release at sites of wound healing, tissue repair and 
fbrosis, studies of the effects of mast cell products on the 
cells involved in these processes, notably fibroblasts and 
endothelial cells, have supported the hypothesis that 
mast cells play an active role. 

Initial studies with mast cell cultures or granules 
demonstrated that mast cells appear to have several 
important effects on connective tissue elements. Subba 
Rao et al. (1983) showed that cultured rat embryonic 
skin fibroblasts phagocytose rat mast cell granules added 
to the culture medium or released by co-cultured mast 
cells, and that this is followed by secretion of collagenase 
and p-hexosaminidase. Similarly Yoffe et al. (1984) 
demonstrated that granules derived from mast cells puri- 
fied from dog mastocytomas induced a 10- to 50-fold 
stimulation of collagenase production by human 

adherent rheumatoid synovial cells. Franzen and Norrby 
(1994) showed that mast cell degranulation in rat mesen- 
tery was followed by proliferation of both fibroblasts and 
mesothelial cells, supported by Roche (1985b) who also 
found that rat mast cell granules induced fibroblast 
proliferation. 

Evidence also exists for a role for mast cells in angiogen- 
esis. Studies of tumour angiogenesis on the chick chori- 
oallantoic membrane showed an accumulation of mast 
cells prior to the appearance of new vessels, suggesting 
that the mast cell might play an intermediate role in 
tumour angiogenesis (Kessler et al.,  1976). Azizkhan et 
al. (1980) showed that mast cell contents stimulate 
migration of bovine capillary endothelial cells, and 
attributed this effect to heparin. Roche (1985a) and 
Marks et al. (1986) found that rat mast cell granules were 
mitogenic for human microvascular endothelial cells, 
although the first experiment suggested this was 
predominantly due to heparin, while the second found 
that this response was primarily due to H. Interestingly 
endothelial cells have also been seen to phagocytose mast 
cell granules (Greenburg and Burnstock, 1983). 

The identification, isolation and study of specific mast 
cell mediators has subsequently provided some indication 
of which of them may be responsible for the above 
effects. As already mentioned, heparin has been impli- 
cated in endothelial cell migration and proliferation. 
Although it has been suggested that this may be a direct 
effect, the fact that heparin binds many growth factors, 
and probably other cytokines, with high affinity, means 
that some of these effects may actually be indirect. In 
addition, heparin protects acidic and basic fibroblast 
growth factor (FGF) from degradation (Gospodarowicz 
and Cheng, 1986), and releases them from basement 
membranes where they are stored (Folkman et al. ,  1988), 
and may thus potentiate fibroblast activation and 
endothelial cell proliferation indirectly. 

H has also been shown to promote fibroblast growth 
(Boucek and Nobel, 1973; Jordana et al.,  1988) in 
humans and collagen synthesis in guinea-pigs (Sandberg, 
1962; Hatamochi et al. ,  1985). TNFc~ induces both 
endothelial cell (Piguet et al.,  1990) and fibroblast pro- 
liferation (Vilcek et al. ,  1986; Piguet et al.,  1990), and 
also stimulates adherent rheumatoid synovial cells and 
fibroblasts to secrete collagenase (Dayer et al. ,  1985), a 
similar response to that seen with intact mast cell granules 
(Yoffe et al. ,  1984). IL-4 is a potent mitogen for capillary 
endothelium (Toi et al. ,  1991) and also stimulates fibro- 
blast proliferation in mice (Monroe et al. ,  1988), is a 
chemoattractant for human fibroblasts (Postlethwaite 
and Seyer, 1991) and also induces human fibroblasts to 
secrete collagen types I and III and fibronectin (Postleth- 
waite et al.,  1992). 

Mast cell neutral proteases have also been implicated in 
tissue remodelling. Canine tryptase induces proliferation 
of Chinese hamster and rat fibroblasts and also poten- 
tiates their response to basic FGF (Ruoss et al.,  1991). 
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Through an indirect mechanism tryptase also activates 
collagenase (Gruber etal . ,  1989), while mast cell chymase 
has been implicated in matrix degradation (Briggman et 
al. , 1984). 

Taken together, the identification of mast cell hyper- 
plasia and mediator release at sites of tissue fibrosis and 
wound healing, observations in animal models, and 
study of the actions of mast cell products, has provided 
much circumstantial evidence that mast cells are involved 
in tissue remodelling, healing and fibrosis. It is unlikely 
that mast cells are essential in these responses, but more 
likely that they augment them. Complex interactions 
between different connective tissue components, mast 
cells and other inflammatory cells are likely to operate, 
and are unlikely to be fully delineated in humans in vivo. 
It seems reasonable to hypothesize however that initial 
mast cell mediator release has the potential to activate 
fibroblasts, which may then promote the recruitment 
and proliferation of further mast cells, explaining the 
mast cell hyperplasia often witnessed at sites of chronic 
inflammation. 

7.4 RHEUMATOID DISEASE 
Rheumatoid disease is a multisystem connective tissue 
disease with the inflammatory process characteristically 
involving several joints. In the early stages of rheumatoid 
arthritis synovial inflammation is associated with infiltra- 
tion by macrophages, neutrophils, T cells, B cells and 
plasma cells. This latter cell type accounts for the local 
production of rheumatoid factors. As the disease 
progresses, secondary irreversible changes occur in other 
joint structures. Subchondral erosions develop at the 
joint margin and a thin layer of granulation tissue 
(pannus) grows over the joint cartilage, which is gradually 
invaded by pannus and eroded by cartilage-degrading 
enzymes from inflammatory cells (Kobayashi and Ziff, 
1975). Ultimately the granulation tissue becomes 
fibrosed. 

Several lines of evidence suggest that mast cells may 
be involved in the pathogenesis of these particular 
changes in rheumatoid disease. Mast cell numbers are 
increased in both synovial fluid (Malone et al., 1986) and 
rheumatoid synovial tissue including both extraosseus 
pannus and intracortical invasive tissue (Crisp et al., 
1984; Godfrey et al., 1984; Bromley et al., 1984; 
Gruber et al., 1986). This is associated with an increase 
in total H content of synovial tissue and increased H 
concentrations in synovial fluid (Frewin et al., 1986). 
Tryptase is also detectable in rheumatoid synovial fluid 
(Brodeur et al., 1991). Following intra-articular adminis- 
tration ofglucocorticoids mast cell hyperplasia diminishes 
in association with improvement in symptoms and clin- 
ical signs (Malone et al., 1987). These findings, in addi- 
tion to the observation that basophils are not present 

(Godfrey et al., 1984; Malone et al., 1986), suggest 
that mast cells which are present are releasing their 
mediators, and these are likely to contribute to the 
inflammatory process. These mast cell changes however 
are not specific for rheumatoid disease, being found in a 
variety of other arthritides, and may therefore represent 
a non-specific response to synovial injury. 

In a murine model of inflammatory arthritis mast 
cell-deficient mice developed similar acute and 
chronic inflammatory response to antigen as their 
normal littermates, but ultimately developed less 
cartilage destruction, suggesting mast cells may play 
a role later in the disease process (van den Broek et al., 
1988). 

Although IgE rheumatoid factors have been identified 
in both the serum of patients with rheumatoid arthritis 
(Zuraw et al., 1981) and rheumatoid synovial fluid (De 
Clerck et al., 1991; Burastero et al.,  1993), it is quite 
likely that IgE-independent modes of mast cell activation 
operate in non-allergic inflammatory processes. These 
might include C3a and C5a generated by activation of the 
complement cascade (Moxley and Ruddy, 1985; Brodeur 
et al., 1991) by immune complexes containing rheuma- 
toid factors, substance P, and as yet unidentified medi- 
ators of mast cell secretion. From the above descriptions 
of the different mast cell mediators and cytokines it is easy 
to imagine how these may participate in the development 
of joint pathology. 

8. Conclusions 
From the evidence provided in this review, it can be seen 
that the mast cell is a multifunctional cell with role in 
both health and disease, It is also becoming apparent that 
mast cell precursors may, under the influence of factors 
in their local environment, mature into cells which are 
adapted for a particular role within that tissue. In health, 
it is becoming evident that mast cells may play a major 
role in angiogenesis and tissue reconstruction. In disease, 
H, PGD2 and LTC4 are obviously crucially involved in 
the mediation of the early phase response to allergen 
challenge in many tissues while cytokine generation gives 
mast cells a likely role in the initiation and maintenance 
of allergic inflammation (Fig. 4.6). What is more slowly 
becoming obvious is that mast cell mediators, particularly 
proteases, may also play a role in inflammatory diseases of 
connective tissues, for example rheumatoid arthritis and 
scleroderma. 
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Figure 4.6 The possible position of the mast cell in the initiation and maintenance of allergic mucosal 
inflammatory responses. 
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i. Eosinophils and the Pathophysiology 
of Asthma 

In 1866, Paul Erlich identified the eosinophil as a distinct 
granulocyte based on its ability to take up eosin. The 
presence ofeosinophils in asthmatic sputum was reported 
in 1889, and a positive association between circulating 
eosinophil levels and asthma was made in 1922 (Huber 
and Koessler, 1922). Circumstantial evidence linking 
eosinophils and asthma began to accrue when 
eosinophilic infiltration of airways was found to be a 
regular feature of fatal asthma and of mucosal biopsies 
obtained from asthmatic patients (Laitinen et al., 1985; 
Djukanovic et al., 1990a). Eosinophils are rarely seen in 
bronchial lavages and biopsies of normal subjects (Djuka- 
novic et al., 1990b; Merchant et al., 1992; Ollerenshaw 
and Woolcock, 1992; Laitinen et al., 1993b). 

The histologic findings in asthma consist of massive 
epithelial shedding, hyperplasia of smooth muscle fibers, 
mucus glands and goblet cells, basement membrane 
thickening (Brewster et al., 1990), and eosinophil infiltra- 
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tion of bronchial cartilages, interstitium, and epithelium 
(Laitinen et al., 1985; Beasley et al., 1989; Djukanovic et 
al., 1990a). By immunohistochemistry, secreted 
eosinophil cationic protein (EG2) and anti-major basic 
protein (MBP) localized to sites of bronchial epithelial 
damage providing evidence of in vivo eosinophil degranu- 
lation (Wardlaw et al., 1988). There were ultrastructural 
signs of cellular activation with electron lucency of 
specific eosinophil granular matrix and loss of the crystal- 
line core. Corkscrew-shaped mucus, epithelial cell 
clumps, eosinophilia and needle-like Charcot-Leyden 
crystals were present in asthmatic sputa. The latter is now 
known to be composed of eosinophil-derived 
lysophospholipase (Weller et al., 1980). In a study of 
serial biopsies from the bronchial mucosa of an asthmatic 
patient at various stages of activity, the appearance and 
disappearance of eosinophilic infiltration coincided with 
the clinical activity and resolution, respectively (Laitinen 
et al., 1991). These and other findings hint at a causal 
role for the eosinophil in asthma. 

Asthma is well known to be associated with an elevated 
eosinophil count (Horn et al., 1975; Adelroth et al., 
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1986). Elevated peripheral eosinophil counts in asth- 
matics have correlated with decreases in specific airway 
conductance, forced expiratory volume (FEV1), 
maximum mid-expiratory flow rate (Horn et al., 1975), 
bronchial hyperreactivity (BHR) to histamine (H; Taylor 
and Luksza, 1987) and clinical severity scores (Aas; 
Bousquet et al., 1990). When circulating eosinophils 
were isolated from asymptomatic asthmatics, a large 
proportion of cells (35%) was recovered with centrifugal 
density less than 1.082 g ml-1 compared to normal sub- 
jects (10%; Frick et al., 1989). Alteration of centrifugal 
density of eosinophils is one of the phenotypic responses 
to cellular activation (Hansel et al., 1990; Fukuda and 
Makino, 1992). Not only is the number of cells increased 
in asthma, circulating eosinophils may be activated 
intravascularly as well. 

Nocturnal exacerbations in asthma have been asso- 
ciated with significant nocturnal elevation in peripheral 
eosinophil counts well above the normal nocturnal eleva- 
tions (Calhoun et al., 1992). This nocturnal elevation has 
been related to an increasing susceptibility of developing 
a late asthmatic response (LAR) after allergen inhalational 
challenge in asthmatic subjects (Mohiuddin and Martin, 
1990). When allergen was administered in the evening, 
nine out of ten subjects developed an LAR while only 
four of the same ten subjects developed LAR when the 
allergen was given in the morning. 

Although eosinophilic infiltration of the airway is virtu- 
ally diagnostic of asthma in the fight clinical context, 
there are reports of fatal asthma without airway 
eosinophilia (Gleich etal. ,  1987; Strunk, 1993; Sur etal. ,  
1993). Initially thought to be a constant feature of asth- 
matic exacerbations, peripheral blood eosinophilia was 
not uniformly present in all asthmatic patients examined 
(Bruijnzeel et al., 1987). Still others have noted 
peripheral eosinophilia (> 5%) to be predictive of respira- 
tory disorders only in young subjects with positive allergy 
skin reactions (Burrows et al., 1980). Eosinophilia alone, 
without a positive skin test, did not appear to be related 
to ventilatory impairment (Burrows et al., 1980); neither 
is sputum eosinophilia specific for asthma. Fifty-seven per 
cent of asthmatics and 58% of wheezing chronic bron- 
chitics had more than 80% eosinophils in the sputum 
(Vieira and Prolla, 1979). Sputum eosinophilia (> 40%) 
has been found in emphysema, chronic bronchitis 
without wheeze, tuberculosis and idiopathic pulmonary 
fibrosis (Vieira and Prolla, 1979). Thus while eosinophilia 
in pulmonary secretions is almost uniform in asthma, 
other disease processes, not associated with the physio- 
logic alterations of asthma, may also be accompanied by 
eosinophilic infiltration. 

In an allergen inhalation model of asthma, subjects 
who develop the LAR have an initial drop in circulating 
eosinophil count followed by a rise at 48 h post-challenge 
(Cookson et al., 1989). The initial drop may reflect the 
recruitment of circulating eosinophils to the lung where 
they participate in the development of a late phase 

response. The rise at 48 h may represent a bone marrow 
response of eosinophilpoiesis as the airway inflammation 
persists and mediators spill over into the systemic circula- 
tion. This is supported by the finding that circulating 
eosinophil/basophil progenitor cells increase only in 
atopic asthmatics who develop the LAR post-challenge 
(Gibson et al., 1990). The intensity of the local inflam- 
mation is an important factor since only subjects who 
exhibit both early asthmatic responses (EARs) and LARs 
have a higher percentage of hypodense circulating 
eosinophils post-challenge (Frick et al., 1989). During 
steroid treatment, blood eosinophil level decreased sig- 
nificantly within the first day of clinical exacerbations in 
chronic asthmatics (Charles etal . ,  1979; Baigelman etal . ,  
1983). The sputum eosinophilia decreased significantly 
only by the third day of therapy, lagging behind that of 
the peripheral count (Brown 1958; Baigelman et al., 
1983). The lag between blood and sputum eosinophilia 
may indicate differences in the initiation, intensity and 
resolution of the local airway inflammation in asthma. 

The development of LAR is positively related to early 
recruitment of eosinophils and eosinophil degranulation 
in the airway after allergen inhalation challenge (De 
Monchy et al., 1985; Rossi et al., 1991). The numbers 
of degranulated eosinophils per millimeter of basement 
membrane, the absolute numbers of eosinophils, and 
epithelial cells and the amounts of MBP on lavage have 
been shown to have significant inverse correlations with 
BHR (Wardlaw etal. ,  1988; Azzawi etal . ,  1990; Bentley 
et al., 1992). The variable with the best correlation was 
the level of MBP (Wardlaw et al., 1988). In studies using 
allergic cynomolgus monkeys, the influx of eosinophils 
with release of MBP and eosinophil peroxidase (EPO) 
was accompanied by the development of BHR (Gundel 
et al., 1989, 1992a,b). Eosinophil infiltration showed 
positive correlation with the incidence of epithelial tight 
junction opening the degree of epithilial intercellular 
space widening, and epithelial cell shedding (Wardlaw et 
al., 1988; Ohashi et al., 1992). All three were negatively 
related to BHtL These studies suggest that in addition to 
the eosinophil influx, the degree of eosinophil activation 
and degranulation may be important in the development 
of BHR. The current hypothesis is that eosinophil- 
mediated epithelial damage plays a significant role in the 
development of BHR in asthma. 

Using local allergen instillation into subsegmental 
bronchi of atopic nonasthmatics, MBP, eosinophil catonic 
protein (ECP), eosinophil-derived neurotoxin (EDN) 
and EPO were measured at 105 ngm1-1 52.5 ngm1-1, 
43.1ngm1-1 and 164.2ngm1-1, respectively, post- 
challenge (Sedgwick et al., 1991). Bronchoalveolar lavage 
(BAL) leukotriene (LT) C4 (Wenzel et al., 1990; Sedg- 
wick et al., 1991) was elevated post-challenge and cor- 
related positively with the eosinophil count (Sedgwick et 
al., 1991). The eosinophil is a likely cellular source of the 
BAL LTC4 since a corresponding increase in mast cell 
tryptase was not detected (Sedgwick et al., 1991). 
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Bronchovascular permeability, as measured by BAL 
albumin, was positively related with the eosinophil count 
post challenge (Collins et al., 1993). Thus eosinophils 
and their degranulation products have a role in the 
pathogenesis ofbronchospasm, BHR and mucosal edema 
in asthma (Sedgwick et al., 1991; Collins et al., 1993). 

2. Mechanism of Selective Eosinophil 
Recruitment into the Airways 

The mechanisms by which eosinophils selectively 
accumulate in areas of allergic inflammation involve: (1) 
interactions via adhesion molecules; (2) eosinophil 
chemoattractants; and (3) prolonged tissuesurvival by 
delaying apoptosis. There is evidence to indicate that cir- 
culating eosinophils in asthmatics are primed intravascu- 
larly with enhanced adherence and transmigration 
capacity (Walsh et al., 1991b; Moser et al., 1992a,b). 
Freshly isolated eosinophils from allergic asthmatic 
donors adhere and migrate spontaneously across 
interleukin-1 (IL-1)- and tumour necrosis factor c~ 
(TNFe~)-stimulated human umbilical vein endothelial 
cells (HUVEC), while those from non-atopic donors 
adhere but do not transmigrate (Moser et al., 1992b). 
Eosinophils preincubated with IL-3, IL-5 and 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) have enhanced in vitro adhesion to endothelial 
cells and can be made to transmigrate (Walsh et al., 
1991b; Moser et al., 1992b). 

Increased percentages of circulating light density 
eosinophils were observed in asymptomatic asthmatics 
and in asthmatics who developed a late phase response 
after allergen challenge (Fukuda et al., 1985; Frick et al., 
1989). Hypodensity in eosinophils can be generated 
immediately and non-selectively with platelet-activating 
factor (PAF), F-met-leu-phe (FMLP), A23187 and 
serum-opsonized zymosan (SOZ; Kloprogge et al., 
1989). Hypodensity can also be generated selectively over 
days with exposure to the hematopoietic cytokines IL-5 
(Owen et al., 1987), IL-3 (Rothenberg et al., 1988) and 
GM-CSF (Rothenberg et al., 1989). IL-5 and GM-CSF 
have been identified in the peripheral blood (Walker et 
al., 1991a; Corrigan et al., 1993) and BAL fluid of asth- 
matics (Broide et al., 1992a; Walker et al., 1992). IL-5 
has the distinct feature of being specific for eosinophils 
(Clutterbuck et al., 1989). When eosinophils are cul- 
tured with these cytokines, they have increased survival, 
enhanced cytotoxicity to schistosomula, and enhanced 
LTC4 generation (Silberstein et al., 1986; Rothenberg et 
al., 1988, 1989; Weller 1992). IL-3, IL-5 and GM-CSF 
modulate and induce eosinophil chemotaxis to PAF, IL- 
8 and FMLP (Wang et al., 1989; Warringa et al., 1991). 
Pre-exposure of eosinophils to IL-5 dramatically poten- 
tiates the transendothelial migration response to 
RANTES in vitro (Ebisawa et al., 1994). In addition, IL- 
5-cultured eosinophils degranulated more readily to 

secretory IgA and IgG (Kita et al., 1992). IL-5 is 
chemotactic only for eosinophils (Wang et al., 1989; 
Sehmi et al., 1992). It primes the chemotactic response 
of eosinophils from non-atopics to PAF, FMLP and 
LTB4 (Sehmi et al., 1992). This effect is not observed in 
eosinophils obtained from atopic subjects, suggesting 
in vivo desensitization to IL-5 (Sehmi et al., 1992). 
Thus eosinophils primed intravascularly by specific 
cytokines have increased adherence and transmigration 
capacity, and augmented response to non-specific 
chemoattractants. 

2.1 EOSINOPHIL-ENDOTHELIAL 
INTERACTIONS 

The predominance of eosinophils in asthmatic airways is 
the result of a concerted recruitment process initiated in 
the airways and communicated through the endothelium 
to the peripheral circulation. Eosinophils, lymphocytes 
and monocytes, but not neutrophils, express very late 
activation antigen (VLA)-4 c~4B1 (Boch~er et al., 1991; 
Dobrina et al., 1991; Kyan-Aung et al., 1991; Walsh et 
al., 1991a; Weller et al., 1991) and c~4B7 (Erie et al., 
1994). By interacting with vascular cell adhesion 
molecule-1 (VCAM-1) on endothelial cells, a selective 
pathway is provided for the recruitment of lymphocytes, 
eosinophils and monocytes (Berman and Weller, 1992; 
Erie et al., 1994). Cytokines detectable in the airways of 
symptomatic asthmatics include IL-5, GM-CSF, IL-4, 
TNFc~ and IL-1 (Walker et al., 1991a; Broide et al., 
1992a). IL-4, TNFcx and IL-1 are capable of inducing 
VCAM-1 in HUVEC (Thornhill et al., 1991; Briscoe et 
al., 1992). Interferon y (IFNy) and TNFc~ in combina- 
tion with IL-3, GM-CSF or IL-5 can induce expression 
of intercellular adhesion molecule-1 (ICAM-1) on 
eosinophils (Czech et al., 1993). 

In an allergic sheep model, monoclonal antibody 
(mAb) to c~4j-integrin (HP 112) administered 
intravenously and via aerosol attenuated BHR without 
altering the cellular infiltration (Abraham et al., 1994). 
Using an mAb to ICAM-1 (R6.5), daily intravenous 
treatment attenuated eosinophil infiltration and airway 
hyperresponsiveness in a cynomolgus monkey model of 
asthma using three alternate day antigen inhalations 
(Wegner et M., 1990). This is in contrast to the ineffec- 
tiveness of intravenous R6.5 in reducing eosinophilic 
airway inflammation and BHR in a cynomolgus 
monkey model of established asthma (Gundel et al., 
1992b). Treatment with steroid followed by treatment 
with intravenous R6.5 prevented the recurrence of airway 
inflammation and BHtL The different response to R6.5 
in these two primate models of asthma is instructive since 
anti-ICAM-1 antibody had no effect on established 
airway inflammation. With steroid therapy and resol- 
ution of inflammation, R6.5 would then be able to block 
further recruitment of inflammatory cells into the 
airways. The ability of aerosolized mAbs to adhesion 
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molecules to reduce BHR without decreasing cellular 
infiltrate suggests effects other than blocking 
leukocyte-endothelial adhesion (Anwar et al., 1993; 
Abraham et al., 1994). The expression of adhesion 
molecules on basal epithelial cells may provide additional 
signals to the infiltrating cells and influence their function 
(Dri etal . ,  1991). The use ofmAbs against ICAM-1 and 
c~4-integrins in asthma may be of therapeutic importance 
in the future if cellular infiltration and BHR can be 
abrogated. 

There is data to suggest that in vivo the endothelium 
may participate to prevent rapid washout of particular 
chemoattractants (Tanaka et al., 1993b). Recently mol- 
ecular mechanisms have been described that permit 
cytokines to act as adhesion triggers (Tanaka et al., 
1993a). Cytokines [transforming growth factor /3 
(TGFB) and GM-CSF] and chemokines (IL-8 and MIP- 
1/3) that bind to glycosaminoglycan side chains of pro- 
teoglycans are immobilized on endothelial surfaces (Rot, 
1992; Tanaka et al., 1993b). When they encounter a 
receptive leukocyte, the cytokine can trigger integrin- 
mediated adhesion. It has been shown that MIP-1/3 can 
trigger adhesion of T cell subsets to VCAM-1 via /31- 
integrins (Tanaka et al., 1993a). The regional differences 
in endothelium allow differential binding of chemokines. 
These chemokines in turn display selective chemotactic 
recruitment of leukocyte subsets. This is another way by 
which the type of leukocyte entering a tissue can be 
regulated. 

Immunostaining with antibodies against ICAM-1, E- 
selectin and VCAM-1 in asthmatics and normal bron- 
chial tissues after allergen inhalational challenge revealed 
constitutive expression of ICAM-1, E-selectin and 
VCAM (Montefort et al., 1992; Bentley et al., 1993). 
An increased basal epithelial expression of ICAM-1 in 
asthmatics as well as increased endothelial expression of 
ICAM-1 and E-selectin was observed in intrinsic asth- 
matics. Allergen challenge did not significantly increase 
the overall endothelial expression of ICAM-1, E-selectin 
and VCAM-1 (Bentley et al., 1993). The finding of con- 
stitutive expression ofICAM-1, VCAM and E-selectin in 
the endothelium of asthmatics and normal subjects sug- 
gests that in vivo expression of adhesion molecules in the 
lung is different from invitro cultures of HUVEC 
(Montefort et al., 1992; Bentley et al., 1993). 

2.2 E O S I N O P H I L S  A N D  

C H E M O A T T R A C T A N T S  

BAL studies have shown that there is an increase in 
CD4 + lymphocytes, monocytes and eosinophils in asth- 
matic airways (Walker et al., 1991b). Among the multi- 
tude of agents capable of inducing eosinophil migration 
(Resnick and Weller, 1993), lymphocyte chemotactic 
factor (LCF; Resnick and Weller, 1993), RANTES 
(Kameyoshi et al., 1992), MIP-lc~ (Rot et al., 1992), 
MCP-3 (Dahinden et al., 1994), C5a and PAF (Wardlaw 

et al., 1986) are especially potent eosinophil chemoat- 
tractants (Wardlaw et al., 1986; Morita et al., 1989). 
Many cytokines, including IL-5, IL-2 and GM-CSF, are 
present in the airways (Walker etal . ,  1991a; Broide etal . ,  
1992a). They may function both as proinflammatory 
growth factors and as chemoattractants. Preliminary data 
suggest that LCF, MIP-lc~ and RANTES may be present 
as well in asthmatic airways (Alam et al., 1994; Cruik- 
shank et al., 1994a). LCF has the ability to induce migra- 
tion of CD4 + cells like lymphocytes, eosinophils and 
monocytes (Rand et al., 1991a; Cruikshank et al., 
1994b). RANTES is preferentially chemotactic for 
human CD4 + memory T lymphocytes, monocytes and 
eosinophils (Schall et al., 1990), but has not demon- 
strated chemoattractant activity in vitro for CD4 + naive T 
lymphocytes, CD8 + cytotoxic lymphocytes, B lympho- 
cytes or neutrophils (Schall et al., 1990). RANTES 
induced eosinophil transendothelial migration in vitro 
without affecting neutrophil transmigration (Ebisawa et 
al., 1994). The intradermal injection of human RANTES 
in experimental animals has resulted in the recruitment of 
lymphocytes (Murphy et al., 1994), monocytes and 
eosinophils (Meurer et al., 1993). MCP-3 combines the 
properties of RANTES, a chemoattractant, and MCP-1, 
a highly effective stimulus of mediator release (Dahinden 
etal . ,  1994). RANTES and MIP-lc~ significantly induced 
the production of reactive oxygen species by human 
eosinophils (Kapp et al., 1994). Eosinophils, upon acti- 
vation, express IL-2 receptor ~-subunit (CD25) (Rand et 
al., 1991b) and are chemokinetic toward IL-2. The low 
molar concentration needed to elicit the migratory 
response suggests that the high affinity IL-2 receptor is 
involved. Selective recruitment of leukocyte subsets may 
in part be regulated through the elaboration and release 
of cytokines and mediators that are specific for leukocyte 
subsets. 

The process of adherence and transmigration across a 
stimulated endothelium may serve to activate the 
eosinophil. Sputum eosinophils from asthmatics were 
found to express significantly higher levels of CD1 lb and 
CD1 lc than blood eosinophils (Hansel et al., 1991). 
ICAM-1 and human histocompatibility antigen class II 
(HLA-DR) were detected in sputum but not in blood 
eosinophils (Hansel et al., 1991). BAL fluid eosinophils 
from asthmatics show a different surface phenotype from 
blood eosinophils. There was up-regulation of ICAM-1, 
LFA-3 (CD58), HLA-DR, CDl lb  (Kroegel etal . ,  1994), 
CDllc,  CD67 and CD63 with down-regulation of L- 
selectin (Sedgwick et al., 1992; Mengelers et al., 1994). 
In  vitro, the up-regulation of CD1 lb and shedding of 
L-selectin has been noted in eosinophils that have under- 
gone transmigration (Ebisawa et al., 1992). This 
up-regulation of CD1 lb expression was associated with 
an increased capacity to generate superoxide after stimu- 
lation with opsonized zymosan (Walker et al., 1993). 
ICAM-1 and HLA-DR were not induced by trans- 
migration. The difference in the function and 
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immunophenotype of eosinophils recovered from the 
airways and blood indicates that eosinophils undergo fur- 
ther activation after they leave the vascular compartment. 

3. Eosinophil Effector Mechanism 

3.1 T H E  R O L E  OF E O S I N O P H I L  

G R A N U L A R  P R O T E I N S  

The effector role of the eosinophil in the pathogenesis of 
asthma is mediated in part by the release of eosinophil- 
specific granular proteins. The four principal basic pro- 
teins in the secondary granules of the eosinophil are 
MBP, EPO, ECP and EDN. 

Extracellular MBP can be detected in mucus plugs, 
along damaged bronchial epithelial surfaces, and in 
necrotic areas beneath the basement membrane in the 
lung tissue of fatal asthmatics (Filley et al., 1982). 
Respiratory epithelial damage is most likely the result of 
eosinophil infiltration, degranulation and MBP release 
(Gleich et al., 1988). MBP is detected in BAL fluid in 
asthmatics and is increased after antigen challenge 
(Wardlaw et al., 1988). 

When MBP was applied to guinea-pig tracheal tings, it 
produced ciliostasis at 10/~gml- 1, extensive epithelial 
damage at 50-100 #gm1-1, and mucosal sloughing at 
greater than 250/zgrn1-1 (Frigas et al., 1980). MBP can 
disrupt the plasma membrane. It changed the ordered 
state of acidic lipids on the liposomes via electrosatic and 
hydrophobic interactions (Abu-Ghazaleh et al., 1992). 
This resulted in the fusion and lysis of liposomes. MBP 
interaction with the glycocalyx of cells is another mech- 
anism for the cytotoxic effect of MBP (Gleich et al., 
1994). MBP can disrupt ciliary activity by inhibiting the 
ATPase activity of axonemes (Hastie et al., 1987). MBP 
is highly cationic and induced bronchoconstriction and a 
dose-related increase in BHR when instilled into the 
airways of cynomolgus monkeys (Gundel et al., 1991). 
This effect appears to be independent of its cytotoxic 
property and has been attributed to the cationic charge 
ofMBP (Uchida et al., 1993). This ability to induce BHR 
can be mimicked by other polycationic proteins and 
abrogated with polyanionic polymers to neutralize the 
charge (Uchida et al., 1993). Other properties of MBP 
include inducing PGE2 production and chloride and 
water transport in canine tracheal epithelium (Jacoby et 
al., 1988), activating neutrophil chemiluminescence 
(Moy et al., 1990), macrophage superoxide generation 
(Rankin et al., 1992), and lysosomal enzyme release 
(Moy et al., 1990). MBP, ECP and EPO are all capable 
of stimulating mast cell H release (Zheutlin et al., 1984). 
Only native MBP can induce H release from human 
basophils in a non-cytolytic, IgE-independent fashion 
(Zheutlin et al., 1984). 

Eosinophil cationic protein can be detected by 

immunohistochemistry in fatal cases of asthma (Venge et 
al., 1988). The small amount of ECP normally detected 
in serum is related to the peripheral eosinophil count 
(Spry, 1988). In mild asthmatics, the serum ECP is 
elevated (Ji.delroth etal . ,  1990). BAL ECP level increased 
significantly after antigen provocation (Sedgwick et al., 
1991). Intratracheal instillation of ECP produced patchy 
epithelial injury in the bronchial tree of rabbits (Dahl et 
al., 1987). It can inhibit proteoglycan degradation in 
fibroblast (Hernn~is et al., 1992), stimulate mucus secre- 
tion by airway epithelial cells (Lundgren et al., 1991), 
induce basophil H release and inhibit T cell proliferation 
in vitro (Peterson et al., 1986). A proposed mechanism of 
the cytotoxic action of ECP is as a pore forming protein 
(Young et al., 1986), although this has not been fully 
established. 

EPO can cause a dose-dependent lysis of epithelial cells 
(Ayars et al., 1989) and endothelial cells (Slungaard and 
Mahoney, 1991; Yoshikawa et al., 1993). Paradoxically, 
EPO can oxidize LTC4 and LTD4 to neutralize their 
smooth muscle contractile effect (Henderson et al., 
1982; Weller et al., 1991). 

3.2 E O S I N O P H I L S  A N D  L I P I D  

M E D I A T O R S  I N  A S T H M A  

3.2.1 Eosinophils  and  Leukotr ienes  
Peptidoleukotrienes are present in the sputum (Lam et 
al., 1988), urine (Taylor et al., 1989), BAL fluid 
(Wardlaw et al., 1989), plasma (Okubo et al., 1987), and 
nasal secretions (Ferreri et al., 1988) of asthmatic 
patients. Lung specimens (Dahlen et al., 1983) and 
peripheral blood leukocytes (Mita et al., 1986) from 
allergic asthmatics release leukotrienes after specific 
antigen challenge. In allergen-induced LAR a significant 
rise in LTC4 level was detected in BAL fluid at 6 h 
post-challenge only in dual responders and not in single 
responders (Dial et al., 1989). Urinary LTE4, a metab- 
olite of LTC4, is elevated many fold in aspirin-sensitive 
asthmatics given aspirin (Lee, 1992). Local segmental 
bronchoprovocation with antigen in a group of allergic 
rhinitics revealed BAL fluid LTC4 levels of 134 + 45 and 
1308 + 664 ng ml-1 at 10 min and at 48 h, respectively. 
BAL fluid LTC4 at 48 h correlated significantly with BAL 
eosinophil count (Sedgwick et al., 1991). LTC4 was the 
predominant sulfidopeptide leukotriene found in BAL 
fluid from atopic asthmatics (Wenzel et al., 1990). Base- 
line LTC4 levels of 64 + 18 pgml- 1 increased to 
616 + 193 pgml- 1 5 min after allergen challenge in 
atopic asthmatics (Wenzel et al., 1990). 

The cells that are known sources of leukotrienes are 
mast cells (Scott and Kaliner, 1993), basophils, mono- 
cytes (LTB4 and LTC4; Czop and Austen, 1985) and 
eosinophils (Weller et al., 1983). Leukotrienes cause 
bronchoconstriction (Bisgaard et al., 1983; Smith et al., 
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1985), mucosal edema, mucus secretion (Marom et al., 
1982), and BHR (O'Hickey et al., 1991). Inhaled LTC4 
and LTD4 are approximately 6000 times more potent 
than H and produce a more sustained response in asth- 
matics (Weiss et al., 1983). Airways of asthmatics were 

4. approximately 14-, 25-, 6-, 9- and 219-fold more respon- 
sive to H, methacholine, LTC4, LTD4 and LTE4, 
respectively, than normal subjects (Arm et al., 1990).. 4 . 1  
LTEa inhalation can induce eosinophilic infiltration into 
asthmatic airways (Laitinen et al., 1993a). 

Eosinophils preferentially elaborate LTC4 and contain 
a specific glutathione-S-transferase, LTC4 synthetase, to 
form LTC4 from LTA4. Eosinophils elaborate LTC4 
in vitro when stimulated by calcium ionophore (Weller et 
al., 1983; Shaw et al., 1984), immunoglobulins (Shaw et 
al., 1985; Moqbel et al., 1990), PAF and FMLP - 
(Tamura et al., 1988; Takafugi et al., 1991). Eosinophil 
LTC4 generation by C5a and PAF can be augmented by 
preincubation with IL-3 and IL-5 for 90 min (Takafugi 
et al., 1991). Hypodense peripheral blood eosinophils 
release more LTC4 than normal density eosinophils 
(Kajita et al., 1985; Hodges et al., 1988). 

3 .2 .2  Eosinophils  and  Platelet-act ivat ing 
Factor  
PAF has a wide range of biological effects that has made 
it one of the most studied mediators in asthma. PAF 
exhibits the following properties: (1) stimulates 
chemotaxis of eosinophils and neutrophils (Wardlaw et 
al., 1986); (2)increases airway vascular permeability and 
promotes mucosal edema (Evans et al., 1987); (3) 
induces bronchoconstriction (Rubin et al., 1987); and 
(4) increases airway hyperresponsiveness (Smith, 1991; 
Page, 1992). PAF is detectable in plasma and nasal 
lavages during allergen-induced bronchoprovocation 
(Miadonna, 1989; Chan-Yeung, 1991). There is con- 
siderable tachyphylaxis with PAF. Clinical trials with 
PAF antagonist in asthma have been disappointing. The 
contribution of PAF in asthma may not be very 
dominant since PAF antagonists fail to significantly 
decrease the early and late phase asthmatic responses of 
subjects post-allergen (Freitag et al., 1993; Kuitert et al., 
1993). 

On a per cell basis, the eosinophil is considered one of 
the more potent PAF producers (Spry et al., 1992). 
Immunoglobulin-mediated stimulation may be an 
important physiological stimulus of PAF generation in 
eosinophils. Eosinophils produced more PAF than 
neutrophils when stimulated through Fcy R with 
IgG-sepharose beads (Cromwell et M., 1990). 
Eosinophils synthesize PAF in response to FMLP, 
C5a, A23187, and unopsonized zymosan. After stimu- 
lation with A23187, 1-2 pg of PAF per 106 eosinophils 
can be detected extracellularly (Lee et al., 1984) and 
35 ng of PAF intracellularly per 106 eosinophils (Crom- 
well et al., 1990). The majority of PAF generated 

remained cell associated suggesting an autocrine role to 
activate eosinophils (Burke et al., 1990). 

Regulation of Eosinophil Function 

E O S I N O P H I L S  A N D  T H E  

C Y T O K I N E  N E T W O R K  

There is increasing recognition that cytokines play an 
important role in the pathogenesis of asthma (Barnes, 
1994). They constitute part of the intercellular messages 
that control the traffic of cells and molecules. Cytokines 
regulate cell-cell interactions and the cellular responses 
to allergic inflammation. Different cytokines alone and in 
combinations activate distinct, and at times overlapping 
sets of functions that contribute to the overall 
pathophysiology of asthma (Table 5.1). Cytokines are 
produced by immune and inflammatory cells that are 
activated in asthma. This results in the recruitment, 
prolonged survival, and activation of these cells. The 
ability of the eosinophil to elaborate and release granule- 
derived proteins and lipid mediators is well recognized 
(Table 5.2). The significance of eosinophil-derived 
cytokines is not clearly appreciated (Moqbel, 1994; 
Weller, 1994). While many cytokines may be derived 
from mast cells (Bradding et al., 1994), lymphocytes and 
macrophages, the eosinophil's ability to synthesize, store 
and release cytokines increases the versatility of the 
eosinophil in allergic inflammatory reactions. Eosinophil- 
derived cytokines may function primarily in an autocrine 
fashion and also act as paracrine mediators to influence 
the activities of surrounding cells. Given the extensive 
and early eosinophil infiltration in asthma, eosinophil- 
derived cytokines may potentially contribute to the 
inflammatory amplification loop, the recruitment of cells, 
the presentation of antigen to T lymphocytes, and the 
modulation of tissue repair. 

Table 5.1 Cytokines present in asthmatic airway BAL 
fluid 

Cytokine Amount (pg ml- 1) Reference 

TNFc~ 578 _+ 917 Broide et al. (1992a) 
IFN,,( 85 + 1.6 Walker eta/.  (1992) 
IL-1/3 266 + 270 Broide et al. (1992a) 

57 + 5.9 Borish et al. (1992) 
IL-2 1.4 + 2.8 Broide et al. (1992a) 

36.5 + 14.5 Walker et al. (1992) 
IL-4 28.9 + 7.2 Walker et al. (1992) 
IL-5 2.12 _+ 0.56 Walker et al. (1992) 

654 + 416" Sedgwick et al. (1991) 
IL-6 225 + 327 Broide et al. (1992a) 
GM-CSF 24 + 41 Broide et al. (1992a) 

* Rhinitic non-asthmatics after allergen challenge. 
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Cytokine 

Table 5.2 Cytokines elaborated by eosinophils 

Source/condition Method of Detection Reference 

TGFcx 

TGF/~ 

Oral tumors 
HES 

Eosinophilic donors 

MIP-loe 

GM-CSF 

TNFol 

IL-lc~ 

IL-3 

IL-5 

IL-6 

IL-8 

Nasal polyp 

HES 
Eosinophilic and normal donor 
Nasal polyp 

IFN-y and ionomycin 
stimulation 

Ionomycin stimulation 
BAL after endobronchial 

antigen challenge 

HES, 
Atopic donor 
Normal donors 
Nasal polyp 
HES 

PMA stimulation 
HES 

Ionomycin stimulation 

BAL cells of asthmatics 

HES 
Eosinophilic cystitis 

HES heart disease 

Coeliac disease 

Constitutively expressed 
Increased by IFN-y 

HES, asthmatic and normal 
donors 

A23187 stimulation 

HES, hypereosinophilic syndrome. 

In situ hybridization 
Immunocytochemistry 

Northern blot 
In situ hybridization 
Immunocytochemistry 
In situ hybridization 
Immunohistochemistry 

In situ hybridization 
Northern blot 

In situ hybridization 
Immunocytochemistry 
Survival blocked by anti-GM-CSF 
In situ hybridization 

In situ hybridization 
Northern blot 
Immunocytochemistry 
ELISA 
EM immunogold staining 

Northern blot 
In situ hybridization 
Immunocytochemistry 

Survival blocked by anti-lL-3 
ELISA 

In situ hybridization 
EM immunogold staining 
In situ hybridization 
EM immunogold-staining 
Immunohistochemistry 
In situ hybridization 
Immunohistochemistry 
In situ hybridization 

In situ hybridization 
Northern blot analysis 
Immunocytochemistry 
In situ hybridization 
RT-PCR 
RT-PCR 
ELISA 
Immunocytochemistry 

Wong et al. (1990) 

Wong et al. (1991) 

Ohno et al. (1992) 

Costa et al. (1993) 

Moqbel et al. (1991) 

Kita et al. (1991) 
Broide et al. (1992b) 

Costa et al. (1993) 

Beil et al. (1993) 

Weller et al. (1993) 

Kita et al. (1991) 

Broide et al. (1992b) 

Dubucquoi et al. (1994) 

Desreumaux et al. (1993) 

Desreumaux et al. (1992) 

Hamid et al. (1992) 

Moqbel et al. (1994) 
Melani et al. (1993) 

Braun et al. (1993) 

4.2 EOSINOPHILS AND 
IMMUNOGLOBULIN RECEPTORS 

Using BAL fluid/serum quotient of IgG, asthmatics often 
have quotients over 1.0, suggesting local production of 
IgG (Out et al., 1991). No specific deficiency or excess for 
any of the IgG subclasses has been detected. The concen- 
tration of secretory IgA in the BAL fluid of asthmatics is 
elevated compared to controls (median 0.48 vs 

1.29 mg -1", p < 0.01; Van De Graaf et al., 1991). No 
difference in IgG, IgA, IgM or IgE levels was reported 
after diluent and antigen challenge at 6 h (Van De Graaf 
et al., 1991). 

Eosinophils express receptors for IgA (Abu-Ghazaleh et 
al., 1989), IgG (CD32, CD16, Hartnell et al., 1990, 
1992; Valerius et al., 1990) and IgE (FceRI and FceRII- 
CD23; Capron et al., 1992; Gounni et al., 1994). 
Peripheral eosinophils from allergic rhinitic and asthmatic 
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subjects have higher IgA receptor expression (Monteiro 
et al., 1993). Differential release of EPO and ECP has 
been reported after incubating eosinophils with different 
subtypes of immunoglobulin (Tomassini et al., 1991). 
EPO alone, EPO and ECP, and ECP alone were detected 
on stimulation with mAb against IgE, IgA and IgG, 
respectively. The selective release of various granular pro- 
teins depending on the Fc receptor engaged may be an 
important mechanism to tailor eosinophil response. 
After stimulation with IgA, IgE or IgG immune com- 
plexes, blood eosinophils release IL-5 as detected by 
ELISA and immunocytochemistry (Dubucquoi et al., 
1994). This potentially allows the eosinophil to survive 
longer in local areas of inflammation and to mount an 
effector response when antigens are focused by IgE, IgA 
or IgG. 

5. Eosinophil-Lymphocyte Interactions 
The presence of CD4 and HLA-DR on eosinophils 
enables them to serve as antigen-presenting cells in cog- 
nate T lymphocyte stimulation (Del Pozo et al., 1992; 
Hansel et al., 1992; Weller et al., 1993; Mawhorter et 
al., 1994). Eosinophils recovered from sputum and BAL 
were positive for HLA-DR and ICAM-1 (Hansel et al., 
1991; Mengelers et al., 1994). Whether eosinophils serve 

the inflammation in asthma by releasing cytotoxic 
granule proteins, lipid mediators, oxygen free radicals and 
cytokines. By these actions, eosinophils are involved in 
the initiation and perpetuation of airway inflammation in 
asthma. While many of their functions are well recog- 
nized, there are still gaps in our understanding of how 
eosinophils may interact with lymphocytes, macro- 
phages, fibroblasts and endothelium in asthma. 
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1. Introduction 
The bronchial histopathology of patients who have died 
of asthma shows an intense infiltration of the bronchial 
mucosa with inflammatory cells, particularly eosinophils, 
macrophages, lymphocytes and to a lesser extent neu- 
trophils. Deposition of eosinophil products in the bron- 
chial epithelium and subepithelium is a particularly 
prominent feature (Filley et al., 1982). Epithelial denuda- 
tion, dilatation of blood vessels, mucosal oedema and 
hypertrophy of both submucosal glands and bronchial 
smooth muscle are other features. Many of these features 
of asthma deaths are also observed in milder and well- 
controlled asthmatics. Elevated numbers of eosinophils, 
moncytes/macrophages and activated lymphocytes are 
persistent features observed in bronchial biopsies 
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obtained by fibreoptic bronchoscopy (Djukanovic et al., 
1990). An apparent thickening of the epithelial basement 
membrane in asthmatic bronchial mucosa has been 
described, but this is in fact the result of subepithelial 
deposition of reticular collagen, suggesting fibroblast acti- 
vation (Roche et al., 1989). How the chronic inflamma- 
tory changes observed in asthmatic airways are induced 
and sustained remains unclear. 

There is increasing recognitiOn that large peptide medi- 
ators, such as cytokines and growth factors, orchestrate 
and perpetuate the chronic inflammation of asthma 
(Kelley, 1990; Arai et al., 1990; Cluzel and Lee, 1992). 
Cytokines are extracellular signalling proteins, usually less 
than 80 kD in weight and many are glycosylated. 
Cytokines usually have an effect on closely adjacent cells, 
and therefore function in a predominantly paracrine 
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manner, although they may also act at a distance (endo- 
crine) and may have effects on the cell of origin (auto- 
crine). Cytokines may be regarded as a mechanism for 
cell-cell communication and are involved in cell growth 
and differentiation, inflammation, immunity and repair, 
which are all aspects of importance in our understanding 
of the cellular events in chronic asthma. Cytokines have 
been divided into various classes. Lymphocyte-derived 
cytokines were named lymphokines, and monocyte- 
derived products monokines, but it is now clear that 
there is a considerable overlap between the lymphokines 
and monokines in terms of their cell source and biological 
activities. The term interleukin (IL) has been used to 
denote molecules that act as a molecular messenger 
between leucocytes and denotes a range of cytokines, 
currently ranging from IL-1 to IL-15. However, these 
molecules also have effects on cells other than blood cells 
and are also produced by non-haemopoietic cells. 
Molecules such as interferons, growth factors or colony- 
stimulating factors, which regulate cellular activation and 
stimulate growth, are also included as cytokines. More 
recently, a new family of low molecular weight cytokines 
(8-10 kDa), the chemokines, has been described with 
the characteristic activity of possessing potent 
chemotactic activities for a wide range of cellg including 
monocytes, eosinophils, neutrophils and lymphocytes. 

Over 50 distinct cytokines have now been identified 
and each cytokine may have complex cellular effects. 
Cytokines are chiefly involved in modulating events 
within the local environment in which they are released, 
modulating the activities of cells within the vicinity of the 
cell source. An individual cytokine may stimulate the 
release of different cytokines from adjacent cells and may 
also influence the expression of its own receptors or 
receptors for different cytokines. Furthermore there may 
be interactions between different cytokines, so that one 
cytokine in the presence of another may have a different 
cellular effect. Cytokines may have overlapping effects 
with other cytokines and may have differing effects, 
depending on the maturity or previous history of the 
target cell. These complexities have made it difficult to 
unravel the effects of particular cytokines, particularly in 
the absence of specific antagonists for most cytokines. 
Cytokines may act as proinflammatory mediators, but 

The potential contribution of cytokines to the chronic 
inflammatory process of asthma has been made possible 
mainly by looking for the presence of cytokines using 
immunohistochemical techniques on airway mucosal 
tissues obtained from the proximal airways of patients 
with asthma. In addition, localization ofcytokine mRNA 
by in situ hybridization or its detection by polymerase 
chain reaction (PCR) has also been used, although 
expression of mRNA may not necessarily mean that the 
protein is produced. The exact contribution of individual 
cytokines can best be surmised from studies of their effect 
in cells in vitro or in animals, particularly with the use of 
blocking antibodies, although extrapolation to the situa- 
tion in disease must be made with some caution. 

1.1 CYTOKINE INTERACTIONS 
The effect of an individual cytokine may be difficult to 
predict because it may influenced by the presence of 
other cytokines released from the same cell or from target 
cells after activation by the cytokine (Fig. 6.1). The 
effects ofcytokines are mediated by binding to cell surface 
high affinity receptors usually present in relatively low 
numbers. However, the number of cytokine receptors 
can be up-regulated with cell activation. Cytokines them- 
selves may induce the expression of receptors which may 
change the responsiveness of both source cell and target 
cells. For example, interferon ~ (IFN-y) decreases the 
expression of tumour necrosis factor c~ (TNFc~) receptors 
on murine macrophages (Draper and Wietzerbin, 1991), 
whereas IL-1/3 increases the expression of the same 
receptors in rat macrophages (Shepherd, 1991). Some 
cytokines may stimulate their own production in an 
autocrine manner, whereas others stimulate the synthesis 
of different cytokines that have a feedback stimulatory 
effect on the first cytokine, resulting in an augmentation 
of its effects. 

2. Cellular Or qins 
Every cell is capable of releasing cytokines under certain 
conditions, although each cell produces a characteristic 

also have the capacity to down-regulate inflammation. 
Each cytokine therefore has multiple effects, and these C~okin, a i " ~  

B 

may depend on the presence of other cytokines. This has ~ ~ - - " ~ ~ ~ . _ _ . . ,  ........... . . . . . . . . . . . . . . .  

made it difficult to ascribe particular functions to indi- Cytoklne A ~ ~ i l  
v u  o ineso eac c o nes ou  ere r e  com exne or  

Many cytokines have been implicated in the 
pathophysiology of asthma (Arai et M., 1990; Cluzel and 
Lee, 1992). Cytokines are important in the production Ceil 1 cell 2 
of immunoglobulin E (IgE), in the regulation of cellular Figure 6.1 Interaction between cytokines. One cell 
infiltration of the airways, in the activation of inflamma- may release a cytokine which then releases other 
tory and resident cells, and in producing the structural cytokines from adjacent cells. Each cytokine may then 
changes that are a consequence of chronic inflammation, affect the expression of cytokine receptors. 
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spectrum of cytokines. Cytokines are produced by 
immune and inflammatory cells which are activated in 
asthma, resulting in recruitment, survival, priming and 
activation of these cells. 

2.1 MAST CELLS 
Murine mast cells are capable of synthesizing IL-3, IL-4, 
IL-5, granulocyte-macrophage colony-stimulating factor 
(GM-CSF) and TNFc~ (Plaut et al., 1989; Wodnar- 
Filipowicz et al., 1989; Gordon et al., 1990; Gordon and 
Galli, 1991) and human cells of the mast cell/basophil 
lineage are also capable of cytokine synthesis (Piccini et 
al., 1991). Allergen-induced triggering of mast cells via 
high affinity IgE receptors may therefore lead to the local 
production of cytokines in the airways, resulting in acti- 
vation of lymphocytes and eosinophils in the airways. 
Using a double immunostaining technique, IL-4, IL-5, 
IL-6 and TNF~ have been shown to be localized to mast 
cells in bronchial mucosal biopsies from normal volun- 
teers and from patients with asthma. A 7-fold increase in 
the number of mast cells staining for TNFc~ has been 
observed in biopsies obtained from asthmatics (Bradding 
et al., 1994). These observations suggest that TNFc~, IL- 
4, IL-5 and IL-6 are in stored form in the mast cell, ready 
to be released in response to allergen challenge. In 
resected human lung tissue, TNF~ was also found to be 
localized to mast cells and alveolar macrophages fol- 
lowing IgE receptor triggering (Ohkawara et al., 1992). 
Greatly elevated levels of TNF~ have been reported in 
bronchoalveolar lavage (BAL) fluid obtained from active 
versus quiescent asthmatics (Broide et al., 1992a). 

2.2 EOSINOPHILS 
Eosinophils, which are a prominent feature of the asth- 
matic airway, have recently been shown to have the 
potential to synthesize a variety of cytokines in addition 
to secreting several distinct preformed cationic proteins 
and eicosanoids. Transforming growth factor ~ (TGFc~) 
was the first cytokine identified in human blood 
eosinophils or in eosinophils at sites of tissue pathology 
and was also detected by in situ hybridization in blood 
eosinophils of patients with hypereosinophilia (Wong et 
al., 1990). Subsequently, it has been shown that human 
tissue or blood eosinophils represent potential sources of 
TGFB1 (Wong etal. ,  1991; Okno etal . ,  1992), GM-CSF 
(Moqbel et al., 1991; Kita et al., 1991), IL-3 (Kita et al., 
1991), IL-5 (Desreumaux et al., 1992), IL-lc~ (Weller et 
al., 1993), IL-6 (Hamid et al., 1992), TNF~ and MIP- 
lc~ (Costa et al., 1993). Both IFN~/and IL-5 increase the 
gene expression of GM-CSF (Moqbel et al., 1991). 
Production of IL-3, IL-5 and GM-CSF by eosinophils 
presumably would act as an autocrine mechanism to 
enhance tissue survival of eosinophils. 

Whether eosinophils actually contribute to significant 
release of these cytokines in chronic inflammation of 

asthma is not known. Eosinophils express both IL-5 and 
GM-CSF mRNA after endobronchial challenge of asth- 
matic subjects with allergen (Broide et al., 1992b). These 
observations suggest that eosinophils may influence 
inflammatory reactions through a broader spectrum of 
mechanisms than has been previously proposed. Thus 
eosinophils may be involved in activation of other cells 
and in the process of healing and repair. 

2.3 T LYMPHOCYTES 
T lymphocytes produce a large number of cytokines 
(lymphokines). Two patterns of cytokine expression have 
been distinguished according to studies of CD4 + T cell 
clones in mice: T.1 cells synthesize IL-2, IFNy and GM- 
CSF, whereas TH2 cells synthesise IL-3, IL-4 and IL-5 
and IL-10 (Mossman et al., 1986, 1990; Chang et al., 
1990; Fig. 6.2). The events leading to differentiation of 
T-helper precursors into TH1 and TH2 cells are not 
known but may be related to the nature of the antigenic 
trigger. Tuberculin favours a THl-type response while 
allergens favour a TrI2 differentiation. TH2 cells induce a 
strong differentiation and proliferation of B cells through 
the production of IL-4, IL-5 and IL-10. IL-4 switches 
the production of IgE whereas IFN3, from TH1 cells 
blocks the production of IgE. In addition, TH2 lympho- 
cytes may modulate the activity of Tel  cells, and vice 
versa. IL-10 appears to be inhibitory for the expression of 
TH1 cells, whereas IFN~/ is inhibitory for Tri2 cells, 
resulting in mutual inhibition (Romagnani, 1990). 

In asthma, there is evidence for the preponderance of 
TH2-1ike cells with the expression of mRNA for IL-3, 

Antigen 
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Antigen.presenting cell 
Dendritic c e l l  

(Macrophage, airway epithelial c 
IL-1 
IL-12 
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Thl Th2 

IL-2 ~ 11.-4 
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IL-3 IL-10 
IL-13 

GM-CSF IL-3 
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Figure 6.2 Subsets of T helper (CD4+) lymphocytes 
are now recognized which synthesize different 
patterns of cytokines. Antigen presentation to 

lymphocytes by antigen-presenting cells 
(predominantly dendritic cells in the airways) results in 

clonal expansion of T.2 lymphocytes. 
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IL-4 and IL-5 in CD4 + T lymphocytes in bronchial 
mucosal biopsies (Hamid et al., 1991). In  situ hybridiza- 
tion of cells from BAL fluid from atopic asthmatics 
demonstrated increased proportions of cells with signals 
for IL-2, IL-3, IL-4, IL-5 and GM-CSF mRNA when 
compared with non-smoking non-atopic control subjects 
(Robinson et al., 1992). These cytokines were shown to 
be localized to T lymphocytes by immunomagnetic sep- 
aration of the BAL cells (Robinson et al., 1992). A sig- 
nificant enhancement of steady-state IL-5 transcript as 
measured by PCR in BAL cells from allergen-challenged 
as compared with saline-challenged control asthmatic 
subjects has also been reported. The cellular source for 
IL-5 mRNA increase was primarily from infiltrating 
mononuclear cells (Krishnaswamy et al., 1993). Concen- 
trated BAL fluid from intrinsic asthmatics showed detect- 
able levels of IL-2 and IL-5 but, in contrast to atopic 
subjects, IL-4 was not detected (Walker et al., 1992). 
Serum and peripheral blood T cell culture supernatants 
from subjects with asthma have been shown to support 
eosinophil survival in vitro. The T cell supernatant 
activity appeared to be mainly GM-CSF, derived from 
CD4 + T cells (Walker et al., 1991). Following allergen 
challenge, increased levels of GM-CSF were detected in 
BAL fluid, and increased expression of GM-CSF mRNA 
was found in lymphoctes recovered by BAL (Broide and 
Firestein, 1991). Similarly, in another study, there were 
increased numbers of lymphocytes expressing IL-4, IL-5 
and GM-CSF mRNA in BAL following allergen challenge 
(Robinson et al., 1992). These studies therefore support 
the notion that the lymphocyte, particularly the CD4 + T 
cell, is an important source of cytokines of the TH2 
profile. 

2.4 MONONUCLEAR PHAGOCYTES 
Alveolar macrophages have the capacity of secreting large 
numbers of well-defined molecules which include 
cytokines, growth factors, eicosanoids, enzymes and 
enzyme inhibitors, clotting factors, reactive oxygen inter- 
mediates and nitric oxide. They can express a number of 
cytokines when studied in vitro, including IL-1, TNFe~, 
IL-6, IL-8, GM-CSF, IFN3', MIP-lc~ and platelet- 
derived growth factor (PDGF) (Kelley, 1990). There is 
evidence that alveolar macrophages lavaged from asth- 
matic airways have increased expression of IL-6 and 
TNFe~, particularly after allergen challenge (Gosset et al., 
1991, 1992). Enhanced release of GM-CSF, TNFc~, IL- 
1~ and IL-8 from alveolar macrophages of patients with 
asthma has been reported (Spiteri et al., 1992; Hall- 
sworth et al., 1994). One source of TNFc~ from IgE- 
triggered human lung is the alveolar macrophage 
(Hallsworth et al., 1994). These studies suggest that 
alveolar macrophages are primed to release more 
cytokines. Macrophages may also be important as 
secretors of IL-1 receptor antagonist, which may be a 
down-regulator of inflammation (Arend et al., 1990). 

Macrophages may also be important for angiogenesis and 
wound repair and in this respect secrete fibroblast and 
epithelial cell growth factors such as TGF~, fibroblast 
growth factor (FGF), epidermal growth factor (EGF), 
PDGF and insulin-like growth factor (IGF). The role of 
these growth factors in asthma is unclear. 

2 . 5  A I R W A Y  S T R U C T U R A L  C E L L S  

Cytokines are also produced by structural cells within the 
airway, including epithelial cells, endothelial cells and 
fibroblasts. Local activation of these structural cells may 
lead to recruitment of inflammatory cells into the airway 
and these structural cells may play an important role in 
perpetuating inflammation in the airways (Fig. 6.3). 
Airway epithelial cells have recently been shown to 
produce a large number of cytokines and growth factors, 
including IL-6, IL-8, GM-CSF, TNF~, PDGF and IGF- 
1. These may be produced in response to cytokines 
released within the airway (Marini et al., 1991; Cromwell 
et al., 1992; Churchill et al., 1992; Kwon et al., 1993) 
or in the airway lumen, or may be triggered by the effect 
of luminal agents, including oxidants, inflammatory 
mediators or irritants. The air pollutant nitrogen dioxide 
(NO2), which has been associated with increased airway 
responsiveness, induces the synthesis of GM-CSF, IL-8 
and TNFc~ in cultured human airway epithelial cells 
(Devalia et al., 1993), providing a link between air pollu- 
tion and asthmatic inflammation. Virus infections may 
also increase cytokine expression in airway epithelial cells; 
influenza A virus has been found to increase the expres- 
sion of IL-8 (Choi and Jacoby, 1992). There is evidence 
for increased expression of IL-6, IL-8, macrophage 
inflammatory protein-1 (MCP-1) and GM-CSF in airway 
epithelium of asthmatic patients (Marini et al., 1992; 
Sousa eta/. ,  1994). The pattern of cytokines produced by 
epithelial cells may determine the nature of the ensuing 
inflammatory response. Since epithelial cells are likely to 
be a major cellular source ofcytokines in the airway, these 
cells may play an important amplifying role in asthma and 
other inflammatory airways diseases. Inhaled steroids 
may act, at least in part, by inhibiting the synthesis of 
epithel!al cytokines (Barnes and Pedersen, 1993). 

2.6 ENDOTHELIAL CELLS 
Endothelial cells are strategically located at the interface 
between circulating blood cells and tissues, and are an 
important source and target of cytokine action (Pober 
and Cotran, 1990). Cytokines such as IL-1 and TNF~ 
enhance the adherence of white blood cells or modify 
endothelial permeability. Endothelial cells also express 
intercellular adhesion molecules-1 and -2 (ICAM-1, and 
-2) which are members of the immunoglobulin super- 
gene family. Expression of ICAM-1 is increased by 
exposure of endothelial cells to the cytokines IL-1 and 
TNFc~ (Mantovani and Dejana, 1989). These cytokines 
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Figure 6.3 Airway epithelial cells may be an important source of cytokines and may amplify asthmatic 
inflammation through the release of cytokines and growth factors. 

also augment the expression of other adhesion molecules 
such as E-selectin and vascular cell adhesion molecule-1 
(VCAM-1). VCAM-1 is the ligand of the very late 
antigen (VLA-4), which is an integrin expressed on T 
lymphocytes (Elices et al., 1990). Thus, cytokines IL-1 
and TNFc~ may determine the migration of various cells 
from the circulation into inflammatory tissues by their 
action on endothelial cell production of various adhesion 
molecules. When exposed to inflammatory stimuli such 
as bacterial lipopolysaccharide, endothelial cells produce 
IL-1 and IL-6 in addition to monocyte chemotactic and 
activating factor (Sica et al., 1990). Endothelial cells can 
also produce colony-stimulating factors (CSF) such as 
GM-CSF, which are involved in cell differentiation. Thus 
cytokines derived from endothelial cells may regulate the 
recruitment of leucocytes, their proliferation and 
differentiation, and also endothelial cell function in an 
autocrine fashion. Local endobronchial challenge instilla- 
tion leads to an up-regulation of specific adhesion 
molecules such as an increase in endothelial intercellular 

domain is responsible for activation of transcription 
factors such as nuclear factor-xB (NF-xB) and activator 
protein-1 (AP-1). The structure of the receptor is analo- 
gous to the nerve growth factor receptor. A second 
soluble receptor for TNF has also been cloned 
(MW 75 kD), which differs markedly in sequence but has 
structural similarity to the 55 kD receptor. The two 
receptors may be linked to different intracellular 
pathways and may be differentially regulated (Sprang, 
1990). Similarly two distinct receptors for IL-1 have been 
cloned (80 and 60 kD) and these appear to be differen- 
tially regulated and may also be coupled to different 
intracellular pathways (Dinarello, 1989). 

The general first step in the signalling processes of 
cytokines is the dimerization of receptors following 
ligand binding. The cytoplasmic domains of these 
receptors may interact to produce a downstream signal 
cascade system. Molecular cloning has now revealed that 
although cytokines may be structurally diverse, their 
receptors may be grouped into various families which 

adhesion molecules type 1 and E-selectin (Montefort e t . ,  share structural homology. In the case of the receptors 
al., 1994). sharing gp 130 (e.g. IL-6, IL-13 and PDGF), signalling 

3. Cytokine Receptors 
The effects of cytokines are mediated by specific surface 
receptors, several of which have now been cloned 
(Shepherd, 1991). Many of the cloned cytokine receptors 
have a primary structure which differs from the seven 
transmembrane spanning segments associated with G- 
protein-coupled receptors. Thus, the receptor for TNFcz 
is a 55 kD protein which has recently been cloned and 
appears to have a single transmembrane spanning helical 
segment, an extracellular domain which binds TNFcz and 
an intracellular domain (Sprang, 1990). The intracellular 

is triggered by formation of homo- or heterodimers of 
gp 130. Thus, the IL-6/IL-6R complex functions as a 
ligand to induce active dimers of the receptor signalling 
components (Taga et al., 1989). This group of receptors 
belongs to the immunoglobulin superfamily, which 
includes T cell antigen receptors and also some cell sur- 
face adhesion molecules (Williams and Barclay, 1988). 
Another cytokine receptor superfamily, the hae- 
matopoietin receptor superfamily, includes receptors for 
IL-2, IL-3, IL-4, IL-5, IL-7, interferons (IFNs) and GM- 
CSF (Cosman et al., 1990; Bazan, 1990). Prolactin and 
erythropoietin are also included in this family. The 
receptor proteins are orientated with an extracellular 
N-terminal domain and a single hydrophobic 
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transmembrane spanning segment. There is striking 
homology in the extracellular ligand binding domain 
with four conserved cysteine residues. There is very close 
homology between the receptors for IL-3, IL-5 and GM- 
CSF, all of which stimulate growth of eosinophils, 
sharing the KH97 protein as their signal transducing pro- 
tein. The receptor-ligand complex dimerizes with KH97 
to produce an interaction of the cytoplasmic domains 
which is important for cellular signalling (Sakamaki et al., 
1992). This model, in which cytoplasmic signalling is 
initiated by'the dimerization of the cytoplasmic domains 
of two receptor components, is also applicable to the IL- 
2tL The high affinity IL-2 binding site is composed of the 
IL-2R c~, ~ and y chains. The ~ and "r chains belong to 
the haemopoietic cytokine receptor family, whereas the 
c~ chain is unique to the IL-2R (Takeshita et al., 1992). 
Heterodimerization of the B and -y chains is important 
for cell signalling and the ~ chain is involved in ligand 
binding. The receptor complexes for IL-4 and IL-13 
might also be heterodimers that share the IL-2Ry chain 
(Zurawski et al., 1993). This may explain why these 
cytokines have overlapping biological activities. 

For the chemokine family, six different chemokine 
receptors have been identified and cloned (Neote et al., 
1993) and are members of the superfamily of hepta- 
helical, rhodopsin-like, G-protein coupled receptors 
(Holmes et al., 1991). Activation leads to stimulation of 
phosphoinositide hydrolysis resulting in an increase in 
intracellular calcium ion concentration and activation of 

protein kinase C. These receptors are mainly expressed on 
immune cells but two of them are expressed on viruses 
also. This family can be divided into: (1) leucocyte 
chemokine receptors specific for C-C or C-X-C 
chemokines, but not both; (2) herpes virus homologues 
of the leucocyte C-C and C-X-C chemokine receptors; 
and (3) the Duffy coat erythrocyte antigen, which may 
bind promiscuously to several C-C and C-X-C 
chemokines. Studies of [125I]IL-8 binding have revealed 
more than one binding site with a single class of high 
affinity binding sites (Moser et al., 1991). Two IL-8 
receptors have been cloned, the IL-8A receptor expressed 
on a wide range of cells including T cells, monocytes and 
neutrophils and the IL-8B receptor showing a more res- 
tricted expression, confined primarily to myeloid cells. 
Receptors for MIP-lcz and MIP-1/5 have been identified 
on human monocytes and peripheral blood T cells. 
RANTES and MCP-1 can also bind to the MIP-lc~/MIP- 
1B shared receptor (Holmes et al., 1991). 

3.1 INTRACELLULAR PATHWAYS 
The intracellular mechanisms involved in cytokine signal- 
ling are complex, although increasing evidence suggests 
that stimulation of various protein kinases leads to acti- 
vation of transcription factors, which are nuclear proteins 
that regulate the expression of various target genes 
(Muegge and Durum, 1990; Fig. 6.4). Cell stimulation 
by various cytokines invariably induces the activation of 

Figure 6.4 Cytokine receptor and signal transduction. Cytokine receptors often have two chains which coop- 
erate in signal transduction. Activation of receptors by the binding of a cytokine results in the activation of 

various kinases, including JAK (just another kinase) which phosphorylates transcription factors such as 
members of the Stat family (signal transducer and activator of transcription), which bind to sequences in the 

promoter region of target genes, resulting in changes in transcription rate. 
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tyrosine kinases and tyrosine phosphorylation of cellular 
proteins (Venkitaraman and Cowling, 1992). Although 
some cytokine receptor components possess a tyrosine 
kinase domain, others do not and these may activate 
tyrosine kinases associated with the activated receptor 
complex. Some cytokine receptors (e.g. EGF receptors, 
PDGF receptors) have intrinsic protein tyrosine kinase 
(PTK) activity, leading to phosphorylation of cytosolic 
substrates which results in altered gene transcription. 
Activation of other cytokine receptors results in acti- 
vation of protein kinase C (PKC), although this may be 
indirect. Many cytokines activate the transcription factors 
AP-1 and NF-xB, which regulate the gene transcription 
of many target genes, including enzymes, receptors and 
cytokines themselves. In human lung TNFc~ stimulates 
the activation of both AP-1 and NF-xB and this effect is 
blocked by corticosteroids (Adcock et al., 1992). 

IL-3, TNFa and GM-CSF stimulation induces the 
tyrosine phosphorylation of JAK1 kinase, a non- 
receptor-type tyrosine kinase, and activates its kinase 
activity (Witthuhn et al., 1993). JAK1 directly associates 
with the IL-3R and the GM-CSFR prior to stimulation. 
This suggests that IL-3, TNFa and GM-CSF-induced 
dimerization of their receptors causes the associated 
JAK1 molecules to phosphorylate one another. There are 
at least two distinct signalling pathways elicited by the IL- 
2 receptor (Shibuyo et al., 1992). The tyrosine kinase- 
linked pathway is associated with the induction of the c- 
3'bs gene, the product of which forms a monomer of the 
AP-1 transcription factor, whereas the kinase- 
independent pathway is linked to cell proliferation, 
although this segregation varies with cell type (Asoa et 
al., 1993). This is also the case with the KH97 signal 
transducer associated with IL-3, IL-5 and GM-CSF. One 
region of KH97 causes the induction of c-myc and 
another is required for the activation of Ras, Raf and 
mitogen-activated protein (MAP) kinases as well as the 
induction of c-fbs and c-jun, the gene products of which 
constitute AP-1 (Sato et al., 1993). 

Studies on the signal transduction following IL-6R 
stimulation suggest the presence of two distinct 
pathways. The ultimate target of the first pathway is 
nuclear factor-IL-6 (NF-IL6), which is phosphorylated 
and activated via a Ras-MAP kinase cascade. NF-IL6 was 
initially identified as an IL-1 responsive element in the 
promotor region of the IL-6 gene (Akira et al., 1990) but 
is now known to bind to the promotor region of impor- 
tant immune and inflammatory response genes. The 
second pathway utilizes a transcription factor (STAT1) 
that is tyrosine phosphorylated by a gp130-activated 
tyrosine kinase and translocated to the nucleus. Similar 
signal transduction schemes may apply for other 
cytokines, e.g. the activation of IFN-stimulated gene 
factor 3 (ISGF3) by tyrosine phosphorylation and nuclear 
translocation, following IFN stimulation. 

It has become increasingly evident that a combined 
effect of transcription factors is very important in gene 

regulation. NF-xB is a well-characterized transcription 
factor that is important in the inflammatory responses 
and is thought to be involved in the expression of many 
cellular genes that encode cytokines and immunoregula- 
tory receptors (Lenardo and Baltimore, 1989). The com- 
bination of NF-IL6 and NF-xB elements is essential for 
IL-8 gene induction by IL-1, TNFa or phorbol esters 
(Mokaida et al., 1990). Many genes involved in the regu- 
lation of acute and chronic inflammation contain both 
NF-IL6 and NF-xB sites, and it may be possible that 
cooperative interactions between these two transcription 
factors play an important role in the expression of these 
genes. Some pathogenic effects of viral infection may be 
due to the constitutive activation of transcription factors 
such as NF-xB and NF-IL6 resulting from an interplay 
between these transcription factors and virally encoded 
gene products (Mah6 et al., 1991). 

Some of the characteristic features of cytokine actions, 
namely their multiple actions and redundancy, may now 
be explained on the basis of the molecular structure of 
their receptors and the subsequent activation of specific 
signal transduction pathways. Most cytokine receptors 
are composed of several chains, both ligand specific and 
general signal transducing common to several receptors. 
Upon ligand binding, activation homo- or hetero- 
dimerization occurs to produce association and activation 
ofintracellular tyrosine kinases. This is followed either by 
the activation of the MAP kinase pathway and sub- 
sequent activation of various transcription factors or by 
the direct phosphorylation and activation of other tran- 
scription factors. Thus many divergent pathways induced 
by cytokines binding to their receptors all converge on a 
few specific nuclear factors such as AP-1, NF-xB, NF-IL6 
and ISGF. The relative amounts of each factor activated 
or the inactivation of particular signal pathways may 
determine the exact transcriptional effect produced in a 
particular cell to a barrage of cytokine stimuli. 

4. Cytokine Effects 
The actions of cytokines are very diverse and there is con- 
siderable overlap between ,their effects. Although the 
cytokines should be considered as working in a network, 
an understanding of the potential effect of cytokines is 
best obtained by considering individual cytokines, partic- 
ularly those likely to be involved in the asthmatic 
inflammation. 

4.1 INTERLEUKIN-1 
IL-1 was one of the first cytokines to be identified. It is 
secreted predominantly from monocytes and macro- 
phages, but may be produced from several other cell 
types (Mattoli et al., 1991). IL-1 activity comprises two 
distinct gene products, IL-lce and IL-l~3, which only 
have 26% homology, yet appear to have identical actions 
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as they bind to the same receptor. It is likely that IL-1 
is the secreted form of IL-1, whereas IL-lc~ remains 
associated with the cell membrane. Two types of IL-1 
receptor have been identified, but it is not clear whether 
they are linked to different intracellular mechanisms or 
whether they may be differentially regulated. IL-la  is 
produced by macrophages from a precursor peptide and 
its formation involves a distinct processing enzyme. IL-1 
has effects on macrophages/monocytes and T lympho- 
cytes: it acts on monocyte/macrophages to induce its 
own synthesis as well as production of TNF and IL-6 
(Lovett et al., 1986; Navarro et al., 1989), and it acti- 
vates T lymphocytes to produce IL-2 and express IL-2 
receptors (Kaye and Janeway, 1984) and induces the 
production of GM-CSF and IL-4 from activated T cells 
(Herrmann et al., 1988). It also induces B cell prolifer- 
ation and maturation and increased immunoglobulin 
synthesis (Romain and Lipsky, 1983; Abbas, 1987). IL- 
l/3 is also able to activate airway epithelial cells to produce 
IL-8 and GM-CSF (Cromwell et al., 1992; Kwon et al., 
1993). There is evidence for increased production oflL-1 
in asthmatic airways (Mattoli et al., 1991). In rats, inha- 
lation of IL-1B results in infiltration of neutrophils into 
the airways and increased airway responsiveness to 
inhaled bradykinin (Tsukagoshi et al., 1993). 

IL-1 receptor antagonist (ILRa) is produced by alveolar 
macrophages and specifically inhibits the effects of IL-1 
(Gosset et al., 1988; Arend et al., 1990). Thus, ILRa has 
been demonstrated to block IL-1 activity both in vivo and 
in vitro. For example, in rabbits pretreatment with ILRa 
prevents death resulting from septic shock produced by 
injection of endotoxin. Normally IL-1Ra is secreted in 
excess, but it is possible that in inflammatory conditions 
the synthesis of IL-1 may exceed IL-1Ra, resulting in 
inflammation. In the guinea-pig, an IL-1 receptor antag- 
onist inhibited airway hyperreactivity, pulmonary 
eosinophil accumulation and tumour necrosis factor gen- 
eration induced by allergen challenge (Watson et al., 
1993). 

4.2 INTERLEUKIN-2 
IL-2 is produced by activated TH1 lymphocytes and acts 
as an autocrine growth factor. On stimulation with IL-1, 
IL-2 synthesis is induced along with induction of IL-2 
receptors. The IL-2 receptor consists of at least three 
components, referred to as IL-2Ra, B and "r, which have 
a high affinity for IL-2 when dimerized. IL-2 also results 
in the formation of activated natural killer (NK) cells. 
Infusion of IL-2 in Brown-Norway rats results in airway 
hyperresponsiveness (Renzi et al., 1991). In acute 
asthma, it has been reported that there is an increase in 
the number of circulating T lymphocytes which express 
IL-2 receptors (CD45+ ; Corrigan and Kay, 1990), but 
this has not been confirmed by .other investigators 
(Brown et al., 1991). An increase in the number of 
CD4 + lymphocytes in the biopsies of both allergic and 

non-allergic asthmatic patients has been reported (Brown 
et al., 1991; Bentley et al., 1992). 

4.3 INTERLEUKIN-3 
IL-3 is produced by T lymphocytes, but also by mast 
cells. In rodents it is important for the development of 
mast cells and basophils and promotes eosinophil survival 
(Wasserman, 1990). Antibodies to IL-3 result in a fall in 
tissue numbers of mast cells in mice. IL-3 has been 
reported to protect mast cells from apoptosis, an event 
likely mediated by the maintenance of intracellular cal- 
cium levels (Mekori et al., 1993). Whether IL-3 plays a 
critical role in mast cell expression in human tissues is not 
clear and other cytokines including IL-10 and stem cell 
factor (c-kit ligand) may also be important. 

4.4 INTERLEUKIN-4 
IL-4 is derived from TH2-1ike T lymphocytes, but there 
is also evidence for its expression in mast cells of asth- 
matic patients (Bradding et al., 1992). IL-4 plays a critical 
role in the switching of B lymphocytes to produce IgE, 
and may therefore be of critical importance in the 
development of atopy (Romagnani, 1990). It induces the 
expression of the low affinity IgE receptor (FccRII, 
CD23) on macrophages (Vercelli et al., 1988). Although 
IL-4 is essential for isotype switching, other factors, such 
as IL-6 and TNFc~, have synergistic effects. IL-4 has 
many other actions and may increase expression of the 
adhesion molecule VCAM-1 in endothelial cells, which 
may be involved in eosinophil adhesion in the bronchial 
circulation (Schleimer et al., 1992). In addition, IL-4 
induces fibroblast chemotaxis and activation (Postleth- 
waite et al., 1991, 1992), and in concert with IL-3, IL-4 
promotes the growth of human basophils and 
eosinophils (Farre et al., 1990). Studies in mice have 
shown that IL-4 may contribute to eosinophil accumula- 
tion in the lungs induced by parasite antigen (Lukacs et 
al., 1994). While some of the effects of IL-4 promote 
allergic inflammation, it may also have anti-inflammatory 
effects. For example, IL-4 inhibits the expression ofIL-1, 
TNFc~, IL-8 and MIP-lc~ from activated monocytes 
(Essner et al., 1989; Standiford et al., 1990, 1993). 

4.5 INTERLEUKIN-5 
IL-5 is of particular interest in the pathophysiology of 
asthma as it is associated with eosinophilic inflammation 
(Sanderson, 1992). IL-5 is produced by TH2-type lym- 
phocytes and there is evidence for increased expression in 
T lymphocytes in asthmatic airways (Hamid et al., 1991). 
Endobronchial allergen challenge results in IL-5 mRNA 
expression in eosinophils in BAL (Broide et al., 1992b) 
and an increase in IL-5 concentration (Sedgewick et al., 
1991; Ohnishi et al., 1993a). Elevated IL-5 con- 
centrations have also been reported in BAL fluid from 
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symptomatic, but not asymptomatic asthmatics (Ohnishi 
et al., 1993b). IL-5 mRNA has been detected in the 
sputum and bronchial biopsies of patients with asthma 
but not in non-asthmatic controls using PCR amplifica- 
tion (Gelder et al., 1993a,b). Increased circulating levels 
of immunoreactive IL-5 have been measured in the 
serum of patients with exacerbations of asthma, which 
fell with corticosteroid treatment (Corrigan et al., 1993). 
IL-5 is important in the terminal differentiation of 
eosinophils, in promoting eosinophil survival and in 
priming and activation of eosinophils (Sanderson, 1992). 
In  v/tr0, IL-5 is chemotactic for eosinophils and can 
increase the survival of mature eosinophils as well as 
stimulate human eosoinophil function. A monoclonal 
antibody (mAb) to IL-5 inhibits eosinophil infiltration 
into the airways of animals sensitized to allergen (Gul- 
benkian et al., 1992; Chand et al., 1992), and also 
reduces airway hyperresponsiveness (Mauser et al., 1992; 
van Oosterhoot et al., 1993). It is of interest that the 
gene coding for IL-5 is located at position q31 on chro- 
mosome 5, as are genes for IL-3 and GM-CSF. 

4.6 INTERLEUKIN-6 
IL-6 is produced by many different cells on activation and 
appears to be responsible for many of the effects which 
occur during the acute phase response (van Snick, 1990). 
There is evidence for increased release of IL-6 from 
alveolar macrophages from asthmatic patients after 
allergen challenge (Gosset et al., 1991) and increased 
basal release compared to non-asthmatic subjects (Broide 
et al., 1992a). IgE-dependent triggering stimulates the 
secretion of IL-6 in both blood monocytes and alveolar 
macrophages in vitro (Gosset et al., 1992). IL-6 acts as a 
co-stimulatory factor with other cytokines on a variety of 
inflammatory and immune cells. 

4.7 INTERLEUKIN-10 
IL-10, previously known as cytokine synthesis inhibitor 
factor (CSIF), was originally identified as a product of 
murine TH2 clones that suppressed the production of 
cytokines by TH1 clones responding to stimulation of 
antigen (Fiorentino et al., 1989). In humans, Tn0, TH1 
and TH2-1ike CD4 + T cell clones, activated monocytes 
and peripheral blood T cells including CD4 + and CD8 + 
T cells have the capacity to produce IL-10 (Spizt and de 
Waal Malefyt, 1992; Enk and Katz, 1992). IL-10 is a 
pleotropic cytokine that can exert either immunosup- 
pressive or immunostimulatory effects on a variety of cell 
types. It is a potent inhibitor of monocyte/macrophage 
function, suppressing the production of a number of pro- 
inflammatory cytokines, including TNFc~, IL-1, IL-6 and 
IL-8 (Fiorentino et al., 1991; de Waal Malefyt et al., 
1991). By contrast, IL-10 up-regulates the monocyte 
expression of IL-1 receptor antagonist, an anti- 
inflammatory agent (de Waal Malefyt et al., 1992). IL-10 

suppresses the synthesis of superoxide anions and reactive 
nitrogen intermediates by activated monocytes/ 
macrophages. These results suggest that IL-10 deactivates 
macrophages and exhibits potent anti-inflammatory 
properties. Indeed, an IL-10 antibody enhances the 
release of cytokines from activated monocytes, suggesting 
that this cytokine may play an inhibitory role when the 
cell is stimulated (de Waal Malefyt et al., 1991). On the 
other hand, IL-10 acts on B cells to enhance their via- 
bility, cell proliferation, immunoglobulin secretion and 
class II MHC expression. IL-10 is also a growth co- 
stimulator for thymocytes and mast cells (Thompson- 
Snipes et al., 1991), as well as an enhancer of cytotoxic 
T cell development (Chen and Zbtnik, 1991). There is 
little information as to whether IL-10 is expressed in 
asthmatic airways. However, IL-10 has been shown to 
inhibit the late response and the influx of eosinophils and 
lymphocytes after allergen challenge in the 
Brown-Norway rat (Broide et al., 1992a). The potential 
role for IL-10 in asthmatic inflammation remains open. 

4.8 INTERLEUKIN-12 
IL-12, previously known as natural killer cell stimulatory 
factor (Kobayashi et al., 1989) and cytotoxic lymphocyte 
maturation factor (Stern et al., 1990), is a cytokine 
produced by macrophages and B cells that acts mainly as 
a promoter of cell-mediated immunity. It enhances the 
growth of activated T cells and Nk cells (Gately et al., 
1991; Robertson et al., 1992; Perussia et al., 1992; Ber- 
tagnolli et al., 1992) and enhances cytotoxic T cell and 
NK activity (Kobayashi et al., 1989; Robertson et al., 
1992; Gately et al., 1992). IL-12 stimulates NK cells and 
T cells to produce IFN3, (Kobayashi et al., 1989; Chan 
etal . ,  1991; Wolf etal . ,  1991; Schoenhaut etal . ,  1992), 
promotes the in vitro differentiation of mouse and human 
T cells that secrete IFN3, and TNFcx (Chan et al., 1991; 
Perussia et al., 1992; Manetti et al., 1993; Hsieh et al., 
1993), and inhibits the differentiation ofT cells into IL- 
4-secreting cells (Manetti et al., 1993; Sypek et al., 
1993). It indirectly inhibits IL-4-induced human IgE 
responses by IFN-y-dependent and -independent 
mechanisms in vitro (Kiniwa et al., 1992). 

4.9 INTERLEUKIN-13 
IL-13 is a recently described cytokine secreted by 
different human T cell subsets and is a potent modulator 
of human monocyte and B cell function (Minty et al., 
1993). Both CD4 + and CD8 + T cell clones synthesize 
IL-13 in response to antigen-specific or polyclonal stimuli 
(Zurawski and De Vries, 1994). IL-13 has profound 
effects on human monocyte morphology, surface antigen 
expression, antibody-dependent cellular toxicity and 
cytokine synthesis (Minty et al., 1993; McKenzie et al., 
1993). In human monocytes stimulated by LPS, the 
production of proinflammatory cytokines, chemokines 
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and CSFs is inhibited by IL-13, while IL-1Ra secretion is 
increased (Zurawsli et al., 1993). Production of IL-la, 
IL-1/3, IL-6, IL-8, MIP-la, TNFc~, IL-10 and GM-CSF 
is inhibited. This action of IL-13 is similar to that of IL-4 
and IL-10. The suppressive effects of IL-13 and of IL-4 

(Nakamura et al., 1991; Cromwell et al.; Kwon et al., 
1993) and fibroblasts (Rolff et al., 1991) in response to a 
wide variety of pro-inflammatory stimuli such as 
exposure to IL-1, TNF and endotoxin. IL-8 is a 
chemoattractant for neutrophils, and causes degranula- 

are not related tO endogenous production of IL-10. tion of neutrophil-specific granules. It enhances the 
Similar to IL-4, IL-13 decreases the transcription of adherence of neutrophils to endothelial cells and the 
IFNc~ and the c~ and B chains of IL-12. It is possible that subendothelial matrix (Rot, 1992). Under certain 
IL-13 acts like IL-4 and suppresses the development of experimental conditions, IL-8 has been reported to be 
TH1 cells by down-regulating IL-12 production by 
monocytes, thereby favouring the development of Tri2 
cells (Swain et al., 1990; Le Gros et al., 1990; Hsieh et 
al., 1994). 

IL-13 induces the expression of CD23 on purified 
human B cells and acts as a switch factor directing IgE 
synthesis, similar to IL-4 (Punnone et al., 1993; Cocks 
etal . ,  1993). However, unlike IL-4, IL-13 does not acti- 
vate human T cells. A potent receptor antagonist of the 
biological activity of IL-4, a mutant protein of human 
IL-4, antagonizes IL-13 actions such as blocking the pro- 
liferation of B cells and IgE synthesis (Aversa et al., 
1993). This mutant protein of human IL-4 may therefore 
have therapeutic potential for the treatment of allergies. 
There is currently little information on the IL-13 
receptor and on the biological effects of IL-13 in vivo. 

4.10 CHEMOKINES 
Chemokines (alternatively known as intercrines, PF-4 
superfamily ofcytokines or SIS cytokines) are members of 
a superfamily of small (8-10 kDa), inducible, secreted, 
pro-inflammatory cytokines. The sequences of members 
of the chemokine family have a conserved four-cysteine 
motif, and are divided into two branches with the first 
two cysteines separated by another amino acid residue 
(C-X-C), or the first two cysteines are adjacent (C-C) 
(Oppenheim et al., 1991). The C-X-C chemokines 
include IL-8, B-thromboglobulin (~3-TG) and platelet 
factor 4 (PF4), and the C-C chemokines include MIP-lc~, 
MIP-1B, RANTES, MCP-1/MCAF, MCP-2 and 
MCP-3. 

The chemokines are involved in a variety of immuno- 
regulatory functions, acting primarily as chemoattrac- 
tants and activators of specific leucocytes. The  C-X-C 
chemokines are chemoattractants and activators for neu- 
trophils, while C-C chemokines are chemoattractants and 
activators for monocytes and T lymphocytes. Some C-C 
chemokines, e.g. RANTES, are also chemoattractants for 
eosinophils or activators of H release from basophils (Rot 
et al., 1992; Kameyoshi et al., 1992). Chemokines there- 
fore may recruit and activate leucocytes at sites of 
inflammation. 

IL-8 (previously known as neutrophil activation 
protein-I) is a potent neutrophil chemoattractant 
cytokine, which may be released by a variety of airway 
cells (Kunkel et al., 1991), including T cells, endothelial 
cells, macrophages, eosinophils and epithelial cells 

chemotactic for T cells and eosinophils (Taub and 
Oppenheim, 1993). IL-8 expression has been shown to 
be increased in lung tissue of patients with pulmonary 
fibrosis (Carr6 et al., 1991). 

Of the C-C chemokines, RANTES and MIP-lce induce 
the migration and activation of human eosinophils (Rot 
et al., 1992; Kameyoshi et al., 1992). RANTES selec- 
tively attracts blood monocytes and T lymphocytes 
expressing the cell surface antigens CD4 and UCHL1, 
the CD45RO antigen expressed on memory T cells 
(Schall etal . ,  1990). MIP-lc~ and ~ selectively induce the 
attraction ofT lymphocytes activated by CD3, CD4 and 
CD8 without attracting unstimulated lymphocytes 
(Taub et al., 1993). In addition, these chemokines 
increased the adhesion of activated lymphocytes to acti- 
vated human umbilical cord vein endothelium (Taub et 
al., 1993). MCP-3 shows chemotactic activity for mono- 
cytes and eosinophils but not for neutrophils (Van 
Damme e t a / . ,  1992; Dahinden et al., 1994). These 
chemokines can activate eosinophils, monocytes, 
basophils and mast cells. Thus, RANTES and MIP-lc~ 
induce eosinophil cationic protein release with 
superoxide anions (Rot et al., 1992). In basophils, 
RANTES, MIP-lc~ and MCP-3 induce cytosolic free cal- 
cium concentration changes and H release, and leu- 
kotriene C4 (LTC4)formation (Dahinden et al., 1994). 
MIP-lc~ also activates mast cells to release H (Alam e t a l . ,  
1992). 

4.11 GRANULOCYTE-MACROPHAGE 
C O L O N Y - S T I M U L A T I N G  F A C T O R  

GM-CSF is a pleotropic cytokine that can stimulate the 
proliferation, maturation and function of haematopoietic 
cells. It is produced by several airway cells, including mac- 
rophages, eosinophils, T lymphocytes and epithelial cells. 
There is evidence for increased expression of GM-CSF in 
the epithelial cells of asthmatic patients (Sousa et al., 
1993) and in T lymphocytes and eosinophils after 
endobronchial challenge with allergen. Using PCR it has 
been possible to detect mRNA for GM-CSF in the 
sputum of asthmatic patients (Gelder et al., 1993a). 
Increased circulating concentrations have been detected 
in the circulation of patients with acute severe asthma 
(Brown et al., 1991) and peripheral blood monocytes 
from asthmatic patients secrete increased amounts 
(Nakamura et al., 1993). It has effects on several cell 
types and may be involved in priming inflammatory cells, 
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such as neutrophils and eosinophils. It can prolong the 
survival of eosinophils in culture (Hallsworth et al., 
1992). GM-CSF can enhance the release of superoxide 
anions and sulphidopeptide leukotrienes from 
eosinophils (Silberstein et al., 1986). It can also induce 
the synthesis and release of a number of cytokines, 
including IL-1 and TNFce from monocytes. It can also 
induce non-haematopoietic cells such as endothelial cells 
to migrate and proliferate (Bussolino et al., 1989). 

4.12 TUMOUR NECROSIS FACTOR 
TNFc~ (previously known as cachectin) is produced by 
many cells, including macrophages, lymphocytes, mast 
cells and epithelial cells. There is evidence for increased 
expression in asthmatic airways (Ying et al., 1991), and 
IgE triggering in sensitized lungs leads to increased 
expression in epithelial cells in both rat and human lung 
(Ohno etal . ,  1990; Ohkawara etal . ,  1992). TNFc~ is also 
present in the BAL fluid of asthmatic patients (Broide et 
al., 1992a). It is also released from alveolar macrophages 
of asthmatic patients after allergen challenge (Gosset et 
al., 1991). Furthermore, both blood monocytes and 
alveolar macrophages show increased gene expression of 
TNFc~ after IgE triggering in v/tr0 and this effect is 
enhanced by IFN~, (Gosset et al., 1992). TNFc~ potently 
stimulates airway epithelial cells to produce cytokines, 
including IL-8 and GM-CSF (Cromwell et al., 1992; 
Kwan et al., 1993), and also increases the expression of 
the adhesion molecule ICAM-1 (Tosi et al., 1992). 
TNFc~ also has a synergistic effect with IL-4 and IFN~, to 
increase VCAM-1 expression on endothelial cells (Thorn- 
hill et al., 1991). This has the effect of increasing the 
adhesion of inflammatory leucocytes, such as neutrophils 
and eosinophils, at the airway surface. Infusion of TNFc~ 
causes increased airway responsiveness in Brown-Norway 
rats (Kips et al., 1992), and inhalation of TNFc~ in 
normal human subjects results in increased airway 
responsiveness at 24 h and an increase in sputum neu- 
trophils (Yates et al., 1993). TNFc~ may be an important 
mediator in initiating chronic inflammation by activating 
the secretion of cytokines from a variety of cells in the 
airways. TNFc~ may also have chronic inflammatory 
effects, is a potent inducer of angiogenesis, and induces 
the formation of new blood vessels at sites of chronic 
inflammation. 

4.13 INTERFERONS 
IFNy has extensive and diverse immunoregulatory effects 
on various cells. It is produced by Trtl lymphocytes and 
exerts an inhibitory effect on TH2 cells (Romagnani, 
1990). This suggests that IFNs may have therapeutic 
potential in allergic diseases. IFNy has been shown to 
inhibit antigen-induced eosinophil recruitment in the 
mouse (Nakajima et al., 1993). However, IFNy may also 
have pro-inflammatory effects and may activate airway 

epithelial cells to release cytokines and express adhesion 
molecules (Look et al., 1992). IFN~, has an amplifying 
effect on the release of TNFc~ from alveolar macrophages 
induced by IgE triggering or by endotoxin (Gifford and 
Lohmann-Matthess, 1987; Gosset et al., 1992) and 
increases the expression of class I and class II MHC 
molecules on macrophages and epithelial cells. It 
increases the production of IL-1, PAF and hydrogen 
peroxide from monocytes, in addition to down- 
regulating IL-8 mRNA expression, which is up-regulated 
by IL-2 (Billiau and Dijkmans, 1990; Sen and Lenggel, 
1992; Gusella et al., 1993). 

4.14 GROWTH FACTORS 
The role of peptide growth factors in asthma has not 
been extensively investigated, but there is growing recog- 
nition that chronic structural changes may occur in the 
airways in response to the chronic inflammation, such as 
the proliferation of myofibroblasts and the hyperplasia of 
airway smooth muscle. Imaging of the airways by high 
resolution computed tomography has revealed the 
presence of dilated and thickened intrapulmonary airways 
(Paganin et al., 1992; Carr et al., 1994), which may rep- 
resent the chronic structural abnormalities of the chronic 
inflammation of asthma. The mechanisms by which these 
structural changes occur are unclear but several growth 
factors may be released from inflammatory cells in the 
airways, such as macrophages and eosinophils, but also 
by structural cells such as airway epithelium, endothelial 
cells and fibroblasts. 

PDGF is released from many different cells in the 
airways and consists of two peptide chains, so that A-A, 
B-B or A-B dimers may be secreted by different cells. 
These dimers act on ~ (AA) or ~ (AB or BB) receptors 
(Rose et al., 1986). Macrophages release PDGF on acti- 
vation (Haynes and Shaw, 1992). PDGF may activate 
fibroblasts to proliferate and secrete collagen (Rose et al., 
1986) and may also stimulate proliferation of airway 
smooth muscle (Hirst et al., 1992), which is mediated via 
a ~3 receptor (Hirst et al., 1993). Fibroblast growth 
factors (FGFs) may be important regulators of fibrogen- 
esis in the airway and may be pxoduced by various inflam- 
matory cells including macrophages. FGFs have the 
capacity to stimulate angiogenesis and this is a feature of 
chronic asthma. Epithelial cells may be an important 
source of growth factors in the airway and epithelial cells 
release PDGF, TGFB and IGF-1 (Kelley, 1990; Cambrey 
et al., 1993). Supernatants from cultured human airway 
epithelial cells stimulate the proliferation of human lung 
fibroblasts and this activity appears to reside 
predominantly in IGF-1 (Cambrey et al., 1993). TGF~ 
comprises a family of growth-modulating cytokines that 
have an important influence on the turnover of matrix 
proteins (Moses et al., 1990). They may either inhibit 
or stimulate proliferation of fibroblasts depending 
on the presence of other cytokines. TGF~ induces the 
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transcription of fibronectin which can function as a 
chemotactic agent and growth factor for human fibrob- 
lasts (Ignotz et al., 1986; Infeld et al., 1992). Lung 
fibroblasts themselves may be a source of TGF/3 (Kelley 
et al., 1991), but it is also secreted by inflammatory cells, 
including eosinophils, airway smooth muscle cells 
(Kelley, 1990) and structural cells such as epithelial cells 
(Sacco et al., 1992). TGF/3 is present in the epithelial 
lining fluid of the normal lower respiratory tract 
(Yamauchi et al., 1988) TGF/3 mRNA and protein have 
been found to be abundantly expressed in human lung, 
with TGF/31 precursor being immunolocalized 
throughout the airway wall including the epithelium and 
in alveolar macrophages, and the mature protein local- 
ized mainly within the connective tissue of the airway 
wall (Aubert et al., 1994). However, the patterns of 
expression for both forms of TGF/31 were similar in lungs 
from normals and asthmatic subjects (Aubert et al., 
1994). The fibrogenic cytokines may also be involved in 
the repair process of airway epithelial damage charac- 
teristic of asthma. TGF/3 is a potent inducer of differenti- 
ation for normal epithelial cells (Masui et al., 1986), and 
PDGF can promote wound healing (Clark et al., 1989). 

0 The Cytokine Network in Chronic 
Asthma 

Cytokines play an integral role in the coordination and 
persistence of inflammation in asthma, although the pre- 
cise role of each cytokine remains to be determined. 
Cytokines play a fundamental role in inducing and 
increasing the production of specific IgE by B lympho- 
cytes. IL-4 plays a critical role in the switching of B lym- 
phocytes from IgG to IgE production, but other 
cytokines, including TNFc~ and IL-6, may also be impor- 
tant (Romagnani, 1990). IL-4 also increases the expres- 
sion of an inducible form of the low affinity receptor for 
IgE (Fc~RII or CD23) on B cells and macrophages. This 
may account for the increased expression of CD23 on 
alveolar macrophages from asthmatic patients. 

Cytokines may also play an important role in antigen 
presentation and may enhance or suppress the ability of 
macrophages to act as antigen-presenting cells. Normally 
airway macrophages are poor at antigen presentation and 
suppress T cell proliferative responses (possibly via release 
of cytokines such as IL-1Ra), but in asthma there is evi- 
dence for reduced suppression after exposure to allergen 
(Aubus et al., 1984; Spiteri et al., 1991). Both GM-CSF 
and IFNy increase the ability of macrophages to present 
allergen and express HLA-DR (Fisher et al., 1988). IL-1 
is important in activating T lymphocytes and is an impor- 
tant co-stimulator of the expansion of Tn2 cells after 
antigen presentation (Chang et al., 1990). 

Airway macrophages may be an important source of 
"first wave" cytokines, such as IL-1, TNFc~ and IL-6, 

which may be released on exposure to inhaled allergens 
via FceRII receptors. These cytokines may then act on 
epithelial cells to release a second wave of cytokines, 
including GM-CSF, IL-8 and RANTES, which then 
amplifies the inflammatory response and leads to influx of 
secondary cells, such as eosinophils, which themselves 
may release multiple cytokines (Fig. 6.3). Cytokines such 
as TNFc~ and IL-1 may also increase the expression of 
adhesion molecules, such as ICAM-1, on epithelial cells, 
leading to adherence of leucocytes at the airway surface 
(Tosi et al., 1992). Cytokines may also switch on the 
gene transcription of the inducible form of nitric oxide 
synthase (iNOS) (Nathan, 1992), which is expressed in 
asthmatic but not normal epithelium (Springall et al., 
1993), resulting in increased nitric oxide formation which 
may contribute to epithelial damage in asthma. 

Mast cells are activated directly by allergen via Fc~RI 
receptors and have the capacity to produce several 
cytokines which may perpetuate the inflammatory 
response (Gordon et al., 1990). Antigen presentation via 
dendritic cells leads to proliferation of TH2 cells, which 
release IL-3, IL-4 and IL-5, thus perpetuating mast cell 
activation and eosinophilic inflammation. The inflamma- 
tory cells activated in asthma release multiple cytokines 
which have the effect of perpetuating the inflammatory 
state, by acting in an autocrine manner and by recruiting 
and activating adjacent structural cells or recruiting 
inflammatory cells from the circulation. 

Cytokines may exert an important regulatory effect on 
the expression of adhesion molecules, both on 
endothelial cells of the bronchial circulation and on 
airway epithelial cells. Thus IL-4 increases the expression 
of VCAM-1 on endothelial cells and this may be impor- 
tant in eosinophil and lymphocyte trafficking (Schleimer 
et al., 1992), and IL-1 and TNFe~ increase the expression 
of ICAM-1 in both vascular endothelium and airway 
epithelium (Tosi et al., 1992). 

Several cells which are activated in asthmatic airways 
also have the capacity to induce the secretion of growth 
factors, such as PDGF, EGF and IGF-1, which may 
stimulate fibrogenesis by recruiting and activating fibrob- 
lasts or transforming myofibroblasts. There is particular 
interest in the possibility that epithelial cells may release 
growth factors, since collagen deposition tends to occur 
underneath the basement membrane of the airway 
epithelium (Brewster et al., 1990). Growth factors may 
also stimulate the proliferation and growth of airway 
smooth muscle cells. PDGFAB, PDGFBB and EGF are 
potent stimulants of animal and human airway smooth 
muscle proliferation (Hirst et al., 1992) and these effects 
are mediated via activation of tyrosine kinase and PKC. 
Growth factors may also be important in the proliferation 
of mucosal blood vessels and in the goblet cell hyperplasia 
that are characteristic of the chronically inflamed asth- 
matic airway. Cytokines such as TNFc~ and FGFs may 
also play an important role in angiogenesis which is 
reported in chronic asthma. 
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6. Therapeutic Implications 
The recognition that cytokines play a critical role in the 
pathophysiology of asthma has prompted a search for 
new therapies based on cytokines. There are several 
approaches, but as multiple cytokines are involved it is 
unlikely that a single specific cytokine inhibitor will be as 
effective as less specific therapies, such as inhaled steroids. 
There appears to be  considerable redundancy in the 
cytokine network, so that other cytokines may assume 
the role of the blocked cytokine. The similarities in the 
general features of T cell regulation between mice and 
humans have made murine models very useful for sorting 
out the activities of cytokines and the effects of individual 
cytokines in vivo. Many approaches are available, includ- 
ing recombinant cytokines, neutralizing anti-cytokine 
antibodies, and transgenic and homologous recombinant 
("gene knockout") mice, with increased or suppressed 
production of specific cytokines. For example, studies in 
transgenic "knockout" mice show that deletion ofa spec -~ 
ific cytokine may have therapeutic potential. Thus IL-4 
"knockout" mice have normal B and T lymphocyte de- 
velopment, but fail to produce IgE (Kuhn et al., 1991). 

6.1 CYTOKINE ANTIBODIES 
Experimentally specific antibodies to individual cytokines 
have been used to explore their role in inflammatory dis- 
eases. Thus a murine mAb to IL-5 (TRK-5) blocks the 
eosinophilia after allergen exposure in sensitized guinea- 
pigs and also blocks airway hyperresponsiveness 
(although only at higher doses) (Gulbenkian et al., 1992; 
Chand et al., 1992; van Oosterhoot et al., 1993). It is 
unlikely that IL-5 mAbs will have therapeutic potential 
because of antigenicity and the problem of repeated 
dosing, but they may be useful in demonstrating the 
potential for the IL-5 blocking strategies. It is possible 
that with chronic blockade of IL-5 effects, other 
cytokines take over its role. However, mAbs to TNF are 
now under trial in severe rheumatoid arthritis and appear 
to have long-lasting effects (over weeks), which implies 
that treatment may only be required infrequently. 

6.2 SYNTHESIS INHIBITORS 
Corticosteroids may be effective in asthma by suppressing 
cytokine synthesis in inflammatory cells (Guyre et al., 
1988; Barnes and Pedersen, 1993), whereas cyclosporin, 
FK506 and rapamycin inhibit cytokine synthesis 
predominantly in T lymphocytes. There is evidence that 
steroids inhibit the synthesis of IL-5 in asthmatic airways 
at a transcriptional level (Robinson et al., 1993). Airway 
epithelial cells may be an important target of inhaled 
steroid therapy and steroids are able to inhibit the gene 
expression of cytokine synthesis, including GM-CSF and 
IL-8, in human airway epithelial cells (Kwon et al., 1993) 
and of GM-CSF, IL-6 and IL-8 in human fibroblasts 

(Tobler et al., 1992). Inhaled steroids also reduce the 
increased expression of GM-CSF in airway epithelial cells 
of asthmatic patients (Sousa et al., 1993). Corticosteroids 
also inhibit the expression of MIP-la  mRNA and the 
release of MIP-la protein from activated monocytes and 
alveolar macrophages in vitro (Berkman et al., 1994). 

Other drugs may also have an inhibitory effect on 
cytokine synthesis. Elevation of cyclic AMP has an 
inhibitory effect on IL-2 release from lymphocytes in vitro 
(Didier et al., 1987) and this may be achieved by the- 
ophylline at high plasma concentrations. Selective phos- 
phodiesterase inhibitors may also be effective and recently 
phosphodiesterase IV inhibitors have been demonstrated 
to inhibit the release of IIr4 and IL-5 from T lympho- 
cytes in vitro (Essayan et al., 1993). 

6.3 RECEPTOR ANTAGONISTS 
Another approach is to develop drugs that block cytokine 
receptors. Blocking antibodies have been developed to 
some cytokine receptors. The receptors for IL-3, IL-5 
and GM-CSF share a common ~ subunit, which is a par- 
ticularly attractive target. However, there are difficulties 
in developing specific receptor antagonists for cytokines, 
since they are large peptides and have a very high affinity 
for their receptors. The human IL-5 receptor has now 
been cloned (Murata et al., 1992), and it might be pos- 
sible to develop antagonists in the future by molecular 
modelling. Recently a peptide analogue of IL-4 has been 
reported to have antagonist activity with only minimal 
agonist activity (Kruse et al., 1992). It may be possible to 
discover a cytokine receptor antagonist by random 
screening using a cloned cytokine receptor expressed in a 
suitable vector. 

IL-1Ra has been cloned (Arend 1991), and in 
experimental allergic inflammation of the airways recom- 
binant IL-1Ra has some inhibitory effect on allergic 
inflammation in animals (Selig and Tocker, 1992; 
Watson et al., 1993). Studies of human recombinant 
IL-1Ra in asthma are currently in progress. Similar 
antagonists of other cytokines may be discovered which 
could lead to the development of future antagonists. 

Soluble receptors have been identified for a number of 
cytokines, including TNFc~ and IL-5. It is possible that 
these might have therapeutic value by mopping up 
released cytokines, but as these are large protein 
molecules it is unlikely that they would be of value in 
chronic asthma. 

6 . 4  A N T I S E N S E  D R U G S  

Strategies such as antisense nucleotides, which would 
inactivate the specific mRNA encoded by cytokine genes 
or cytokine receptor genes, may be a more fruitful 
approach in the future when the problems of stability, 
cell penetration and delivery have been resolved 
(Colman, 1990). 
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6.5 R E C O M B I N A N T  C Y T O K I N E S  AS 

THERAPY 
Cytokines may have anti-inflammatory as well as pro- 
inflammatory effects. IFN3, inhibits the production of 
IgE by B lymphocytes in human lymphocyte clones 
in vitro (Romagnani, 1990) and inhibits the development 
of TH2 clones by antigen stimulation (Maggi et al., 
1992), and this suggests that IFN~, may have therapeutic 
potential in asthma. IFNa, which shares many activities 
with IFN% has been used to reduce IgE and eosinophil 
levels in patients with the hyper-IgE and hyper- 
eosinophilic syndromes (Souillet et al., 1989; Zielinski 
and Lawrence, 1990). However, recombinant IFN~/ 
appears to have no therapeutic benefit in steroid- 
dependent asthmatic patients (Boguniewicz et al., 1992). 
On the other hand, IFN~/ also has pro-inflammatory 
actions and may enhance the release of pro-inflammatory 
cytokines from T lymphocytes and macrophages. Indeed 
administration of human recombinant IFN3' by inha- 
lation appears to activate alveolar macrophages (Jaffe et 
al., 1991). Therefore, the pleotropic nature of the action 
of certain cytokines makes it difficult to predict what the 
overall therapeutic effect would be in asthma. 

7. Conclusions 
Cytokines play a critical role in the induction, coordina- 
tion and perpetuation of the immunological and inflam- 
matory responses observed in asthma. Multiple cytokines 
have been implicated in asthma and they are derived from 
a variety of cells. IL-1 and TNF~ may be important in 
initiating the inflammatory response, IL-4 in switching of 
B lymphocytes to IgE production and IL-5 in 
eosinophilic inflammation. The role of the more recently 
described cytokines, such as IL-12 and-13,  in allergic 
inflammation and asthma is unclear. Many inflammatory 
cells are capable of expressing a range of cytokines. Inhi- 
bition of cytokines is an important approach to asthma 
treatment and it is likely that inhaled corticosteroids are 
effective, at least in part, by inhibition of cytokine syn- 
thesis in airway cells, such as epithelial cells and lympho- 
cytes. In the future it may be possible to develop more 
specific cytokine inhibitors and as more is learned about 
specific classes of cytokines, inhibition of the actions of 
certain classes of cytokines may provide more lasting 
benefit. 
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1. Introduction 
The lung has a rich autonomic innervation that enables 
it to modulate the airway lumen available for airflow, the 
vascular resistance to blood flow, or the matching of 
these two flows in response to stimuli that impinge on 
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the airway or vascular surface. The impulses travelling in 
these nerves fulfill a wide variety of sensory and effector 
functions that can be either physiologic or phlogistic in 
nature; a comprehensive review of all aspects of pulmo- 
nary neurofunction could easily fill many volumes. In 
keeping with the goal of this volume - i.e. to review 
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specific aspects of pulmonary inflammation - we have 
chosen to focus on the neural functions most closely 
related to pulmonary inflammation. In this broad 
category the nerves that are most commonly considered 
"inflammatory" in nature are those which respond to 
stimuli by the release of specific peptide neurotrans- 
mitters. Although this class of nerves is not anatomically 
distinct, the nerve fibers involved are considered pep- 
tidergic and the neurotransmitters are termed neuropep- 
tides. Within this class are various pulmonary 
neuropeptides that have both homeostatic and inflamma- 
tory roles (Barnes et al., 1991). 

In this chapter, we will review our current under- 
standing of the pulmonary effects of a specific class of 
prophlogistic neurotransmitters known as the 
tachykinins and of two homeostatic neurotransmitters, 
vasoactive intestinal peptide (VIP) and nitric oxide 
(NO.). We will pay special attention to the roles of these 
transmitters in inflammatory obstructive airway dis- 
orders. Each class of neurotransmitter will be considered 
separately. 

2. Tachykinins 
We will first consider the synthesis, release and localiza- 
tion of tachykinins in the airways. Next we will examine 
the impact of tachykinin degradation and tachykinin 
receptor expression on the physiological actions of these 
neurotransmitters in the airways. Finally, we will review 
the evidence for modulation of the effects of tachykinins 
in the inflammatory microenvironment (e.g. in asthma) 
and we will describe the interactions of tachykinins with 
mast cells and lymphocytes. 

2.1 SYNTHESIS ,  L O C A L I Z A T I O N  A N D  

RELEASE OF T A C H Y K I N I N S  IN 

T H E  AIRW AYS 

2.1 .1  Tachykinins and  PPT  Gene Products  

The tachykinins are a family of small peptides (fewer than 
50 residues), each of which has the same amino acid 
sequence, Phe-X-Gly-Leu-Met-NHz, at the amidated 
carboxy terminus (Fig. 7.1). Although three primary 
mammalian tachykinins- substance P, neurokinin A 
(NkA) and neurokinin B (NkB) - have been recognized, 
only substance P and NkA have been identified in the 
lungs and airways. Tachykinins are synthesized in nerve 
cell bodies, appropriately processed, and then trans- 
ported by axoplasmic flow to the terminal ramifications 
of axon dendrites, where they serve their neurotrans- 
mitter functions. Both substance P and NkA are derived 
from transcription and translation of the 
preprotachykinin I (PPT-I) gene (Nawa et al., 1984; 
Krause et al., 1987). NkB is derived from a separate gene, 

VIP 
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Figure 7.1 Amino acid sequences of VlP (upper box) 
and substance P and NkA (lower box). Note that the 
carboxy terminus of these peptides is amidated and 

amidation is required for receptor recognition. 
Cleavage sites for NEP, ACE and tryptase are shown. 

PPT-II (Kotani et al., 1986). After transcription, PPT-I 
mRNA is alternatively spliced to yield at least three dis- 
tinct forms of PPT-I mRNA, c~, B and 3". Substance P is 
formed by translation of all three forms of mRNA, while 
NkA is produced by translation of only the /5 and 3" 
forms. Differential post-translational processing of the 
and 3' forms of the PPT-I gene product can also result in 
the formation of three other NkA-related peptides: 
NkAa-10, NP3' and NPK. NP3" and NPK are both N- 
terminally extended forms of NkA and result from 
alternative post-translational processing of the 3' and /3 
forms of PPT-I mRNA, respectively (MacDonald et al., 
1989). Both NkAs_10 and NPK have been demonstrated 
in extracts of guinea-pig and human lung tissue (Hua et 
a/., 1985; Saria et al., 1988). NP3" has not yet been 
demonstrated in lung extracts but is present in other 
organs (Takeda et al., 1990). 

2 .1 .2  Ana tomic  Local iza t ion  o f  P P T  Gene 
Products  

Immunohistochemical analysis of lung tissues from 
animals and humans has revealed the presence of sub- 
stance P in C-fiber afferent neurons in the airways. 
Within the lung, NkA is co-localized to the same nerve 
terminals as substance P and has a similar distribution 
(Sundler et al., 1985; Uchida et al., 1987). The cell 
bodies for the C-fiber neurons in the lungs lie in the 
nodose, jugular and thoracic dorsal root ganglia. The C- 
fibers supplying the trachea have a vagal origin, whereas 
those supplying the rest of the lung have both vagal and 
spinal origins (Lundberg et al., 1984a; Kummer et al., 
1992). In the cat, substance P has been observed in cell 
bodies of neurons in airway ganglia, where it is usually co- 
localized with VIP (Dey etal . ,  1988), but in other species 
only peripheral neuronal processes have solely substance 
P immunoreactivity (Lundberg et al., 1984a). 

Substance P-immunoreactive neurons are found in the 
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airways from the nose (Baraniuk et al., 1991) down to 
the peripheral bronchioles (Nilsson et al., 1975; Lund- 
berg et al., 1984a), and have been identified at the 
alveolar level in some mammalian species (Ghatei et al., 
1982). However, the density of substance P-containing 
nerve processes is greatest in the trachea and large bronchi 
(Nilsson et al., 1975; Ghatei et al., 1982; Lundberg et 
al., 1984a,b; Sundler et al., 1985; Hua et al., 1985; 
Springall et al., 1988; Hislop et al., 1990); this localiza- 
tion probably reflects their physiological function as 
detailed below. Measurements of substance P content in 
extracts of airways confirm this distribution: substance P 
content is highest in the mainstem bronchi, but measur- 
able amounts are also present in peripheral lung samples 
(Ghatei et al., 1982; Springall et al., 1988; Lilly et al., 
1994). Substance P-immunoreactive nerves are found in 
greatest density beneath and between epithelial cells. 
Nerve processes are often seen penetrating to the luminal 
surface or impinging upon blood vessels, within the 
airway smooth musde layer and around parasympathetic 
ganglia (Lundberg et al., 1984b). This distribution 
reflects the dual sensory and motor role of these nerves. 

There are both species- and age-related variations in the 
amount and distribution of substance P in the airways. 
Substance P content per gram of airway tissue is greatest 
in airways from rats and guinea-pigs (Ghatei et al., 1982; 
Springall et al., 1988). It has been reported that fewer 
substance P-immunoreactive fibers are present in the 
airway epithelium of humans than in that of guinea-pigs 
or rats (Springall et al., 1988). However, when we quan- 
titatively measured the substance P content of human 
lung tissue obtained from adult autopsy specimens with 
high pressure liquid chromatography (a method that 
ensured that substance P-non-immunoreactive molecules 
were not measured), we found on the order of 
5 pmol g-1 tissue (Lilly et al., 1994), a level similar to 
that found in guinea-pig trachea (approximately 
6pmolg-1; Martins et al., 1991b). Examination of 
autopsy material from children aged 3 years or less has 
revealed substance P-immunoreactive nerves at all airway 
levels from the mainstem bronchi to alveolar ducts 
(Hislop et al., 1990). In contrast, in older people, sub- 
stance P-containing nerves are present in bronchi but are 
only rarely observed in smaller airways (Hislop et al., 
1990). Our analysis of peripheral lung samples obtained 
from adults at autopsy is in accord with this finding: 
lower levels of substance P are found per gram of 
peripheral lung (5 pmol) than of trachea (12 pmol; Lilly 
et al., 1994). 

Substance P content has been shown to be present at 
high levels in nerves subtending inflamed organs or 
tissues. For example, an inflammatory cytokine, inter- 
leukin 1/3 (IL-1B), has been found to elevate substance 
P content and PPT-I mRNA expression in rat superior 
cervical ganglion cells in culture (Jonakait et al., 1991). 
This effect has also been documented in v/v0; increased 
levels of PPT-I mRNA and substance P product have 

been observed in sensory nerves innervating inflamed 
tissue in adjuvant-induced arthritis in the rat (Colpaert et 
al., 1983; Donnerer etal . ,  1993; Hashimoto etal . ,  1993; 
Hanesch et al., 1993). A preliminary report by Fischer et 
al. (1994) indicates that levels of PPT-I mRNA are 
increased in the nodose ganglia of sensitized guinea-pigs 
12 h after challenge with inhaled allergen and that 
tachykinin content is elevated in the lungs of these 
animals 1-2 days after challenge. Although it has been 
established that the amount of substance P can be up- 
regulated in the airways of animals during induced 
inflammation, there is controversy concerning the 
amount of substance P extant in the airways of patients 
with asthma, a disease characterized by airway 
inflammation. Ollerenshaw et al. (1991) reported a 
greater density of substance P-immunoreactive nerves in 
airways removed from patients with asthma than in those 
from non-asthmatic subjects. However, Howarth et al. 
(1991) were unable to identify any substance P- 
immunoreactive nerves in endobronchial biopsy samples 
either from patients with mild asthma or from non- 
asthmatic individuals. We have observed that the sub- 
stance P content of extracts of trachea from patients who 
have died of asthma is lower than that of extracts from 
age-matched persons dying of non-pulmonary causes, 
possibly because of the release and subsequent degrada- 
tion of substance P during the asthmatic episode (Lilly et 
al., 1994). Examination of extracts of peripheral lung 
samples from asthmatic and non-asthmatic subjects rev- 
ealed no difference in substance P content. All data on 
the neuropeptide content of tissue must be interpreted 
with the understanding that the antibodies used to recog- 
nize tachykinins may not be specific and that the 
tachykinin content may be altered during tissue recovery 
and processing. 

2.1.3 The Function of  C-fibers and the Axon 
Reflex 

The C-fiber neurons, which contain substance P and 
NkA, are predominantly sensory in function. They can 
be stimulated by exogenous substances, such as inhaled 
irritants, and by endogenous substances, such as inflam- 
matory mediators (Fig. 7.2; Coleridge and Coleridge, 
1984). Both in the airways and in the lung periphery C- 
fibers are also stimulated by mechanical factors, such as 
lung inflation or pulmonary edema (Coleridge and 
Coleridge 1984; Lee and Morton, 1993); responding to 
these stimuli constitutes the afferent function of these 
neurons. 

In response to these activation stimuli, action poten- 
tials are conducted towards the central nervous system, 
where they may elicit reflex responses in respiratory pat- 
tern (e.g. rapid, shallow breathing), or alterations in pul- 
monary mechanics. As the action potentials, on their way 
to the central nervous system, pass the terminal ramifica- 
tions of axon dendrites, antidromic conduction occurs 
and signals are propagated toward peripheral nerve 
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terminals. Upon arrival of the action potentials at these 
terminals, tachykinins and other neuropeptides are 
released into the microenvironment surrounding the ter- 
minal. The peptides so released transduce signals at 
specific receptors that lead to multiple biological effects 
within the airways. The magnitude of these effects is 
limited by cleavage and inactivation of neuropeptides at 
or near the site of their release. Because of the multiple 
terminal ramifications of these nerves, a stimulus at a 
single locus, such as the airway surface, is spread through 
this "axon reflex" (Fig. 7.2), to the surrounding 
epithelium, smooth muscle, bronchial vasculature and 
secretory apparatus. The "spreading" of an irritant signal 
is a key feature of tachykinin-containing nerves and plays 
a major role in their contribution to inflammatory 
responses. One of the important ways that irritant signals 
are further amplified is through modification of the 
enzymatic capacity to cleave and inactivate tachykinins as 
they are released from nerve terminals. 

2.2 AIRWAY RESPONSES TO 
TACHYKININS 

Tachykinins transduce multiple effects in the airways, 
including bronchoconstriction, increased ion and water 
flux across the epithelium, cough, mucous secretion, 
increased ciliary beat frequency, increased airway blood 
flow and increased airway vascular permeability (Gashi et 
al., 1986; Borson et al., 1987, 1989; Kohrogi et al., 

1988; Shore and Drazen, 1989b; Tamaoki eta/ . ,  1991; 
Wong et al., 1991; Piedimonte etal . ,  1992). These neu- 
rotransmitters transduce airway smooth muscle constric- 
tion both by direct action at neurokinin (Nk) receptors 
on smooth muscle cells and by interactions with 
cholinergic nerves and mast cells. For example, in rabbits, 
at least part of tachykinin-induced bronchoconstriction is 
thought to result from stimulation of parasympathetic 
neurons, with subsequent release of acetylcholine. The 
evidence for this conjecture is that atropine attenuates 
the contractile response of rabbit trachea/rings to sub- 
stance P in vitro (Tanaka and Grunstein, 1984). Similarly, 
the addition of subthreshold amounts of substance P or 
NkA to ferret tracheal rings increases the contractile 
response to electrical field stimulation but not to 
exogenous acetylcholine. This observation suggests that 
tachykinins also stimulate cholinergic nerves in this spe- 
cies (Sekizawa et al., 1987). In the guinea-pig, substance 
P-induced bronchoconstriction appears to derive 
predominantly from a direct effect of substance P on 
airway smooth muscle Nk receptors; pretreatment of 
guinea-pigs with anticholinergics, cyclooxygenase inhi- 
bitors or histamine receptor antagonists does not affect 
the changes in pulmonary resistance induced by sub- 
stance P (Shore and Drazen, 1989a). In Fisher 344 rats, 
high concentrations of substance P or NkA increase pul- 
monary resistance by release of mast cell-derived amines 
(Joos and Pauwels, 1993). This physiological observation 
is in agreement with the biochemical observation that rat 
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Figure 7.2 Schematic diagram showing inter-connections among axon dendrites from sensory nerves and the 
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airway smooth muscle does not express tachykinin 
receptors (Sertl et al., 1988). In Sprague-Dawley rats, 
lower concentrations of substance P can elicit bron- 
chodilatation if baseline tone is raised by infusion of a 
cholinergic agonist (Szarek, personal communication). 
Relaxation of preconstricted rat tracheal rings by sub- 
stance P appears to involve stimulation of Nk receptors 
on the airway epithelium, with the subsequent synthesis 
of dilator prostaglandins. The evidence for this 
hypothesis is that relaxation is blocked by removal of the 
epithelium or by cyclooxygenase inhibitors (Devillier et 
al., 1992). Substance P causes relaxation of isolated 
murine bronchus (Manzini, 1992) by the same 
mechanism. 

In initial studies in which substance P was administered 
to subjects by intravenous infusion, no effect on airway 
caliber could be demonstrated. It is possible that potent 
cardiovascular side effects resulted in homeostatic reflexes 
with secondary effects on the airways that masked the 
effects of substance P (Fuller et al., 1987). However, 
when changes in the partial flow volume curve, a highly 
sensitive index of airway caliber, were used as the index 
of airway obstruction, inhaled NkA - and, to a lesser 
extent, inhaled substance P - caused airway obstruction 
in healthy people (Joos et al., 1987). NkA is approxi- 
mately 10-100 times more potent as a bronchocon- 
strictor in asthmatic than in non-asthmatic subjects 
(Cheung et al., 1992, 1993); this ratio of potency is 
similar to that observed for other agonists. 

2.3 D E G R A D A T I O N  OF T A C H Y K I N I N S  

Many peptidases, including neutral endopeptidase 
(NEP), angiotensin-converting enzyme (ACE), 
aminopeptidases, dipeptidyl-peptidase IV, cathepsin G 
and mast cell chymase, have the capacity to cleave and 
inactivate substance P or NkA (Conlon and Sheehan, 
1983; Turner et al., 1985; Johnson eta/. ,  1985; Caughey 
et al., 1988; Skidgel et al., 1991; Ahmad et al., 1992). 
In normal lungs and airways, only NEP and ACE appear 
to be of major importance in the cleavage of substance P 
(Martins et al., 1991b). NEP cleaves both substance P 
and NkA at sites shown in Fig. 7.1; ACE cleaves sub- 
stance P but not NkA. Cleavage of substance P and NkA 
by NEP and ACE results in fragments virtually devoid of 
bronchoconstrictive activity (Shore and Drazen, 1988; 
Shore et al., 1988). In contrast, products resulting from 
cleavage of substance P by aminopeptidases have 
enhanced biological activity compared to the native pep- 
tide. It is interesting that products resulting from 
cleavage of NkA by aminopeptidases do not exhibit 
greater bioactivity than NkA (Shore and Drazen, 1988, 
1991). 

The route of delivery of substance P to the lung appears 
to be of critical importance in determining which pepti- 
dase is likely to be responsible for degradation of the pep- 
tide. When substance P is administered intravenously to 

anesthetized guinea-pigs, both the NEP inhibitor thior- 
phan and the ACE inhibitor captopril increase the 
amount of peptide recovery from arterial blood, although 
captopril is much more effective in this respect (Shore et 
a/., 1988). In the absence of enzyme inhibitors, when 
substance P is offered to isolated, tracheally perfused 
guinea-pig lungs, less than half of the substance P is reco- 
vered in the effluent (Martins et al., 1990). Both thior- 
phan and another NEP inhibitor, SCH32615, can 
increase the recovery of intact substance P, whereas cap- 
topril has no effect on substance P recovery from the 
tracheally perfused lung. These results are consistent with 
the known distribution of NEP and ACE in the lung. 
ACE is localized primarily to pulmonary vascular 
endothelial cells (Ryan et al., 1985), where it would be 
expected to come into contact with and cleave 
intravenously infused substance P, whereas NEP is 
expressed in high concentrations on the airway 
epithelium, in airway smooth muscle, and airway sub- 
mucosa (Johnson et al., 1985; Choi et al., 1990), where 
it would be expected to cleave substance P delivered via 
the airway lumen before the activation of Nk receptors. 

The relative importance of NEP and ACE in degrada- 
tion of endogenously released tachykinins also appears to 
be dependent on the locus of release of these peptides. 
When capsaicin is delivered to the perfusate of guinea-pig 
lungs perfused via the airway lumen, NEP inhibitors but 
not ACE inhibitors increase the recovery of substance P 
and NkA from the lung effluent (Martins et al., 1991b). 
In contrast, both NEP and ACE appear to be important 
in the degradation of peptides responsible for bron- 
choconstriction when capsaicin is administered 
intravenously (Shore et al., 1993). Clearly, the adminis- 
tration of pharmacological agents that prevent cleavage 
and inactivation of substance P or NkA will enhance the 
peptide's bronchoconstrictive potential. This process- 
i.e. decreased tachykinin cleavage - can also occur in the 
setting of airway inflammation, as will be outlined in the 
section that follows. 

2.4 I N F L A M M A T O R Y  M O D U L A T I O N  

OF T A C H Y K I N I N  C L E A V A G E  

The administration of a variety of agents capable of 
inducing inflammation in the airways is associated with 
decreased NEP activity. Airway NEP activity decreases in 
rodents after respiratory viral infections (Jacoby et al., 
1988; Dusser, et al., 1989b; Borson et al., 1989), after 
exposure to ozone (Murlas et al., 1992), after inhalation 
of cigarette smoke (Dusser et al., 1989; Kwon, et al. 
1994), and after exposure to toluene diisocyanate (Shep- 
pard et al., 1988). The physiological importance of these 
changes in NEP activity is reflected in the increased mag- 
nitude of airway responses induced by substance P in 
animals challenged with these agents (Jacoby et al., 1988; 
Sheppard etal. ,  1988; Dusser etal. ,  1989a; Borson etal . ,  
1989; Murlas et al., 1992). 
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Although tachykinins are important in the airway 
response to certain interventions, there appears to be 
little or no "tachykinin tone" in the absence of interven- 
tion. In non-asthmatic or stable asthmatic human 
airways, neither the NEP inhibitor thiorphan (Cheung et 
al., 1992, 1993) nor the combined Nkl/Nk2 receptor 
antagonist FK224 (Ichinose et al., 1992) has any effect 
on baseline specific airways resistance. Likewise, altera- 
tions in NEP activity do not contribute to the enhanced 
bronchoconstrictive responses to NkA observed in 
patients with mild asthma. Asthmatic patients respond to 
inhaled thiorphan with an increase in NkA-induced 
bronchoconstriction similar in magnitude to that 
documented in non-asthmatic subjects (Cheung et al., 
1992, 1993). 

2.5 TACHYKININ RECEPTORS 

2.5.1 Receptor Structure 
The effects oftachykinins in the airways result from signal 
transduction initiated by the interaction of tachykinins 
with specific receptors on effector cells. Three distinct 
mammalian tachykinin receptors - Nkl,  Nk2 and Nk3 - 
have now been identified and molecularly cloned (Masu 
et al., 1987; Yokota et al., 1989; Shigemoto et al., 
1990). In addition, subtypes of both the Nkl and the 
Nk2 receptors have been proposed (Maggi, 1993). Sub- 
stance P has the highest affinity for the Nkl receptor, 
NkA for the Nk2 receptor, and NkB for the Nk3 
receptor, although each peptide can interact with all 
three receptors. Even though the ligands for the Nkl and 
Nk2 receptors; (i.e., substance P and NkA) are derived 
from transcription of the same gene (PPT-I), the genes 
encoding these receptors are not linked genetically. 
Rather, they are found on different chromosomes and are 
regulated independently. Specifically, the Nkl receptor is 
on human chromosome 2, while the Nk2 receptor is on 
human chromosome 10 (Gerard et al., 1990, 1991). 

Structurally, the tachykinin receptors are seven trans- 
membrane domain, G protein-linked receptors, and in 
that regard are similar to many other receptors mediating 
inflammatory events (Gerard et al., 1991). The seven 
membrane-spanning sequences, particularly segment 
seven and those portions of the cytoplasmic regions close 

It has now been established by studies of numerous 
tissues that the interaction of all members of the Nk 
receptor family with appropriate ligands results in G 
protein-linked activation of phospholipase C and phos- 
phoinositol turnover with increased synthesis of inositol 
triphosphate (IP3) and consequent increases in levels of 
intracellular calcium (Nakanishi et al., 1993). This acti- 
vation occurs via a pertussis toxin-insensitive pathway 
and probably involves the Gq]11 subfamily of G~ pro- 
teins (Kwatra et al., 1993). Activation of transfected 
tachykinin receptors in CHO cells can also result in the 
generation of cAMP (Nakajima et al., 1992; Wiener, 
1993). 

Information is available concerning the regulation of 
Nkl receptor gene expression. The protein coding region 
of the Nkl receptor gene contains five exons and is dis- 
persed over 45-60 kb of genomic DNA on human chro- 
mosome 2 (Krause et al., 1993). The putative promoter 
regions of the human and rat Nkl receptor gene are 
highly homologous and contain several sequence motifs 
displaying significant homology with previously 
described sequences that mediate transcriptional regu- 
lation. These elements include an AP-1 site, an AP-2 site, 
an epidermal growth factor, a phorbol ester and calcium 
site, and a cAMP site. A functional role for at least one 
of these sites appears to have been confirmed. Krause et 
al. (1993) showed increased levels of Nkl receptor 
mRNA 4 h after treatment of U373-MG astrocytoma 
cells with forskolin, which also resulted in 2- to 3-fold 
elevations in levels of cAMP. Glucocorticoids have also 
been shown to down-regulate Nkl receptor mRNA in a 
number of cell lines (Ihara and Nakanishi, 1990; Gerard 
et al., 1991), although no well-defined glucocorticoid 
regulatory element has been identified in either rat or 
human genes. The organization of the Nk2 receptor gene 
on human chromosome 10 has been described (Gerard et 
al., 1990), but little is known about regulation of its 
expression. 

2 .5 .2  A n a t o m i c  and  Func t iona l  Sites o f  
Receptor Loca t ion  

Autoradiographic studies of human and guinea-pig 
airways have demonstrated the presence of tachykinin 
receptors on vascular smooth muscle, airway epithelium 
and submucosal glands, with a particularly high density 

to the transmembrane regions, show a high degree of on airway smooth muscle from the trachea to small bron- 
homology among the three tachykinin receptors 
(Nakanishi et al., 1993). Data obtained by the expression 
of mutant or chimeric tachykinin receptors in COS cells 
or Chinese hamster ovary (CHO) cells indicate that the 
extracellular domains are critical in the binding of pep- 
tides to receptors. However, the extracellular loops and 

chioles (Castairs and Barnes, 1986; Hoover and Han- 
cock, 1987). In contrast, in rat airways, there is no 
labelling of airway smooth muscle (Sertl et al., 1988). 

Both Nkl and Nk2 receptors are present in the airway 
smooth muscle of guinea-pigs. Nkl receptor selective 
agonists cause contraction of the isolated guinea-pig 

tail are not the only domains that confer the specificity of trachea or tracheally perfused lung that is inhibited by 
the receptor; modification of the protein sequence in the Nkl receptor selective antagonists (Lilly et al., 1994). 
transmembrane regions also appears to be involved in Similarly, in these preparations, Nk2 receptor selective 
signal transduction (Laneuville et al., 1992; Fong et al., agonists transduce contraction that is inhibited by Nk2 
1993). receptor selective antagonists (Ellis et al., 1993). It is 
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important that substance P and NkA have the capacity to 
initiate signal transduction at either receptor; as a conse- 
quence, antagonists of both Nkl and Nk2 receptors are 
required to inhibit the bronchoconstrictor activity of 
these endogenous tachykinins in vivo (Foulon et al., 
1993). 

It appears that only Nk2 receptors are expressed in iso- 
lated human airway smooth muscle. Nk2 receptor selec- 
tive agonists cause contraction, whereas agonists selective 
for the Nkl or Nk3 receptor do not cause contraction 
except at very high concentrations (Naline et al., 1989; 
Ellis et al., 1993). Contractions observed at these high 
doses are not blocked by the Nkl receptor selective 
antagonist CP96345 but are inhibited by Nk2 receptor 
selective antagonists (Ellis et al., 1993). In isolated 
human airways Nk2 receptor antagonists inhibit contrac- 
tions induced by exposure to either substance P or NkA 
(Ellis et al., 1993). 

Even though Nk2 receptors are the only receptors 
present on human airway smooth musde, Nkl receptors 
may also be involved in mediating the obstruction of 
human airways. It is well established that tachykinins 
have activities in addition to smooth muscle contraction 
that may contribute to airway obstruction. These pep- 
tides can elicit mucus secretion. They can enhance airway 
microvascular permeability and increase airway blood 
flow, alterations that may lead to airway edema and that, 
in guinea-pigs, can contribute to the changes in pulmo- 
nary resistance that follow inhalation of substance P (Lot- 
vail et al., 1990). While the action of tachykinins on 
airway smooth muscle is mediated by Nk2 receptors, 
their effects on mucus-secreting cells in human airways 
are mediated by Nkl receptors (Rogers et al., 1989). The 
tachykinin receptors mediating effects of substance P and 
NkA on blood vessels in human airways have not yet 
been characterized, but in other species the Nkl receptor 
is the transduction unit involved (Lei et al., 1992). 

The expression of tachykinin receptors is increased in a 
number of inflammatory diseases, including asthma. In 
Crohn's disease and in ulcerative colitis, expression of 
Nkl receptors in the colon is markedly up-regulated but 
Nk2 receptor expression is not changed (Mantyh et al., 
1988). In healthy colon, Nkl receptors are primarily 
associated with the external circular smooth muscle. 
However, in resected colonic tissue from patients with 
inflammatory bowel diseases, there is increased Nkl 
receptor expression associated with small arterioles and 
lymph nodes. Nkl receptor expression is also up- 
regulated in the resected appendiceal tissue of patients 
with appendicitis (Mantyh et al., 1994). Again, the 
increased [12sI]-SP binding sites are observed mainly in 
the germinal zone of the lymph nodes and in blood 
vessels. Nkl receptor mRNA expression is increased in 
those portions of the rat spinal cord innervating the hind 
paws after the induction of inflammation of the hind paw 
by injection of formalin or Freund's adjuvant (McCarson 
and Krause, 1994). 

Adcock et al. (1993) reported increased levels of Nkl 
receptor mRNA in airway tissue obtained from asthmatic 
subjects compared to normal subjects. However, these 
authors did not evaluate the cellular distribution of 
receptor protein. In contrast, Bai et al. (1994) reported 
no difference between levels of Nkl receptor mRNA in 
lung tissue from non-asthmatic subjects and that in lung 
tissue from asthmatic patients; these investigators did 
find that the level of Nk2 receptor mRNA was increased 
in the asthmatic individuals. The medications used for 
the treatment of asthma may explain this discrepancy; 
Adcock et al. (1993) have shown that treatment with 
glucocorticoids decreases Nkl receptor expression in 
asthmatic airways. 

2.6 I N T E R A C T I O N S  OF C-FIBERS A N D  

M A S T  C E L L S  

Histologic evidence shows a close anatomic correspon- 
dence between mast cells and C-fibers in peripheral 
organs (Skofitsch et al., 1985; Stead et al., 1987) and in 
the nodose ganglia (Undem and Weinrich, 1993). There 
is both functional and structural evidence for innervation 
of mast cells by C-fibers. Stimulation of the trigeminal 
nerve causes mast cells in the rat dura mater to degranu- 
late. This effect, which is apparent on histologic evalu- 
ation, is abolished by treatment with neonatal capsaicin 
and this may be mediated by C-fibers (Dimitriadou et al., 
1991). 

2 .6 .1  Ac t iva t ion  o f  Mas t  Cells by 
Tachykinins  

A substantial body of evidence shows that tachykinins 
can cause the activation and degranulation of mast cells. 
In rat peritoneal mast cells, substance P causes the release 
of histamine (H; Foreman and Jordan, 1983). This 
activity is related to charged residues at the amino ter- 
minus of the molecule rather than to interaction with 
tachykinin receptors: tachykinins such as eledoisin and 
SP4-11, which lack these charged moieties but can acti- 
vate Nk receptors, do not mediate the release of mast cell 
products. In rats, both substance P and NkA, as opposed 
to saline, elicit enhanced recovery of serotonin and H 
from bronchoalveolar lavage (BAL) fluid (Joos and 
Pauwels, 1993). Predegranulation of mast cells by 
administration of compound 48/80 2 days before 
challenge with tachykinins prevents the release of 
serotonin and H; this result suggests that mast cells are 
indeed the source of the amines recovered. Moreover, 
the fact that either pretreatment with compound 48/80 
or administration of a serotonin receptor antagonist pre- 
vents the changes in pulmonary resistance ordinarily 
induced by substance P and NkA suggests that stimu- 
lation of mast cells by tachykinins has important physio- 
logical consequences. In isolated, tracheally perfused 
lungs, substance P and capsaicin evoke enhanced 
recovery of H from perfusion fluid (Lilly et al., 1994). 
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These effects of tachykinins appear to be mediated by Nk 
receptors, as both Nkl and Nk2 receptor antagonists 
reduce the amounts of H/serotonin recovered. 

The physiological effects of tachykinins on airway mast 
cells involve, in part, the release of leukotrienes. In 
preparations of guinea-pig bronchi that include an intact 
vagus nerve, stimulation of the attached nerve results in 
a biphasic contractile response. The first phase is choliner- 
gically mediated, while the second phase is abolished by 
pretreatment with large doses of capsaicin, and thus is 
probably C-fiber mediated. Ellis and Undem (1991) have 
reported that the capsaicin-sensitive contraction is 
inhibited by three structurally unrelated sulfidopeptide 
leukotriene receptor antagonists. The addition of 
exogenous leukotriene D4 (LTD4) potentiates these 
second-phase responses but does not alter the response 
to exogenously administered substance P or NkA; this 
finding suggests that LTD4 augments the release of 
tachykinins from C-fibers rather than the activity of 
the tachykinins. One potential explanation for these 
results is that tachykinins released from C-fibers by nerve 
stimulation act on mast cells in a manner that causes 
the release of leukotrienes. The leukotrienes then act 
to enhance further release of tachykinins from the 
C-fibers. 

Activation of mast cells in the airways by allergens may 
sensitize C-fibers to other stimuli. Ellis and Undem 
(1992) reported that the addition of low concentrations 
of antigen - which themselves caused little contraction - 
to the trachea of ovalbumin-sensitized guinea-pigs 
markedly potentiated contractions induced by capsaicin- 
sensitive electrical field stimulation. They also found that 
H mimicked the effect of antigen, and an H I  receptor 
antagonist prevented the potentiation caused by oval- 
bumin. Similarly, Lee and Morton (1993) reported that, 
in dogs, a dose of aerosolized H which evoked little 
change in the activity of C-fibers, increased the frequency 
of the action potentials observed after right atrial injec- 
tion of capsaicin and prolonged the effect of capsaicin. H 
also increased and prolonged the effect of lung inflation 
on C-fiber firing frequency. 

2 .6 .2  S t imula t ion  o f  C-fibers and Tachykinin  
Release by Mast Cell Products 
The ability of H and leukotriene C4 (LTC4) to increase 
the frequency of the action potentials recorded from 
single C-fibers (i.e. to activate the C-fibers) subtending 
canine airways was originally described by Coleridge and 
Coleridge (1984). Undem etal.  (1993) have also demon- 
strated effects of both H and LTC4 on electrical proper- 
ties of neurons in the guinea-pig nodose ganglia 
subtending axons with conduction velocities consistent 
with those of C-fibers. These investigators reported that 
both autocoids caused membrane depolarization in some 
of these neurons. H and LTC4 as well as prostacyclin, 
bradykinin and serotonin also abolished the long-lasting 
hyperpolarization following an action potential in some 

neurons and thus increased the frequency of action 
potential conduction. 

Products of mast cells, including H, LTC4, LTD4 and 
platelet-activating factor (PAF), have also been shown to 
evoke the release of substance P and NkA in the airways 
(Saria et al., 1988; Martins et al., 1991a). Martins et al. 
(1991a) detected increased amounts of substance P- and 
NkA-like immunoreactivity in the effluent of isolated, 
tracheally perfused guinea-pig lungs after the addition of 
H, LTC4 or PAF to the infusion perfusate. Augmented 
peptide recovery after the addition of the NEP inhibitor 
thiorphan to the perfusate indicated that the tachykinins 
were released in a locus that allowed their degradation by 
NEP. Bloomquist and Kream reported that LTD4 caused 
the release of substance P and NkA in isolated guinea-pig 
trachea (Bloomquist and Kream, 1990). 

Tachykinins are not only released by mast cell products, 
but appear in some cases to be involved in mediating the 
contractile responses or changes in airway responsiveness 
induced by these products. Bronchoconstrictor responses 
to H decrease in anesthetized guinea-pigs previously 
treated with large doses of capsaicin to deplete the lungs 
and airways of tachykinins (Martling et al., 1984; Biggs 
and Ladenius, 1990). In isolated perfused guinea-pig 
lungs, administration of the NEP inhibitor thiorphan 
increases the changes in airway opening pressure caused 
by H (Martins et al., 1991a). Similarly, in isolated 
guinea-pig tracheal tissues, tachykinin receptor 
antagonists decrease and NEP inhibitors increase the con- 
tractile response to LTD4 (Bloomquist and Kream, 
1990). Perretti and Manzini (1993) reported that the 
airway hyperresponsiveness induced by PAF could be 
prevented if animals were pretreated with capsaicin to 
deplete the lungs and airways of tachykinins. 

Interactions of C-fibers with mast cells may also con- 
tribute to airway responses in animal models of asthma. 
In guinea-pigs, bronchoconstriction develops after 
eucapnic hyperventilation. Ray et al. (1989) reported that 
the changes in pulmonary resistance induced by hyper- 
ventilation increased after the administration of the NEP 
inhibitor phosphoramidon, which also increases 
responses to substance P and NkA. In addition, treat- 
ment with large doses of capsaicin to deplete substance P 
and NkA in the airways substantially reduced bron- 
choconstriction. The same group reported that both the 
Nkl receptor antagonist CP96345 and the Nk2 receptor 
antagonist SR48968 reduced the changes in resistance 
induced by hyperventilation (Solway et al., 1993). Leu- 
kotriene receptor antagonists and synthesis inhibitors 
have also been reported to reduce bronchoconstriction in 
this model (Garland et al., 1993). It is possible that mast 
cell activation resulting from cooling or drying of the 
airways releases leukotrienes which act to release contrac- 
tile tachykinins from C-fibers. However, Yang et al. 
(1994) have demonstrated that the increase in LTC4 
measured in bile after eucapnic hyperventilation is not 
evident in capsaicin-pretreated guinea-pigs. These results 
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suggest that the role of C-fibers in this model is to stimu- 
late mast cells to release leukotrienes, which effects the 
contraction of airway smooth muscle. 

The importance of mast cell-sensory nerve interactions 
in human airways remains to be established. There are, to 
our knowledge, no data regarding the ability of mast cell 
products to stimulate C-fibers in human airways. Sub- 
stance P does cause the degranulation of human skin 
mast cells (Lawrence et al., 1987), and injection of sub- 
stance P into human skin causes itching and a wheal-and- 
flare response (WaUengren and Hakanson, 1987). 
However, mast cells isolated from human lung tissue 
obtained at surgical resection do not release H when 
exposed to substance P (Lawrence et al., 1987). 

2 .6 .3  Biological Impor t ance  o f  Mas t  
Ce l l -Tachyk in in  In te rac t ions  
The amplification of physiological responses through the 
interactions of mast cells with C-fiber-containing neurons 
is an important phenomenon (Fig. 7.3). The data 
reviewed above demonstrate that products of mast cells 
stimulate C-fibers which release tachykinins from nerve 
terminals. In addition, tachykinins can cause mast cell 
activation. 

The potential for amplification of airway responses is 
intriguing. Mast cell products released by specific 
antigen-IgE interactions could stimulate C-fibers to 
release tachykinins, and these tachykinins could then 
stimulate the mast cells that fell within the dendritic net- 
work of the particular nerve involved. Therefore, local 
antigen-induced stimulation of mast cells could spread 
far beyond the diffusion distance for the antigen in 
question. The specific relevance of this proposed amplifi- 
cation mechanism to human disease has not been 
evaluated. 

Figure 7.3 Potential mast cell interactions with 
C-fibers. Substance P (SP) may be released from 
nerve endings or from mast cells while mast cell 

mediators may be released by substance P. Thus, 
there is potential for amplification of either neural or 

mast cell signals by this system. 

2.7 I N T E R A C T I O N S  OF T A C H Y K I N I N S  

A N D  T H E  I M M U N E  S Y S T E M  

Important interactions of the nervous and immune 
systems are known to take place and to involve neu- 
ropeptides; the largest body of available evidence relates 
to the participation of substance P in these interactions. 
Most lymphoid tissues are innervated by substance P 
positive nerves; substance P has also been immuno- 
localized to immune and inflammatory cells. Cells of the 
immune system express receptors for substance P, and 
relatively low concentrations of this peptide alter the 
functional capabilities of these cells. 

2 .7 .1  Substance P Inne rva t ion  o f  L y m p h o i d  
Tissues 

Immunohistochemical staining hasrevealed substance P 
in thymus (Bellinger et al., 1990), spleen (Lundberg et 
al., 1985; Lorton et al., 1991), lymph nodes (Nilsson et 
al., 1990), Peyer's patches (Stead et al., 1987), tonsils 
(Vanschayck and Janherwaarden, 1993) and bronchus- 
associated lymphoid tissue (Inoue et al., 1990; Nohr and 
Weihe, 1991). Nerves immunostaining for neuropeptide 
Y (NPY), calcitonin gene-related peptide (CGRP), VIP, 
cholecystokinin (CCK), somatostatin and enkephalins 
have also been observed in these tissues (Bellinger et al., 
1992). In bronchus-associated lymphoid tissue of rats 
and cats, substance P-immunoreactive neurons are found 
under the airway epithelium in a perivascular location, 
intermingling with lymphoid cells in the parenchyma. 
Neural dendrites have also been observed in direct 
contact with mast cells and with cells of the 
macrophage/monocyte lineage (Nohra and Weihe, 
1991). In most other lymphoid tissues, substance P- 
containing nerves are also found in close proximity to 
macrophages, mast cells and lymphoid cells (Stead et al., 
1987; Bellinger et al., 1990; Nilsson et al., 1990; Lorton 
et al., 1991; Weihe and Krekel, 1991). 

The innervation of the lymphoid vasculature by sub- 
stance P-containing neurons and the ability of substance 
P to enhance lymph tissue blood flow (Lundberg et al., 
1985) suggest that substance P may alter "lymphocyte 
traffic". Substance P induces the expression of 
endothelial leukocyte adhesion molecule i (ELAM-1) on 
microvascular endothelial cells (Matis et al., 1990) and 
may similarly affect the expression of adhesion molecules 
on lymphocytes. Infusion of substance P has been shown 
to increase lymph flow and lymphocyte traffic in sheep 
lymph nodes (Moore et al., 1989). 

Nk receptors have been demonstrated on human and 
murine T and B lymphocytes, on human IM-9 cells (lym- 
phoblasts), on human peripheral blood monocytes, and 
on guinea-pig peritoneal and alveolar macrophages but 
not on human alveolar macrophages (Payan et al., 1983; 
Hartung and Toyka, 1983; Hartung et al., 1986; Lotz et 
al., 1988; Pujol et al., 1989; Muscettola and Grasso, 
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1990; Bost and Pascual, 1992). In lymphocytes and 
lymphocytic cell lines, substance P augments mitogen- 
induced proliferation of B and T lymphocytes (Payan et 
al., 1983; Bost and Pascual, 1992), stimulates immuno- 
globulin synthesis (Bost and Pascual, 1992), augments the 
release of interleukin 2 (IL-2) from concanavalin A (Con 
A)-stimulated murine CD4 + T cells (Rameshwar et al., 
1993), and causes the release of superoxide anion as well 
as thromboxane A2 (TXA2) from guinea-pig macrophages 
(Hartung and Toyka, 1983; Bowden et al., 1994). Sub- 
stance P also causes the release of IL-1, tumor necrosis 
factor 2~ (TNF~) and IL-6 from human blood monocytes 
(Lotz et al., 1988) and enhances production of interferon 

(IFN~) by these cells after stimulation bystaphylococcal 
enterotoxin A (Muscettola and Grasso, 1990). It is inter- 
esting that, in many of these assays, VIP has opposing 
effects (Rola-Pleszczynski et al., 1985; Wiik, 1989). 

One reason to believe that substance P is an important 
immune effector molecule is that extraordinarily low con- 
centrations are required for effects on lymphocytes. For 
example, substance P augmentation of the mitogenic 
effects of Con A or phytohemagglutinin M on human T 
cells is apparent at concentrations as low as 10-1~ 
(Payan et al., 1983). The ability of substance P to evoke 
the release of IL-2 from Con A-stimulated murine CD4 + 
T cells is maximal at 10-13 M (Rameshwar et al., 1993). 
Substance P appears to bind to Nkl receptors on murine 

occur following antigen exposure. In contrast, other 
investigators (Ingenito et al., 1991; Lai, 1991; Sakamoto 
et al., 1993) have been unable to demonstrate any effect 
of capsaicin pretreatment or of tachykinin receptor 
antagonists on antigen-induced airway responses. Since 
most of these experiments were designed to examine the 
participation of C-fibers or tachykinins in acute responses 
to inhaled allergen rather than the role of tachykinins in 
activation of the immune system, interpretation of the 
results in terms of immune function is difficult. Capsaicin 
treatment or Nk receptor antagonist administration may 
not have been undertaken at a time when it could have 
altered allergen sensitization or IgE production. The 
inconsistency of the results may reflect a complicated 
interplay of the experimental design and the effects of 
tachykinins on the immune system and/or the airways. 

2 . 8  R O L E  OF C-FIBERS I N  A I R W A Y  

I N J U R Y  

The primary locus of substance P-containing neurons in 
the upper airways and the ability of C-fibers to respond 
to many inhaled irritants suggest that these neurons play 
an important role in pulmonary defense. Indeed, many 
of the effects of C-fiber activation, including cough 
(Kohrogi et al., 1988), hypersecretion of mucus (Gashi et 
al., 1986), alterations in ventilatory pattern (Coleridge 

splenocytes; the recognition of the C-terminus of the and Coleridge, 1984), increases in ion and water flux 
molecule by these receptors is indicated by the ability of across the airway epithelium (Tamaoki et al., 1991), and 
SP4-11 to evoke the release of IL-2, whereas SP1-4 is increases in ciliary beat frequency (Wong et al., 1991), 
inactive (Rameshwar et M., 1993). In addition, substance can be viewed as strategies to limit the ability of inhaled 
P is much more active than either NkA or NkB, and the noxious agents or particles to reach sensitive peripheral 
Nkl receptor antagonist CP96345 inhibits the release of lung tissues. Other physiological effects of neuropeptides 
IL-2 by substance P in a dose-dependent manner, found in C-fibers, such as augmentation of airway blood 

The tachykinin receptors on guinea-pig alveolar macro- 
phages appear to be of the Nk2 receptor subtype. NkA 
is the most potent of the endogenous tachykinins in 
eliciting release of superoxide anion from these cells, and 
Nk2 selective antagonists inhibit this release (Bowden et 
al., 1994). 

Despite the demonstrated potential for interactions of 
C-fibers with the immune system, the functional sig- 
nificance of the innervation of immune cells and tissues 
by substance P-containing nerves has not yet been estab- 
lished. It is possible that C-fibers contribute to antigen- 
induced responses by participating in the process of 
antigen sensitization, IgE production or lymphocyte 
recruitment. The role of C-fibers in the physiological 
changes that take place in animal models of allergen- 
induced asthma has been examined; the results obtained 
have been inconsistent. For example, a number of inves- 
tigators (Manzini et al., 1987; Matsuse et al., 1991; Ber- 
trand et al., 1993) have shown that chronic pretreatment 
of guinea-pigs with capsaicin (to deplete tachykinins) or 
administration of tachykinin receptor antagonists 
attenuates the bronchospasm, the airway hyperrespon- 
siveness, and the increased vascular permeability that 

flow (Piedimonte et al., 1992), mediation of increased 
vascular permeability (Lundberg et al., 1984a), and 
stimulation of mitosis of airway epithelial cells (White et 
al., 1993), could be important in the repair of damaged 
tissue. Therefore, it is not too surprising that a protective 
role for C-fibers has been reported during the exposure of 
animals to inhaled irritants or infectious agents. Capsaicin 
pretreatment has been shown to augment the inflamma- 
tion and] or injury induced by pulmonary exposure of rats 
or guinea-pigs to hydrogen sulfide (Prior et al., 1990), 
ozone (Sterner-Kock et al., 1994), acrolein (Turner et al., 
1993), endotoxin (Long etal . ,  1993), SO2 gas (Long and 
Shore, 1994), and Mycoplasma pulmonis (Bowden et al. , 
1994). It is not known whether this system can be ther- 
apeutically manipulated to the host's benefit. 

3. Vasoactive Intestinal Peptide 
VIP is an amidated 28 amino acid peptide that was orig- 
inally discovered in extracts of pig duodenum. Both VIP 
and its receptor have since been found in a wide variety 
of tissues, including those of the digestive system, the 
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CNS, the respiratory system, skeletal muscle, and cells of 
the immune system. We limit ourselves in this chapter to 
a discussion of the role of VIP in the lung and a brief con- 
sideration of the importance of VIP in the immune 
system as it relates to the lung. One important physio- 
logical effect of VIP in the lung is the relaxation of airway 
smooth muscle (Altiere and Diamond, 1984; Palmer et 
al., 1986). In addition, VIP is a potent dilator of pulmo- 
nary (Greenberg et al., 1987) and bronchial (Palmer et 
al., 1986) blood vessels and affects airway mucus secre- 
tion (Peatfield and Richardson, 1983; Webber and Wid- 
dicombe, 1987). In order for VIP to influence a 
physiological process: (1) it must be synthesized and 
transported to its nerve terminals; (2) it must be released 
into the microenvironment, where it is (3) either 
processed by regulatory enzymes or (4) activates specific 
high affinity receptors that transduce physiological 
effects. 

3.1 VIP SYNTHESIS AND 
PULMONARY TISSUE 
LOCALIZATION 

3.1.1 VIP Gene 
VIP is the product of a gene that encodes the amino acid 
sequence for both VIP and peptide histidine methionine 
(PHM-27; Linder etal . ,  1987; Giladi etal . ,  1990). There 
appears to be only a single copy of the gene, spanning 
approximately 9 kb on chromosome 6 (between 6q26 
and 6q27) of the human genome (Gozes et al., 1987; 
Gotoh et al., 1988). The VIP gene is part of the glucagon 
superfamily of genes, which also includes the genes 
encoding glucagon, secretin, PHM-27, gastric inhibitory 
peptide, and growth hormone releasing factor (Bell, 
1986). The gene for VIP contains seven exons, and the 
sequence information for the VIP peptide is contained 
within a single exon. Among the various mammalian spe- 
cies there are minor differences in the VIP gene (Giladi et 
al., 1990; Lamperti et al., 1991), but the 5' flanking 
region is highly conserved and contains a promoter 
sequence that is inducible by cAMP (Tsukada et al., 
1987; Yamagami et al., 1988). 

3 .1 .2  P u l m o n a r y  D i s t r i bu t ion  o f  VIP Gene 
Products 
VIP is synthesized in nerve cell bodies and transported by 
axoplasmic flow to nerve terminals; ganglia containing 
VIP reactive cell bodies are found in great profusion in 
the walls of the trachea and major bronchi (Uddman et 
a/., 1978; Dey et a l . ,  1981). Nerves with VIP 
immunoreactivity have been found in the airways of most 
mammalian species studied (Springall etal . ,  1988; Barnes 
et al., 1991). This immunoreactivity is localized both to 
nerves and to ganglia in the airway wall; VIP-containing 
neurons in the airway predominantly innervate bronchial 

blood vessels, seromucous glands and airway smooth 
muscle (Laube et al., 1992; Polak and Bloom, 1982). 
VIP is often, though not exclusively, co-localized with 
acetylcholine (Barnes etal. ,  1991). In the lungs of human 
adults, VIP-like immunoreactivity is found in the 
branching networks of nerve fibers that envelop airways 
from major bronchi down to bronchioles as small as 
200 #m in diameter; however, the number of VIP- 
immunoreactive nerves decreases as one proceeds further 
"alveolarward" into the healthy lung (Hislop et al., 
1990). These immunohistochemical findings have been 
corroborated by recent studies in which VIP was 
extracted from human tracheal and parenchymal samples; 
the VIP content of the trachea was greater than that of 
peripheral lung tissue (Lilly et al., 1994). 

VIP-immunoreactive fibers are found within the 
smooth muscle and in association with vessels and 
mucous glands (Dey et al., 1981; Ghatei et al., 1982; 
Laitinen et al., 1985; Springall et al., 1988). In some 
mammalian species, VIP has been localized to nerves 
running beneath the epithelium, though these 
subepithelial fibers appear to be of sensory origin (Barnes 
etal. ,  1991). The presence of VIP in the airways has been 
confirmed by measurements of the VIP content of 
extracts of airway tissue (Ghatei et al., 1982, 1983). 

Like those of substance P, the content and distribution 
of VIP in the airways differ significantly according to the 
animal species studied. VIP-containing nerve fibers are 
most abundant in cat airways (Springall et al., 1988), 
whose VIP content is approximately 10 times that found 
in rat or guinea-pig airways (Ghatei et al., 1982). In 
rodents and guinea-pigs VIP-containing nerves are found 
mostly in association with mucous glands and are less 
abundant in airway blood vessels and airway smooth 
muscle. In humans, the degree of VIP innervation in 
smooth muscle and in blood vessels is greater (Springall 
et al., 1988). There are also age-related changes in the 
location of VIP-containing nerves in the airways. In 
airways from children less than 3 years of age, VIP is 
localized to ganglia and to nerves from the bronchi, 
bronchioles, respiratory bronchioles and alveolar ducts 
(Hislop et al., 1990). In persons more than 10 years of 
age, VIP-containing nerves do not extend beyond the 
bronchioles. Geppetti et al. (1988) reported a decrease in 
VIP content (measured by both radioimmunoassay and 
by immunofluorescence) as a function of age in the rat. 

Changes in the distribution of VIP-immunoreactive 
nerves have also been reported in airways (or airway 
biopsy specimens) from patients with airway disease. 
Ollerenshaw et al. (1989) reported finding few, if any, 
VIP-containing nerves in the airways of asthmatic 
patients; in contrast, such nerves were found in the 
airways of non-asthmatic subjects who served as controls. 
These data have not been widely reproduced; another 
group who studied the VIP content ofbronchoscopically 
obtained airway samples from mildly asthmatic and non- 
asthmatic subjects was unable to detect a difference 
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between these groups in the density of VIP-containing 
nerves between these (Howarth et al., 1991). We meas- 
ured the density of VIP-immunoreactive nerve fibers in 
tracheal tissue obtained at autopsy and found no signifi- 
cant differences in this regard between patients with fatal 
asthma and non-asthmatic patients. We also measured 
the amount of VIP in tracheal and lung parenchymal 
tissue extracts, using sequential high pressure liquid chro- 
matography and immunoassay to ensure the separation 
of cross-reacting products from authentic VIP. All asth- 
matic subjects had detectable levels of VIP in lung tissue; 

human lungs have displayed specific high affinity binding 
ofVIP (Robberecht etal . ,  1981; Taton etal . ,  1981; Ker- 
mode, et al., 1992). VIP binding has been associated 
with increased levels of cAMP in rat, guinea-pig and 
human lung tissue (Kitamura et al., 1980; Robberecht et 
al., 1981; Taton etal . ,  1981; Kermode etal . ,  1992). The 
evidence that VIP receptors are associated with cAMP 
activity in lung tissue includes the observations that VIP 
stimulation increases the cAMP content of guinea-pig 
trachea; that VIP-secretin receptors in rat and human 
lung are coupled to adenylate cyclase (Christophe et al., 

levels of VIP and the levels detected in asthmatic lungs . 1981); and that a cAMP-specific phosphodiesterase inhi- 
were not significantly different from those detected in 
healthy lungs (Lilly et al., 1994). 

Airway VIP content has also been measured in patients 
with the respiratory distress syndrome of the newborn. 
The VIP content of airways of children who died of acute 
respiratory distress syndrome did not differ from that of 
airways of age-matched control children who died of 
non-respiratory causes (Ghatei et al., 1983). 

3 .1 .3  Release o f  V I P  

VIP is released from neuronal stores by appropriate 
neural stimulation. For example, transmural stimulation 
of guinea-pig tracheal segments is associated with the 
recovery of VIP in direct proportion to the amount of 
non-adrenergic, non-cholinergic (NANC) relaxation 
observed (Matsuzaki et al., 1980; Venugopalan et al., 
1984). In the isolated guinea-pig trachea, VIP recovery 
and NANC relaxation are reduced in the presence of 
tetrodotoxin or neutralizing antiserum to VIP. There is 
increasing evidence that VIP can be released in response 
to capsaicin exposure (Ingenito et al., 1994), as well as in 
response to electrical field stimulation. 

3 .1 .4  V I P  Receptors  
VIP transduces intracellular signals through action at 
specific membrane receptors. Several groups have isolated 
cDNA clones encoding a 457 amino acid (52 kDa) 
receptor which, when transfected into COS-7 cells, 
confers specific and saturable VIP binding, with Ka values 
on the order of i nM (Sreedharan et al., 1991, 1993a,b; 
Ishihara et al., 1992; Couvineau et al., 1994). Further- 
more, when these cDNAs are transfected into COS-7 
cells, binding of VIP to the transfected cells is associated 
with an increase in the intracellular level of cAMP; the 
ECs0 for this process is also on the order of i nM. Anal- 
ysis of the putative protein structure, based on the 
known cDNA sequence, reveals that the VIP receptor is 
a member of the secretin family of receptors. It contains 
seven transmembrane-spanning regions and when stimu- 
lated, results in a G protein (Gs)-coupled increase in 
intracellular cAMP (Kermode et al., 1992; Murthy et al., 
1993). A second VIP receptor, known as the VIP2 
receptor, has been isolated (Lutz et al., 1993a,b) but 
appears to be expressed exclusively in the CNS. 

Membranes prepared from guinea-pig, rat, mouse and 

bitor, which would be expected to increase levels of 
cAMP, increases VIP-induced tracheal relaxation in the 
guinea-pig (Rhoden and Barnes, 1990; Shikada et al., 
1991). 

The co-existence of parallel cAMP and cGMP pathways 
for VIP-induced relaxation has been demonstrated in 
bovine pulmonary artery (Ignarro et al., 1987). In 
tracheally perfused lungs, VIP-induced pulmonary relax- 
ation is augmented by the presence of methylene blue, 
which may act by inhibiting the degradation of cGMP 
(Lilly et al., 1993b). This observation suggests that, in 
addition to the known VIP-initiated cAMP-dependent 
airway relaxation pathway documented in isolated airway 
tissues, a physiologically relevant cGMP-dependent 
pathway for VIP pulmonary relaxant activity exists in 
whole lungs. This cGMP-dependent pathway likely 
depends on NO- generation, which occurs in this system 
after tracheal injection of VIP and therefore may be an 
indirect consequence of VIP receptor activation. 

VIP receptors, demonstrated autoradiographically as 
focal areas of enhanced VIP binding in tissue sections, are 
present on bronchial epithelium, submucosal glands, 
airway smooth muscle and alveolar cells (Leroux et al., 
1984; Barnes, 1986; Castairs and Barnes, 1986; Leys et 
M., 1986). The presence of VIP receptors in human lungs 
has been confirmed by covalent cross-linking and 
solubilization studies (Paul and Said, 1987). VIP binding 
to its high affinity receptor is rapidly reversible and sensi- 
tive to GTP (Said, 1988) and to tryptic enzymes (Paul 
and Said, 1987). The reported distribution of the VIP 
receptor correlates well with functional studies demon- 
strating effects on airway smooth muscle, on pulmonary 
and bronchial blood vessels, and on airway mucus secre- 
tion. Studies of the physiological role of the VIP receptor 
would be greatly facilitated by the availability of a selec- 
tive non-peptide VIP receptor antagonist. 

3 .1 .5  Enzymat ic  Regu la t ion  o f  the  
Physiological  Effects o f  V I P  
The action of VIP at its receptor is competitive with its 
degradation by proteases found in the microenvironment 
of the receptor. VIP is known to be a favored substrate 
for NEP, mast cell tryptase and mast cell chymase, all of 
which are active at the neutral pH likely to prevail in the 
extracellular microenvironment. Recombinant human 
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NEP has been shown in isolated systems to hydrolyze 
VIP with kinetics that are consistent with activity under 
physiological conditions. The peptide bonds with the 
kinetics most favorable to NEP hydrolysis are Asp 3-Ala4, 
Ala4-Val 5, Lys21-Tyr 22 and Ser25-Ile 26. VIP cleavage 
sites with less favorable kinetics are present at the 
Arg12-Lys 13 and the Gin 16-Met 17 bonds (Goetzl et al., 
1989; Turner et al., 1991). 

Studies in isolated tracheally perfused guinea-pig lungs 
have demonstrated that VIP has significant pulmonary 
relaxant activity and that the NEP hydrolysis fragments 
of VIP are not physiologically active (Lilly et al., 1993a). 
The fact that NEP can alter the physiological activity of 
VIP suggests that it has the potential to function as a VIP 
regulatory enzyme. 

Mast cell proteases have also been shown to hydrolyze 
VIP. Canine mastocytoma tryptase cleaves VIP with 
favorable kinetics at the Arg14-Lys 15 and Lys2~ 21 
bonds (Caughey et al., 1988). The kcat/Km for hydrolysis 
of human VIP by canine mastocytoma tryptase at 
Arg14_Lys 15 and Lys2~ 21 is 2.2 x 105 s- 1 M- 1 and 
the Km is 3.3 x 10 -3 M. These kinetic parameters com- 
pare favorably to those of other substrates screened for 
susceptibility to human skin and lung mast cell proteases 
(Tanaka et al., 1983). Chymase purified from canine 
mastocytoma cells has kinetics that favor the cleavage of 
VIP at Tyr22-Leu 23 (Caughey et al., 1988). The Km of 
3.3 x 10 -3 M -1 and the kcat of 179 s -1 for this cleavage 
give a kcat/Km of 5.4 X 104 s- 1 M - 1. While this kcat/Km is 
not as high as that obtained for tryptase, it is consistent 
with physiologically relevant inactivation of VIP by 
chymase. The products of hydrolysis of VIP by tryptase 
or chymase do not relax vascular, gastrointestinal or 
tracheal smooth muscle (Caughey et al., 1988); neither 
do they relax tracheally perfused lungs (Lilly et al., 
1993a). The fact that these mast cell proteases have the 
capacity to alter the physiological activity of VIP makes 
them candidate VIP regulatory enzyme systems. 

3.1.6 Autoantibodies to VIP 
In addition to proteolytic enzymes, IgG autoantibodies 
are capable of inactivating VIP. Autoantibodies to VIP 
have been demonstrated in 15-20% of a limited number 
of asthmatic and non-asthmatic subjects (Smith et al., 
1991). 

3.1.7 Relevance of  VIP Cleavage Sites 
The physiological relevance of these cleavage sites can be 
inferred from studies of the effects of enzyme inhibitors 
on VIP responses. For example, VIP-induced pulmonary 
relaxation can be attenuated by exogenous mast cell tryp- 
tase or chymase in the ferret (Franconi et al., 1989) and 
by exogenous ~-chymotrypsin or papain in the guinea- 
pig. Enzyme inhibitor studies have provided insight into 
which of these enzyme systems are involved in the 
limitation of VIP activity. In cat airways, a combination 
of inhibitors that did not include an NEP inhibitor failed 

to augment VIP-induced relaxation; in contrast, in 
guinea-pig bronchial tissues, soybean trypsin inhibitor 
augmented VIP-induced tissue relaxation (Thompson et 
al., 1988). Inhibitors of NEP have also been reported to 
augment VIP-induced relaxation of guinea-pig tracheal 
rings (Hachisu et al., 1991), while inhibitors of ACE and 
aminopeptidases were ineffective in enhancing relaxation. 
Epithelium removal enhances VIP-induced relaxation to 
a degree equivalent to that seen after the treatment of 
epithelium-intact airways with NEP inhibitors, but not 
with ACE inhibitors (Farmer and Togo, 1990). The 
differences among the results of these studies may be due 
to differences in the techniques employed for handling 
and harvesting the tissues. Since epithelial disruption is 
known to affect NEP activity, the use of preparative 
approaches that may disrupt the airway epithelium would 
be expected to lead to an underestimation of the 
relevance of NEP; that is, NEP inhibitors would be less 
effective in this situation. Likewise, preparative protocols 
that released mast cell proteases from their inactive 
intracellular loci could overestimate the importance of 
these enzymes. 

In human bronchial rings, VIP-induced relaxation is 
potentiated by a combination of serine protease and NEP 
inhibitors (Tam et al., 1990) or by epithelial removal 
(Hulsmann etal. ,  1993). Intact, tracheally perfused lungs 
may be less prone than the excised airway tissues to the 
complicating effects of epithelial disruption and mast cell 
activation and may offer a better model for the study of 
regulatory proteases. In isolated, tracheally perfused 
guinea-pig lungs, combinations of enzyme inhibitors 
augment VIP-induced pulmonary relaxation, while 
single agent inhibitors are ineffective (Lilly et al., 1993a). 
Combinations of enzyme inhibitors that exert a physio- 
logical effect also increase the amount of intact VIP reco- 
vered from lung etBuent. Indeed, in light of the 
hydrolysis fragments obtained in the presence of various 
enzyme inhibitors, we deduced that NEP and a tryptic 
enzyme with a cleavage profile identical to that of mast 
cell tryptase are responsible for limiting VIP-induced pul- 
monary relaxation in the tracheally perfused guinea-pig 
lung (Lilly et al., 1993a). 

3 .1 .8  I n f l a m m a t o r y  M o d u l a t i o n  o f  VIP  
Hydrolys is  

Enzymatic hydrolysis regulates the airway effects of VIP, 
and airway inflammation induced by chronic exposure to 
antigens alters the activity of VIP regulatory enzymes. 
Whereas the effects of substance P are enhanced in lungs 
from antigen-exposed animals, antigen-exposed inflamed 
lungs are resistant to the relaxant effects of tracheally 
injected VIP. Furthermore, this resistance does not 
present a generalized inability to respond to inhibitory 
agonists, as isoproterenol-induced pulmonary relaxation 
is not altered (Lilly et al., 1993a). Instead, the data sug- 
gest that the decreased sensitivity to VIP is the result of 
enhanced degradation of this peptide. Evaluation of the 
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recovery of intact [125I]VIP and its hydrolysis fragments 
from the lungs of control guinea-pigs revealed fragments 
consistent with inactivation by NEP and tryptic enzyme 
(Lilly et al., 1993a). In contrast, no hydrolysis products 
consistent with NEP activity were recovered from 
antigen inflamed lungs while VIP1-14, a mast cell pro- 
tease product, was recovered. 

Alterations in activity of regulatory enzymes induced 
by airway inflammation provide a possible mechanism for 
enhanced non-specific airway responsiveness in inflamed 
lungs. It is known that a variety of bronchoactive medi- 
ators release tachykinins from guinea-pig lungs (Saria et 
al., 1988; Maggi etal. ,  1990; Martins etal. ,  1991a; Man- 
zini and Meini, 1991). Therefore, the loss of NEP 
activity observed in antigen-exposed lungs could result in 
an enhanced response to tachykinins released by other 
bronchoactive mediators. This effect is in agreement with 
the observation that enhanced responses to methacholine 
(Matsuse et al., 1991) and antigen (Manzini et al., 1987) 
in the lungs of animals repeatedly exposed to antigen can 
be diminished by depletion of substance P with capsaicin 
pretreatment. However, studies of the impairment of 
VIP effects extend this mechanism by demonstrating that 
inflamed lungs are also resistant to the relaxant - and 
probably homeostatic- effects of this peptide. Therefore, 
chronic inflammation modulates the microenvironment 
in two ways: it enhances the prophlogistic effects of pep- 
tides degraded by NEP, such as substance P and NkA, 
while it diminishes the homeostatic effects of VIP. 

Thus, through disruption of the balance between 
contractile and relaxant neuropeptides in the lung, 
inflammation can promote non-specific airway hyper- 
responsiveness. It is increasingly clear that regulatory 
enzymes affect both contractile and relaxant pathways. 
The implication is that the net effect of altered enzyme 
activity must be judged by assessing changes in the 
metabolism of both the relevant relaxant and the relevant 
contractile peptides. 

In summary, VIP is a physiologically active peptide 
present in neurons that subtend airway smooth muscle, 
pulmonary and bronchial vessels, and mucosal glands. It 
can be released from neuronal stores by electrical stimu- 
lation and by capsaicin exposure. VIP-induced pulmo- 
nary relaxation is regulated in a complex way through 
hydrolytic inactivation by two physiologically competi- 
tive enzyme systems. The role of enzymes in limiting the 
vascular and glandular effects of VIP remains to be fully 
explored. The activation of the VIP receptor results in 
cAMP generation, but studies of this receptor have been 
hampered by the lack of a specific non-peptide VIP 
receptor antagonist. 

4. Nitrogen Oxides 
The discovery that mammalian cells can produce oxidized 
forms of nitrogen that serve as neurotransmitters has had 

a broad impact on our understanding of pulmonary 
neural responses. The biology of nitrogen oxides in the 
lung has recently been reviewed in general terms (Barnes 
and Belvisi, 1993; Gaston et al., 1994b); we will focus 
exclusively on the potential neural role of nitrogen oxides 
in the lung. 

4.1 N I T R O G E N  O X I D E  C H E M I S T R Y  I N  

T H E  LUNG 

Nitric oxide (NO) is produced through the action of a 
class of enzymes known as nitric oxide synthases (NOSs). 
These enzymes utilize L-arginine, molecular oxygen and 
NADPH as substrates and flavoproteins, tetrahydrobi- 
opterin and calmodulin as cofactors (Bredt et al., 1991; 
Nathan, 1992; Bredt and Snyder, 1994). The end 
products of this enzymatic reaction, NO and L- 
citrulline, are formed through sequential monoxidation 
with N~-hydroxy-L-arginine formed as an intermediate 
(DeMaster et al., 1989). NOSs are grouped in three 
broad categories: constitutively expressed neuronal or 
endothelial NOSs (cNOS and eNOS) and inducible 
(immunoactive) NOS (iNos) (Nathan, 1992). NO 
generated by neuronal and other NOS isoforms reacts 
readily in the oxygen-rich microenvironment of the lung 
to form an array of NOx and related products. 

4.2 I M M U N O H I S T O C H E M I C A L  

L O C A L I Z A T I O N  OF N O S  

Neuronal (cNOS) immunostaining, near smooth muscle 
in the proximal airway, is uniformly evident across species 
lines (Kobzik et al., 1993; Fischer et al., 1993; Dey et al., 
1993; Springall et al., 1994). In the guinea-pig, cNOS 
immunoreactivity is greatest in nerves of the major 
bronchi and diminishes in intensity both centrally toward 
the trachea and peripherally toward the terminal bron- 
chioles (Fischer et al., 1993). In the human airway, on 
the other hand, cNOS immunoreactivity is greatest in the 
trachea and diminishes as one proceeds toward the bron- 
chioles (Springall et al., 1994). In patients with cystic 
fibrosis, cNOS neuronal staining appears to be 
diminished overall, even in the more proximal airway 
(Belvisi et al., 1994). Smooth muscle is not the only 
tissue in the airways with cNOS immunoreactivity: in the 
ferret and the human, but not in the guinea-pig, cNOS 
immunolabels nerve cell bodies in the small ganglia of the 
longitudinal tracheal plexus (Dey etal . ,  1993; Springall et 
al., 1994). Fischer and co-workers have demonstrated 
cNOS immunoreactivity in sensory nerves of the guinea- 
pig subepithelial lamina propria (Fischer et al., 1993). 

In the trachea of ferrets and humans, there is co- 
localization of immunoreactivity for cNOS and VIP (Dey 
etal . ,  1993; Springall etal . ,  1994). Although Fischer and 
co-workers were unable to demonstrate NOS 
immunoreactivity in the ganglia of the guinea-pig airway 
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(Fischer etal . ,  1993), they did show strong immunoreac- 
tivity in the jugular and nodose ganglia and weak staining 
of the stellate ganglia - the putative origin of guinea-pig 
inhibitory NANC (iNANC) signalling. These investi- 
gators concluded that perimuscular neuronal NOS 
immunoreactivity in their guinea-pig tissue preparations 
was located primarily in vagal afferent nerve cells. 

Epithelial cells from human, rat and guinea-pig airway 
preparations have a histochemical profile consistent with 
the presence of both cNOS and iNOS activity (Kobzik et 
a/., 1993; Hamid eta/ . ,  1993). In addition, histochem- 
ical evidence for epithelial iNOS and cNOS is supported 
by biochemical data from unstimulated and cytokine- 
stimulated human airway cell culture lines (Asano et al., 
1994). The expression of airway epithelial iNOS and 
cNOS varies with the circumstances. Human airway 
specimens show reproducible iNOS staining in central 
cartilaginous airways but only patchy staining in bron- 
chioles (Kobzik et al., 1993). Anti-rat brain cNOS 
immunostains rat airway epithelium constitutively, 
though no such staining occurs in the corresponding 
human tissue. Schmidt and co-workers have shown 
prominent cNOS staining in rat terminal respiratory 
bronchioles but not in larger bronchi (Schmidt et al., 
1992). Thus epithelial cNOS is more commonly encoun- 
tered in the distal airway, while epithelial iNOS is more 
intensely distributed in the proximal airway. 

4 . 3  B I O A C T I V I T I E S  OF A I R W A Y  NOx 
The role of neuronal NOS in the airways is incompletely 
understood. The gene encoding the enzymes has been 
isolated and cloned (Bredt et al., 1991), and a strain of 
neuronal NOS knockout mice has recently been deve- 
loped (Huang et al., 1993; O'Dell et al., 1994). While 
these mice had pyloric stenosis (a characteristic that 
reaffirmed the important role of iNOS in gastrointestinal 
neurotransmission), they had no obvious abnormalities 
of airway structure. The relevance of these findings to the 
human airway remains to be determined, and the data 
need to be considered in light of the diverse bioactivities 
of NO in the lung. 

NOS products of neurons, epithelial cells and other 
cells in the lung have both bronchodilator and inflamma- 
tory properties (Gaston et al., 1994b); the specific nature 
of this bioactivity depends on the chemical characteristics 
of the functional products in the specific microenviron- 
ment under consideration. For example, NO is capable of 
complexing with and affecting the activity of a variety of 
metalloproteins and enzymes, such as guanylyl cyclase 
and ribonucleotide reductase (Nathan, 1992; Stamler et 
al., 1992). NO can also complex with superoxide anion 
to form peroxynitrite, which has a cytotoxic immune 
effector role (Radi etal . ,  1991; Stamler etal . ,  1992). Fur- 
thermore, NO can form iron nitrosyl complexes, which 
are the putative intracellular macrophage products of 
iNOS responsible for lysis ofintracellular parasites (Hibbs 

et al., 1988; Stamler et al., 1992). NO may also complex 
with free thiol groups in the microenvironment to form 
S-nitrosothiols - relatively stable compounds produced 
in vivo that exhibit airway smooth muscle relaxant and 
bacteriostatic properties (Hibbs et al., 1988; Stamler et 
al., 1992; Jansen et al., 1992; Gaston et al., 1993b). In 
line with this wide variety of potential products, there are 
a number of established biological roles for products of 
NOS in the lung. We will consider four of these roles: (1) 
maintenance of basal airway tone; (2) mediation of 
iNANC bronchodilatation; (3) modulation of broncho- 
constriction; and (4) non-neuronal cell-cell signalling. 

4 .3 .1  Main tenance  o f  Basal Ai rway Tone  

Intraluminal perfusion of guinea-pig tracheal prepara- 
tions with inhibitors of NOS results in an increase in basal 
tone; this change suggests the presence of basal NOS 
activity and therefore the production of NO which con- 
stitutively regulates the tone of the airway (Nijkamp et 
al., 1993). Superfusates from normal guinea-pig lungs 
contain NOx in concentrations sufficient to relax guinea- 
pig airway smooth muscle (Jansen et al., 1992; Lilly et 
al., 1993b). These findings are not limited to animals: the 
endogenous bronchodilator S-nitrosoglutathione is 
present in normal human airway lining fluid at concentra- 
tions sufficient to mediate relaxation of airway smooth 
muscle (Gaston et al., 1994a). These findings strongly 
suggest a role for NOx in the regulation of airway tone in 
the absence of specific constrictor stimuli. 

4 .3 .2  Inh ib i to ry  N A N C  Responses 

Inhibitory NANC responses are mediated by both VIP 
and NO/. NO~ partially mediates the airway smooth 
muscle relaxant effects of VIP in the isolated perfused 
guinea-pig lung, as NOS inhibitors prevent relaxation 
induced by VIP but not that induced by isoproterenol 
(Lilly et al., 1993b). A significant and appropriately 
timed increase in the NO~ content of lung perfusion fluid 
can be measured in response to VIP (Fig. 7.4). These 
data support the conclusion that interactions of VIP with 
NOx products mediate a substantial component of 
iNANC transmission. In human airways, NOS stimu- 
lated as a result of iNANC neurotransmission accounts 
for a substantial proportion of this relaxant response. Bel- 
visi and co-workers have shown that the c~-chymotrypsin- 
resistant component of the human iNANC response can 
be abolished by treatment with NOS inhibitors (Belvisi et 
al., 1992). 

4 .3 .3  M o d u l a t i o n  o f  Ai rway Cons t r ic t ion  

The activation of NOS or the products thereof modulates 
airway constrictor responses as well. Atropine-sensitive, 
electrical field stimulation-induced bronchoconstrictor 
responses in the guinea-pig are enhanced by NOS inhi- 
bitors (Belvisi et al., 1991). Nitrogen oxides also modu- 
late the effects of non-cholinergic bronchoconstrictors. H 
stimulation of H1 receptors in the guinea-pig lung leads 
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Figure 7.4 VlP-induced pulmonary relaxation is preceded by a significant increase in tracheal perfusate nitric 
oxide equivalents, as measured by chemiluminescence. Results are expressed as group mean and SE. P,o, 

airway opening pressure. Reprinted with permission from Lilly et al. (1993b). 

to NOS activation (Leurs et al., 1991) both in viva and 
in vitro. S-nitrosothiols have the capacity to relax guinea- 
pig and human airways (preconstricted with H or 
methacholine) at concentrations consistent those that 
can be recovered from the airway in viva (Jansen et al., 
1992; Gaston et al., 1993b, 1994a). 

4 . 3 . 4  N o n - n e u r o n a l  Ce l l -Ce l l  Signal l ing 

Nitrogen oxides such as NO and S-nitrosoglutathione 
may serve simultaneously as a means whereby non- 
neuronal airway cells signal nearby smooth muscle tissues 
to change their contractile state and as immune effector 
molecules. For example, during states of immune acti- 
vation or inflammation, S-nitrosoglutathione and other 
S-nitrosothiols with bacteriostatic properties (Morris et 
al., 1984) are present in human airways at concentrations 
sufficient to cause the relaxation of precontracted human 
bronchial smooth muscle by more than 50% (Gaston et 
al., 1993b). Locally produced NO may also have a pro- 
inflammatory role. For example, immunohistochemical 
analysis has established that epithelial NOSs are activated 
in asthma (Hamid et al., 1993); this activation may 
explain the elevated concentrations of NO recovered in 
the exhaled air of asthma patients (Gaston et al., 1993a; 
Persson et al., 1994; Kharitonov et al., 1994; Massaro et 
al., 1994). The concentration of NO in exhaled air 
decreases as a result of treatment with corticosteroids 
(Massaro et al., 1994; Kharitonov et al., 1994; Persson 
et al., 1994); thus it is possible that NO produced in the 
inflammatory microenvironment of the airway accounts 
for a significant component of asthmatic airway 

narrowing. Whether NOx are primarily homeostatic or 
inflammatory in asthma remains to be determined. 

5. Summary 
The complex neural network of the lung has both pro- 
inflammatory and anti-inflammatory activities. These 
activities are not simply related to the specific neurotrans- 
mitter in question. Indeed, as detailed above, each of the 
major classes of pulmonary neurotransmitter can have 
either effect, although the predominant role of substance 
P and NkA is prophlogistic and that of VIP is 
homeostatic. The predominant role of NO is not clear at 
this time. 
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1. Background 
Microvascular endothelial cells play a key role in coordi- 
nating the inflammatory response of the airway mucosa. 
Increased endothelial permeability and adhesion of leu- 
kocytes to the luminal surface of the endothelium are 
characteristic features of inflammation. By governing the 
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amount of plasma leakage and the emigration of inflam- 
matory cells, endothelial cells can influence the magni- 
tude of the inflammatory response. As evidence of their 
importance in the inflammatory response, endothelial 
cells are specifically targeted by many drugs used to treat 
inflammatory airway disease. 

In this chapter we emphasize the increase in endothelial 
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permeability and plasma leakage that occur in the 
inflammatory response of the airway mucosa. We review 
observations made in experimental models of airway 
inflammation and in human disease with a particular 
focus on asthma. Our focus on endothelial perme- 
ability and plasma leakage is intended to complement 
the reviews of other aspects of endothelial cell bi- 
ology, such as leukocyte adhesion and emigration, 
elsewhere in this series (Beyn0n and Haskard, 1994; 
Brain, 1994; Rampart, 1994; Wardlaw and Walsh, 
1994). 

Asthma is a respiratory illness characterized by variable 
and reversible airflow obstruction. Over 100 years ago, 
Osier, in his influential Textbook ofdVledicine (Osier, 1892), 
concluded that airway wall edema, bronchoconstriction 
and mucus plugging are responsible for the airflow 
obstruction in asthma. Since that time, edema of the 
airway mucosa has been assumed to be one of the central 
features of asthma, but comparatively few studies have 
addressed the issue directly. Therefore, there is little 
information about the onset, duration, magnitude, loca- 
tion, mechanism, consequences and management of 
mucosal edema in asthma. 

In view of the potential clinical importance of edema of 
the airway mucosa, we review the evidence that vascular 
permeability can increase in the airways of asthmatics, 
assess the methods that have been used to study this 
change, and examine evidence that functional distur- 
bances can result from the plasma leakage. We also review 
what has been learned in studies of animal models 
regarding the mechanism of plasma leakage and the 
identity of inflammatory mediators that trigger the 
leakage. Finally, we discuss experimental evidence 
showing that plasma le~age can be reversed by anti- 
asthma drugs. 

2. Airway Microvasculature 
The current framework for understanding the mor- 
phology of the vasculature of the airway mucosa is based 
on observations made on gross anatomical dissections 
(Cauldwell et al., 1948; Notkovich, 1957; Daly and 
Hebb, 1966; Cudkowicz, 1968; Nagaishi, 1972), tissue 
sections examined by light and electron microscopy (Ver- 
loop, 1948, 1949; Weibel, 1960; Wanner, 1989; 
Laitinen and Laitinen, 1990; McDonald, 1990), angio- 
graphs of vessels filled with radio-opaque materials (Berry 
et al., 1931), blood vessels stained with silver nitrate 
(McDonald, 1994b) and vascular casts (Seegal and Seegal, 
1972; Vedoop, 1949; Marchand et al., 1950; 
McLaughlin et al., 1961, 1966; Sobin et al., 1963; 
Hughes, 1965; Nagaishi, 1972; Miodonski et al., 1980; 
Magno and Fishman, 1982; McLaughlin, 1983; Laitinen 
et al., 1989; Wanner, 1989; McDonald, 1990). Several 
reviews provide a historical perspective of the anatomical 
and histological features of the tracheal and bronchial 

blood vessels (Aviado, 1965; Daly and Hebb, 1966; 
Cudkowicz, 1968; Nagaishi, 1972; Cudkowicz, 1979; 
Deffebach et al., 1987; McDonald, 1990; Butler, 1991; 
Persson, 1991b; Widdicombe, 1993). 

The airways receive their blood supply from the sys- 
temic circulation via laryngeal, tracheal and bronchial 
arteries. In the trachea and large bronchi of humans and 
other large mammals, branches of arterioles deep in the 
airway wall supply the airway mucosa. In some peripheral 
airways, mucosal vessels may be supplied by the pulmo= 
nary circulation through vascular anastomoses. The 
airway mucosa has a rich blood supply, with a particularly 
extensive vascular network located immediately beneath 
the epithelium. Mucosal capillaries are tributaries of an 
extensive system of venules. In humans, a superficial 
plexus ofvenules connects with another plexus ofvenules 
located deeper in the mucosa. 

The relative simplicity of the vasculature of the rat and 
guinea-pig trachea and bronchi has provided the oppor- 
tunity to develop a more complete understanding of the 
three-dimensional architecture of the airway microvas- 
culature. It has also made it possible to determine the size 
and structural characteristics of mucosal arterioles, capil- 
laries, postcapillary venules and collecting venules, ana- 
lyze morphological aspects of the response of the vessels 
to inflammatory mediators, and examine the changes in 
the responsiveness of the vessels as a result of respiratory 
tract infections (Miodonski et al., 1980; McDonald et 
al., 1988; McDonald, 1988a, b, 1990, 1994b). The 
venules of the rat tracheal mucosa, in which the vessels 
tend to form a single plexus rather than superficial and 
deep layers, constitute 51% of the mucosal vessels by 
length and have 74% of the intravascular volume 
(McDonald, 1994b). By comparison, mucosal capillaries 
constitute 26% of the vessels by length and have only 3% 
of the intravascular volume. 

0 Increased Vascular Permeability in 
Airway Inflammation 

3.1 ASSESSMENT OF P L A S M A  

L E A K A G E  IN A I R W A Y S  OF 

A N I M A L S  A N D  H U M A N S  

In animal models of airway inflammation, plasma leakage 
has been assessed by measuring the amount and distribu- 
tion of tracers that leak from the blood. Extravasated 
albumin, labelled with Evans blue (Saria and Lundberg, 
1983) or radioisotopes such as 131I (Erjef~ilt et al., 1985; 
Persson et al., 1986b), can be readily quantified. Further- 
more, high molecular weight dextrans, labelled with 
fluorescent markers such as fluorescein, can be visualized 
in situ at sites of plasma leakage (Hulstrom and Svensj6, 
1979). Alternatively, the particulate tracers Monastral 
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blue (Joris et al., 1982; McDonald, 1988a), India ink 
(Cotran et al., 1967), and fluorescent microspheres 
(McDonald, 1994b) can be used to identify sites of 
increased endothelial permeability in histological sections 
or tissue whole mounts (McDonald, 1988a). These 
tracers leak through endothelial gaps but are trapped by 
the endothelial basement membrane, thereby labelling 
the sites of leakage. 

In human studies, where such direct measurements 
of plasma leakage usually are not feasible, evidence 
has come from bronchoscopic examinations of the 
bronchial mucosa after allergen challenge, measurements 
of plasma proteins in bronchoalveolar lavage (BAL) fluid, 
and histological assessments of edema in biopsies or 
post-mortem specimens of airway tissue (Dunnill, 
1960; Dunnill et al., 1969; Ryley and Brogan, 1968; 
Brogan et al., 1975; Fick et al., 1987). Obviously, 
the methods used in humans do not give the same 
information on vascular permeability, plasma leakage and 
mucosal edema as can be obtained in experimental 
animals. 

3.2 PLASMA LEAKAGE ASSESSED BY 
BRONCHIAL LAVAGE IN 
HUMANS 

Several bronchoscopic studies have reported that direct 
application of allergen to the bronchial mucosa rapidly 
induces edema (Metzger etal. ,  1985, 1987; Salomonsson 
et al., 1992). Hunninghake and colleagues described the 
mucosal response to antigen in asthmatic subjects as 
"local blanching followed by dilation of the vessels, 
edema, and finally partial closure of the subsegrnental 
bronchus" (Metzger et al., 1985). 

These observations demonstrate how rapidly edema 
can form in the human airway mucosa, but it is unknown 
how the changes relate to those found in asthmatics 
exposed to inhaled allergens. For example, there is a 
report that allergens applied directly to the airway 
mucosa increase the amounts of protein and inflamma- 
tory cells in BAL fluid more than do inhaled allergens 
(Calhoun et al., 1993). 

Another approach used to assess the amount of plasma 
leakage in the human airway mucosa is the measurement 
of plasma proteins in BAL fluid or sputum. For example, 
the amount of albumin in the sputum of subjects with 
acute exacerbations of asthma is greater than that in sub- 
jects with cystic fibrosis or chronic bronchitis (Ryley and 
Brogan, 1968; Brogan e t a l . ,  1975). Furthermore, 
allergen challenge can increase within minutes the 
amount of albumin and fibrinogen in BAL fluid of asth- 
matics (Lam et al., 1985; Fick et al., 1987; Liu et al., 
1991; Salomonsson et al., 1992). Exposure to the 
allergen responsible for sensitivity to Western Red Cedar 
can increase the amount of albumin in BAL fluid for as 
long as a week (Lam et al., 1985). 

3.3 HISTOPATHOLOGICAL EVIDENCE 
OF PLASMA LEAKAGE IN 
ASTHMA 

In the first definitive monograph on asthma, published in 
1864, Sir Henry Hyde Salter concluded that the airway 
obstruction in asthma results from bronchoconstriction, 
mucus plugging of the airway lumen, and edema of the 
airway wall (Salter, 1864). Salter's interpretations were 
probably based on clinical observations rather than on 
pathological examinations, because post-mortem findings 
were not described at that time. In fact, the initial 
histopathological studies of the airways of asthmatics did 
not recognize the presence of mucosal edema For 
example, in the first description of a post-mortem exam- 
i,nation of a patient who died in status asthmaticus, 
Leyden concluded that the airflow obstruction resulted 
from mucus in the airways and that "the walls [of 
bronchi] ...are not essentially changed" (Leyden, 1886). 

Since then many studies have described the 
histopathology of the airways of asthmatics who died in 
status asthmaticus or of related illnesses (Huber and 
Koessler, 1922; Kountz and Alexander, 1928; Mac- 
Donald, 1933; Craige, 1941; Unger, 1945; Walzer and 
Frost, 1952; Houston et al., 1953; Crepea and Harman, 
1955; Dunnill, 1960; Glynn and Michaels, 1960; Messer 
et al., 1960; Dunnill et al., 1969; Sobonya, 1984; Saetta 
etal. ,  1991; Jeffery, 1992; Sur etal. ,  1993; Hogg, 1993). 
These studies identified the main histopathological fea- 
tures of the disease as obstruction of the airway lumen by 
mucus plugs and epithelial cells, infiltration of the bron- 
chial wall by eosinophils, and thickening of the epithelial 
basement membrane. Few of the studies addressed the 
issue of whether mucosal edema was present or not. 
However, one study described an abnormal thickening of 
the bronchial mucosa (Kountz and Alexander, 1928), 
and another described a "marked degree of mucosal 
edema with separation of the superficial columnar 
epithelial cells" in asthmatics dying in status asthmaticus 
(Dunnill, 1960). The latter author even speculated that 
the extravasated plasma could separate the epithelium 
from its basement membrane and cause shedding of the 
epithelial cells into the airway lumen (Dunnill, 1960). 

Ultrastructural studies have not resolved the question 
about how much edema is present in the airway mucosa 
of asthmatics. In some ultrastructural studies, a widening 
of intercellular spaces has been interpreted as evidence of 
mucosal edema (Laitinen and Laitinen, 1988; Beasley et 
al., 1989); however, in others no ultrastructural evidence 
of edema was detected in mucosal biopsies from asth- 
matics having a wide range of severity of disease (Laitinen 
et al., 1985; Jeffery et al., 1989). Furthermore, there is 
a report that the incidence of mucosal edema in the 
airways of patients with asthma or chronic bronchitis is 
about the same as that in the airways of normal subjects 
(Salvato, 1968). A possible explanation for this finding is 
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that minor mechanical trauma, as could be caused by 
touching the mucosa with a bronchoscope, causes plasma 
leakage and mucosal edema regardless of whether the 
airway is normal or abnormal (Hurley, 1984). 

Overall, it is evident that comparatively few histopatho- 
logical studies have specifically addressed the issue of how 
much edema is present in the airway mucosa of asth- 
matics. Furthermore, the literature indicates that 
mucosal edema has been difficult to detect in biopsies or 
post-mortem specimens of human airways. One expla- 
nation is that histological changes associated with edema 
are relatively insensitive criteria for ascertaining whether 
plasma leakage occurs in the airway mucosa of asthmatics. 
Superimposed on such technical limitations is the possi- 
bility that the amount of plasma leakage in asthma varies 
during the course of the disease and also varies among 
different individuals. 

3.4 CONSEQUENCES OF PLASMA 
LEAKAGE IN THE AIRWAY 
MUCOSA 

There are several consequences of an increase in the 
permeability of the blood vessels of the airway mucosa. 
Plasma leakage could result in mucosal edema and the 
movement of fluid into the airway lumen, both of which 
could contribute to airflow obstruction. In addition, 
plasma-derived inflammatory mediators could form in 
the mucosa and airway lumen, and extravasated plasma 
proteins could increase the viscosity of sputum. 

3 .4 .1  C o n t r i b u t i o n  o f  Mucosal Edema to 
Airway  Obstruction 

Whether an increase in vascular permeability results in 
mucosal edema depends on the balance between the 
amount of leakage into the mucosa and the rate of clear- 
ance from the mucosa, either through the lymphatics or 
across the epithelium into the airway lumen. The increase 
of vascular permeability produced by inflammatory 
stimuli can result in the bulk flow of plasma into the 
airway mucosa (Renkin, 1992). The amount of plasma 
leakage depends upon the number of gaps that form in 
the endothelium of the leaky vessels, the duration of the 
gaps and the intravascular pressure that drives the 
extravasation (Clough, 1991; Taylor and Ballard, 1992). 
The movement of plasma proteins and other osmotically 
active solutes into the mucosa can increase the interstitial 
oncotic pressure, which favors the net movement of fluid 
out of vessels and further increases the amount of leakage 
(Taylor and Ballard, 1992). 

Fluid can leave the mucosa through lymphatics or by 
entering the airway lumen. In this respect the airway 
epithelium serves as a gate across an escape route 
for fluid in the interstitium. This escape route has been 
demonstrated in the airways of the rat by Persson and 
colleagues (Persson, 1990, 1991; Greiff et al., 1993); 

however, the relative importance of luminal versus lym- 
phatic clearance has not been determined. On the one 
hand, there is a report that relatively little extravasated 
material enters the lymphatics of guinea-pig bronchi 
(Erjef~ilt et al., 1993b). On the other hand, the plasma 
leakage that occurs in dog and sheep bronchi after 
exposure to endotoxin or smoke results in a large increase 
in lymph flow, but it is unknown how much fluid enters 
the airway lumen (Traber et al., 1992). 

The effect of plasma leakage on airway resistance 
depends on the amount of mechanical obstruction 
caused by the increase in mucosal thickness, accumula- 
tion of intraluminal fluid and possible reflex bronchocon- 
striction. In addition, the impact on airway conductance 
depends on where in the tracheobronchial tree the fluid 
accumulates. Theoretical models predict that increased 
mucosal wall thickness itself may have little effect on air- 
flow, but it could exaggerate the luminal narrowing 
caused by bronchoconstriction (James etal . ,  1989; Wiggs 
et M., 1990; Yager et M., 1991). Although this effect 
probably would be negligible in the trachea and large 
bronchi, it could be important in peripheral airways. 

Left ventricular failure may result in airway mucosal 
edema, increased mucosal thickness, luminal narrowing 
and airflow obstruction. Indeed, pulmonary function 
tests show some airway obstruction in many patients 
with left ventricular failure, and treatment of the fluid 
retention associated with the heart failure tends to 
improve airflow in these patients (Collins et al., 1975; 
Light and George, 1983; Peterman et al., 1987). Left 
ventricular failure can also increase bronchial responsive- 
ness to methacholine (Snashall and Chung, 1991; Rolla 
et al., 1992). Although this clinical state would seem to 
indicate that the airflow obstruction and bronchial hyper- 
responsiveness in patients with left ventricular failure 
result from mucosal edema, vascular engorgement 
(Laitinen et al., 1986; Corfield et al., 1991; McFadden, 
1992) and reflex bronchoconstriction (Chung et al., 
1983) may be contributing factors. 

3.4.2 Release of Inflammatory Mediators 
Associated With Plasma Leakage 

Plasma leakage can introduce substances into the airway 
mucosa that have pro-inflammatory effects (Hogg, 1981; 
Persson, 1986b, 1988; Persson and Erjef~ilt, 1986a,b; 
Erjef~ilt and Persson, 1991c). The plasma leakage evoked 
by allergen challenge in asthmatics can release kallikrein, 
which results in the formation of bradykinin from high 
molecular weight kininogen (Christiansen et al., 1987; 
Proud et al., 1989; Proud and Vio, 1993). Allergen 
challenge also results in the extravasation of fibrinogen 
(Fick et al., 1987), which is a rate-limiting factor in extra- 
vascular coagulation (Dvorak et al., 1985). Extravascular 
coagulation may in turn contribute to tissue induration 
and act as a focus for leukocyte migration (Keahey et al., 
1989; Davidson, 1992). Moreover, the presence of 
fibrinogen in the air spaces can diminish surfactant 
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function and destabilize or close gas exchange units 
(Seeger et al., 1993). Hageman factor and components of 
the complement system also can participate in the inflam- 
matory response (Williams et al., 1991; Kozin and 
Cochrane, 1992). 

3 .4 .3  Plasma Leakage as a "Mucosa l  
Defense" 

Persson and colleagues have proposed that increased vas- 
cular permeability, plasma leakage and the exudation of 
plasma into the airway lumen should be viewed as a pro- 
tective mechanism or "mucosal defense" rather than as a 
manifestation of airway pathology (Persson, 1990, 
1991b,c; Persson et al., 1991). They suggest that the 
movement of extravasated fluid into the airway lumen is 
a non-injurious, fully reversible process that could serve 
to dilute or neutralize inflammatory mediators, inhaled 
irritants and allergens. This concept is supported by data 
from animal models (Erjef~ilt and Persson, 1989, 1991a; 
Greiff et al., 1991, 1993); Erjef~ilt et al., 1993a,b), but 
its relevance to human airway disease has just begun to 
be studied (Salomonsson et al., 1992). 

3 .4 .4  Effect o f  Plasma Leakage on  Mucus  
Secret ion 

The viscosity of sputum is increased in asthma (Keal, 
1971), and mucus plugging of the airways contributes to 
airflow obstruction (Jeffery, 1992; Hogg, 1993). As 
noted above, the concentration of albumin in sputum is 
greater in asthmatics than in normal subjects or in 
patients with chronic bronchitis (Ryley and Brogan, 

and Barnes, 1990; O'Donnell et al., 1990; Rogers et a l . ,  
1990b; L6tvall etal. ,  1991a; Ohrui etal . ,  1992; Bertrand 
etal . ,  1993). These models have been the source of many 
types of data that cannot readily be obtained in humans. 

4.1 E A R L Y  P H A S E  I N F L A M M A T O R Y  

RESPONSE: GAPS I N  T H E  

E N D O T H E L I U M  OF 

P O S T C A P I L L A R Y  V E N U L E S  

The amount of plasma that moves across the wall of 
inflamed vessels is governed by the hydrostatic and 
osmotic pressure gradients, the surface area of the vessels 
and the permeability of the endothelium. Intravascular 
hydrostatic pressure may change in inflammation, but 
endothelial permeability undergoes even more conspic- 
uous changes. Mediators such as histamine (H), 
bradykinin (Bk), serotonin (5-HT), and substance P 
cause intercellular gaps to form in the endothelium of 
postcapillary venules, and as a result, plasma leaks into 
the surrounding tissue (Majno and Plade, 1961; Pietra 
and Magno, 1978; Fox et al., 1980; McDonald, 1988a, 
1994b). Endothelial gaps have not only been found in 
mucosal venules in animal models of airway inflamma- 
tion, but also in biopsies of the airways of humans with 
asthma (Laitinen and Laitinen, 1988). 

Endothelial gaps are quite small in relation to the 
overall size of endothelial cells. For example, the 
diameter of gaps that form in rat tracheal venules in the 
presence of neurogenic inflammation (Section 5.4) 

1968; Brogan et al., 1975). Studies performed in vitro averages 1.4 #m (Baluk and McDonald, 1994; Hirata et 
have shown that albumin can stimulate the secretion of al., 1994; McDonald, 1994b). Even with an average of 
mucin from submucosal glands (I. P. Williams et al., about 14 gaps per endothelial cell, the total area of the 

1983) and can increase the viscosity of mucin (List et al., 
1978). Treatment of asthma with glucocorticoids or 
cromoglycate can reduce the amount of albumin in the 
sputum (Ryley and Brogan, 1968; Heilpern and Rebuck 
1972). 

4. Mechanism of Increased Vascular 
Permeability in Inflammation 

Several animal models have been used to examine in 
detail the mechanisms and consequences of plasma 
leakage in the airway mucosa (Persson, 1988; McDonald, 
1990, 1994a; Solway and Left, 1991). These models have 
identified and characterized numerous stimuli that 
increase vascular permeability in the airway mucosa and 
have revealed many features of the plasma leakage that 
occurs in inflammation of the trachea and bronchi of rats, 
guinea-pigs and dogs (Pietra et al., 1971, 1974; Pietra 
and Magno, 1978; Lundberg et al., 1983; Lundberg and 
Saria, 1983; Hua et al., 1985; Evans et al., 1988a, 
1988b; McDonald, 1988a; Sertl et al., 1988; Ichinose 

gaps is less than 3% of the surface area' of the endothelium 
(McDonald, 1994b). 

Endothelial gap formation is an active process mediated 
by a rise in intracellular calcium and effected by actin, 
myosin and other elements of the cytoskeleton (Schnit- 
tier et al., 1990). The gaps produced by H, Bk or sub- 
stance P are transient structures, so the increase in 
vascular permeability returns to normal within a few 
minutes (Horan, etal. ,  1986; Wu and Baldwin, 1992a,b; 
McDonald, 1994b). Repeated exposure to these medi- 
ators results in smaller responses rather than more 
prolonged leakage (Brokaw and McDonald, 1988; 
Brokaw et al., 1990; Wu and Baldwin, 1992a; Bowden 
et al., 1994a). One of the mechanisms that can limit the 
amount of plasma leakage is the desensitization of 
receptors on the endothelial cell plasma membrane 
(Bowden et al., 1994a). In addition, there may be 
mechanisms that can actively close endothelial gaps (Wu 
and Baldwin, 1992a). 

Despite their small size, endothelial gaps have an 
enormous effect on endothelial permeability (Majno and 
Palade, 1961; Clough, 1991; Wu and Baldwin, 1992b; 
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McDonald, 1994b). The amount of plasma leakage 
produced by inflammatory mediators would be expected 
to be determined by the number of endothelial gaps, the 
duration of the gaps and the hydrostatic driving force 
across the endothelium. The relationship between the 
number of gaps and the magnitude of the increase in 
endothelial permeability has been examined in neuro- 
genic inflammation (Section 5.4). The amount of plasma 
leakage associated with neurogenic inflammation in the 
rat tracheal mucosa peaks 1 min after the onset of the 
stimulus and decreases rapidly thereafter, with a half-life 
of 1.3 min (McDonald, 1994b). By comparison, the 
number of endothelial gaps decreases more slowly, with 
a half-life of 3.2 min (McDonald, 1994b). These findings 
suggest that vascular permeability may begin to decrease 
before the gaps close. Decreased leakage without gap 
closure could result from a decrease in the hydrostatic 
driving force or the sieving action of substances that 
accumulate within endothelial gaps or in the underlying 
basement membrane (Clough and Michel, 1988; Clough 
et al., 1988; Weinbaum et al., 1992). 

4.2 LATE PHASE INFLAMMATORY 
RESPONSE: UNKNOWN MECH- 
ANISM OF PLASMA LEAKAGE 

Some inflammatory stimuli cause plasma leakage that is 
more gradual in onset and longer in duration than that 
resulting from mediators like H, Bk and substance P 
(Lemanske and Kaliner, 1988). For example, exposure of 
sensitized animals to antigen can result in a "late phase" 
response that begins several hours after the immediate 
response and is accompanied by vasodilatation, increased 
vascular permeability and bronchoconstriction (Murphy, 
etal. ,  1986; Bellofiore etal . ,  1987; Long etal . ,  1990; Xu 
et al., 1990; Alving et al., 1991a; Walls et al., 1991; 
Ohrui etal . ,  1992; Sabirsh etal. ,  1993; Olivenstein etal. ,  
1994). Exposure to platelet-activiting factor (PAF), Bk, 
complement peptide 5a (C5a) or tumor necrosis factor 
(TNF) can cause a prolonged increase in vascular permea- 
bility, which in some respects mimics the late phase 
response to antigen (Wedmore and Williams, 1981; 
Williams, 1983; T. J. Williams et al., 1983; Rampart et 
al., 1989; Rogers et al., 1990b; Sekiya et al., 1990; 
O'Donnell et al., 1990). 

It is uncertain which vessels leak in the late phase 
response. Although venules are labelled with the tracer 
Monastral blue in a dog model of allergen-induced late 
phase response (Ohrui et al., 1992), no vessels are 
labelled in the late phase response evoked in guinea-pig 
airways by PAF (O'Donnell et al., 1990). It is unclear 
whether this difference is due to differences in the animal 
models or to limitations of the methods used to identify 
the leaky vessels. One reason for considering that the late 
phase leak may not be just a longer version of the early 
response is evidence that prolonged inflammatory stimuli 

can cause plasma leakage from arterioles or capillaries as 
well as from venules (Cu~noud et al., 1987; Joris et al., 
1990). 

The late phase response may play an important role in 
human inflammatory airway disease (O'Byrne et al., 
1987; Lemanske and Kaliner, 1988); however, little is 
known about the mechanism of the late phase leak or 
factors that can influence its magnitude. In the skin, the 
late phase response to C5a is neutrophil dependent 
(Wedmore and Williams, 1981; Williams, 1983; T. J. 
Williams et al., 1983). In the airways, the late phase 
response coincides with the influx of leukocytes, but the 
issue of whether the response depends on leukocytes is 
unresolved (Murphy et al., 1986; Hutson et al., 1988, 
1990; Walls et al., 1991). In any case, the exact sites of 
extravasation in late phase leak have not been identified, 
and the mechanism by which leukocytes make vessels 
leak is unclear. One possibility is that the leakage occurs 
at sites where leukocytes penetrate the endothelium. 
Alternatively, leukocyte-derived mediators could induce 
the formation of gaps or otherwise increase endothelial 
permeability (Lewis and Granger, 1986; Williams et al., 
1991; Yi and Ulich, 1992). There is also a question about 
the size of the leaky sites. Monastral blue particles 
(5-200 nm) can leak through the wall of vessels of the 
airway mucosa in the presence of antigen-induced late 
phase leak in dogs, and thus the leaky vessels could have 
endothelial gaps similar to those produced by histamine 
(Ohrui et al., 1992). However, in the late phase leak 
produced by PAF in guinea-pigs, there is apparently no 
leakage of colloidal carbon (10-50 nm particles), so it is 
unclear where the leak occurs (O'Donnell et al., 1990). 

4 . 3  R O L E  OF L E U K O C Y T E S  IN  

I N C R E A S E D  V A S C U L A R  

P E R M E A B I L I T Y  

The increase in vascular permeability associated with 
inflammation often is accompanied by the emigration of 
leukocytes out of the microvasculature. Neutrophils and 
eosinophils are found in the airways of guinea-pigs, 
rabbits, dogs and humans after allergen challenge; they 
are also in the airway mucosa of patients who have died 
from asthma (Williams et al., 1991). What then is the 
relationship between vascular permeability and neu- 
trophil migration? 

Neutrophil migration and endothelial gap formation 
are separate phenomena. In other words, neutrophils do 
not migrate through the endothelial gaps that are sites of 
plasma leakage. Endothelial gaps form in seconds and 
close within a few minutes (McDonald, 1994b), but neu- 
trophil migration occurs over a much longer period. 
Neutrophils can adhere to the endothelium in seconds, 
but the cells do not begin to migrate for several minutes, 
and the emigration peaks several hours later (Hurley and 
Spector, 1961; Williams et al., 1991). 
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Migrating neutrophils typically do not disrupt the bar- 
rier function of the endothelium (Lewis and Granger, 
1986), apparently because the membranes of leukocytes 
and endothelial cells are closely apposed as leukocytes 
pass through the vessel wall (Hurley, 1963; Meyrick et 
al., 1984). Vascular permeability usually is back to base- 
line by the time neutrophil migration is at its peak 
(Hurley and Spector, 1961). Furthermore, the specific 
regions of venules where neutrophils attach to the 
endothelium are not exactly the same as those where the 
gaps form. Studies of the rat tracheal mucosa have shown 
that the number of endothelial gaps is greatest in small 
postcapillary venules (7-20 #m diameter), whereas the 
number of adherent neutrophils is greatest in the largest 
postcapillary venules (20-40/~m diameter; McDonald, 
1994b). 

Despite these differences, neutrophils can play an 
important role in plasma leakage. For example, C5a, 
endotoxin, interleukin-1 (IL-1) and TNF can increase 
endothelial permeability through neutrophil-dependent 
mechanisms (Wedmore and Williams, 1981; Williams, 
1983; Williams et al., 1991; Yi and Ulich, 1992). Neu- 
trophils can release several preformed inflammatory medi- 
ators and can rapidly synthesize PAF, reactive oxygen 
species and arachidonic acid (AA) metabolites (Lewis and 
Granger, 1986). In addition, leukocyte granules contain 
cationic proteins that can increase vascular permeability 
(Gleisner, 1979). Depletion of neutrophils or inhibition 
of neutrophil emigration reduces the late phase response 
to inhaled allergen in some animal models (Murphy et 
al., 1986; Wegner et al., 1990). 

4.4 R O L E  OF M A S T  C E L L S  I N  

P L A S M A  L E A K A G E  

Mast cell activation and degranulation are characteristic 
features of the IgE-mediated response to allergen in the 
airways of asthmatic subjects (Kaliner, 1989). Mast cell 
degranulation not only releases preformed mediators 
such as H and 5-HT, which can increase vascular permea- 
bility (Majno and Palade, 1961; Page and Minshall, 
1993), but also releases proteases that can potentiate the 
effects of other mediators (Rubinstein et al., 1990; 
Caughey, 1991). Tryptase is a trypsin-like enzyme that is 
abundant in the secretory granules of human lung mast 
cells. Tryptase can degrade neuropeptides that have 
effects on blood vessels in the airway mucosa (Caughey, 
1991). In addition, mast cell chymases, which are 
chymotrypsin-like proteases related to cathepsin G in 
neutrophils (Caughey, 1991), can degrade sensory neu- 
ropeptides and potentiate the increase in vascular perme- 
ability produced by H (Rubinstein et al., 1990). In some 
species, substances from mast cells can increase vascular 
permeability by triggering the release of tachykinins from 
sensory nerve fibers (Saria et al., 1984; Foreman, 1987; 
Bienenstock et al., 1987; Baraniuk etal . ,  1990; Alving et 
al., 1991b). 

5. Inflammatory Mediators that 
Increase Vascular Permeability 

Several mediators have been implicated in the plasma 
leakage associated with airway inflammation. Most of 
these mediators have relatively transient effects on vas- 
cular permeability, because of the existence of 
mechanisms that limit the duration of their effects. For 
example, the action of substance P on vascular 
endothelial cells is limited by the phosphorylation and 
internalization of neurokinin (Nkl) receptors (Bowden et 
al., 1994a) and by the degradation of substance P by neu- 
tral endopeptidase and other enzymes (Umeno et al., 
1989; Nadel, 1992; Katayama et al., 1993). 

5.1 LEUKOTRIENES 
Leukotrienes, formed through the action of 5- 
lipoxygenase on AA derived from membrane phos- 
pholipid, are likely to participate in the inflammatory 
response of the airway mucosa (Samuelsson, 1983; 
Piacentini and Kaliner, 1991; Busse and Gaddy, 1991). 
Leukotriene receptors may be present on endothelial cells 
(Evans et al., 1988b; Lam and Austen, 1992), and leu- 
kotriene C4 (LTC4), leukotriene D4 (LTD4) and leu- 
kotriene E4, (LTE4) can increase vascular permeability in 
certain model systems (Camp et al., 1980; Hua et al., 
1985; Persson et al., 1986b). Inhibitors of leukotriene 
synthesis can decrease allergen-induced plasma leakage in 
the airways of guinea-pigs (Evans et al., 1988b). 

Although it is unclear whether leukotrienes are 
involved in the airway inflammation of patients with 
asthma, LTC4, LTD4 and LTE4 are present in the blood 
and urine of such patients (Taylor et al., 1989; Wardlaw 
et al., 1989). Furthermore, leukotriene synthesis inhi- 
bitors and leukotriene receptor antagonists can reduce 
airway narrowing under some circumstances (Israel et al., 
1990; Manning et al., 1990; Busse and Gaddy, 1991), 
but it is not clear what effect leukotrienes have on vas- 
cular permeability in human airway disease. 

5.2 P L A T E L E T - A C T I V A T I N G  F A C T O R  

PAF is a phospholipid produced by leukocytes, platelets 
and endothelial cells through the action of phospholipase 
A2 (PLA2) on phosphoglycerides in cell membranes 
(Zimmerman et al., 1992). Because PAF is not stored, its 
release requires de n0v0 synthesis. PAF is released from 
airway cells and can be detected in BAL fluid and 
peripheral blood of asthmatics after allergen challenge 
(Nakamura et al., 1987; Stenton et al., 1990). PAF 
released from endothelial cells may function as an inter- 
cellular messenger involved in the activation of adherent 
neutrophils (Zimmerman et al., 1990; Lorant et al., 
1991; Carveth et al., 1992). 

PAF increases vascular permeability by acting on 
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specific membrane receptors on endothelial cells (Evans et 
al., 1987, 1988a, 1989; Rogers et al., 1990a). The PAF- 
induced increase in vascular permeability in guinea-pig 
airways appears to be independent of sensory nerve fiber 
activation or Bk (L6tvall et al., 1991a, 1992; Sakamoto 
et al., 1992). However, PAF apparently does not 
mediate allergen-induced plasma leakage in guinea-pig 
airways, as the leakage is not blocked by selective PAF 
antagonists (Evans et al., 1988a). As with leukotrienes, 
there is no direct evidence that PAF is a mediator of 
plasma leakage in human airway disease. 

5.3 BRADYKININ 
Bk is a nine amino acid peptide formed through the 
action of plasma or tissue kallikrein on high molecular 
weight kininogen (Kozin and Cochrane, 1992; Proud 
and Vio, 1993). Bk can trigger plasma leakage and leuko- 
cyte adherence in blood vessels of the respiratory mucosa 
(Lundberg and Saria, 1983; Proud etal. ,  1989; Kawikova 
et al., 1993; Bowden et al., 1994d). Bk acts directly on 
endothelial cells and indirectly through the release of 
mediators from mast cells and sensory nerve fibers (Lund- 
berg and Saria, 1983; Lawrence et al., 1989; Erjef~ilt and 
Persson, 1991c; Sulakvelidze and McDonald, 1994). In 
guinea-pigs, the effects of Bk on the microvasculature are 
mediated by Bk2 receptors (Ichinose and Barnes, 1990; 
Sakamoto et al., 1992). 

5.4 TACHYKININS 
Stimulation of sensory nerve fibet~s in the respiratory tract 
of the rat and guinea-pig results in an increase in vascular 
permeability and plasma leakage in the airway mucosa 
(Lundberg and Saria, 1983; McDonald, 1994a,c). This 
phenomenon, called "neurogenic inflammation" (Jancs6 
et al., 1967, 1968), is mediated by substance P, an 11 
amino acid peptide released from sensory nerve fibers 
(Lembeck and Holzer, 1979). A wide variety of stimuli, 
including tobacco smoke, gastric acid, hypertonic saline 
and hyperpnea, can trigger neurogenic inflammation in 
the respiratory tract (Lundberg and Saria, 1983; Martling 
and Lundberg, 1988; Umeno etal. ,  1990; Garland etal . ,  
1991). 

Substance P causes plasma leakage in the airway mucosa 
by binding to neurokinin-1 receptors (also known as Nkl 
or substance P receptors) on the endothelial cells of post- 
capillary venules (Bowden et al., 1994a). Consistent with 
the involvement of substance P from sensory nerves, the 
plasma leakage associated with neurogenic inflammation 
is abolished by pretreatment with capsaicin, which des- 
troys or reduces the substance P content of sensory nerve 
fibers (Jancs6 et al., 1967, 1968; Lundberg and Saria, 
1983). The increase in vascular permeability is thought to 
involve Nkl receptors, because selective Nkl receptor 
agonists can evoke plasma leakage (Abelli et al., 1991a,b) 
and selective NK1 receptor antagonists can inhibit the 

plasma leakage associated with neurogenic inflammation 
(Delay-Goyet and Lundberg, 1991; Delay-Goyet et al., 
1992; Lei et al., 1992; Murai et al., 1992; Sakamoto et 
al., 1993). 

Substance P-immunoreactive nerve fibers evidently do 
not directly supply the postcapillary venules in the 
mucosa that are sites of plasma leakage, although such 
nerves are abundant in the overlying airway epithelium 
and are also present around arterioles (McDonald et al., 
1988; Baluk et al., 1992). These findings raise the ques- 
tion of whether substance P can act directly on the 
endothelial cells of postcapillary venules. This issue has 
been addressed by examining the distribution of Nkl 
receptor immunoreactivity in the respiratory tract of the 
rat, using an antibody to the rat Nkl receptor (Bowden 
et al., 1994a; Vigna et al., 1994). Nkl receptor 
immunoreactivity is abundant on the endothelial cells of 
postcapillary venules, much less abundant on the 
endothelial cells of capillaries, and not detectable on the 
endothelial cells of arterioles (Bowden et al., 1994a,b). 
These studies also revealed the unexpected finding that 
substance P stimulates a rapid internalization of Nkl 
receptors, thereby increasing the number of Nkl 
receptor-immunoreactive endosomes in endothelial cells 
(Bowden et al., 1994a). Antidromic stimulation of the 
vagus nerve evokes neurogenic inflammation and induces 
the internalization of Nkl receptors by endothelial cells, 
but PAF does neither (Bowden et al., 1994a). We infer 
from these findings that the plasma leakage associated 
with neurogenic inflammation results when substance P, 
released from sensory nerves around arterioles or in the 
airway epithelium, diffuses to the Nkl receptors on 
endothelial cells of postcapillary venules (Baluk et al., 
1992; Bowden et al., 1994a). 

Substance P may also play a role in allergen-induced 
plasma leakage in guinea-pig airways. Studies of this issue 
have had conflicting results, with some producing evi- 
dence consistent with a role of substance P in this process 
(Saria et al., 1983; Manzini et al., 1987) and others 
producing the opposite (Lai, 1991; L6tvall et al., 
1991b). However, the results of experiments using selec- 
tive substance P receptor antagonists may reconcile these 
differences (Bertrand et al., 1993). These findings suggest 
that substance P is not involved in the plasma leakage 
that occurs during the first 5 min after challenge but does 
participate in the leakage that occurs thereafter (Bertrand 
et al., 1993). 

To our knowledge, neurogenic inflammation, in the 
sense defined by Jancs6 and his associates (Jancs6 et al., 
1967, 1968), has not been demonstrated in the respira- 
tory tract of animals other than guinea-pigs, mice and 
rats. Although the issue has not been examined systemat- 
ically, it appears that hamsters, rabbits, dogs and pigs do 
not develop neurogenic plasma leakage in the airway 
mucosa (Matheson et al., 1994; McDonald, 1994a,c). 
The explanation may lie in differences in the nerves, 
blood vessels, or both, and the lack of responsiveness in 
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healthy animals could change in the presence of inflam- 
matory airway diseases (McDonald, 1992, 1994a,c). 
Similarly, neurogenic inflammation has not been demon- 
strated in the human respiratory mucosa, yet there is evi- 
dence that other sensory nerve-mediated changes do 
occur and that these may be exaggerated in allergic rhi- 
nitis and asthma (McDonald, 1994a,c). 

Regardless of the outcome of the studies of sensory 
nerve-mediated phenomena in humans, neurogenic 
inflammation in rats and guinea-pigs continues to serve as 
a useful experimental model for elucidating the changes 
in endothelial cells that occur in acute inflammation, 
determining the consequences of plasma leakage in the 
airway mucosa, and testing the anti-edema action of 
drugs that may be useful for treating inflammatory dis- 
eases of the nose and bronchi (McDonald, 1994a). 

blood vessels that become leaky in response to inflamma- 
tory stimuli (McDonald et al., 1991). In addition, the 
blood vessels become abnormally sensitive to inflamma- 
tory mediators such as substance P (McDonald et al., 
1991). One factor in the heightened sensitivity of the 
blood vessels to substance P may be an increase in the 
number of Nkl receptors on endothelial cells (Baluk et 
al., unpublished observations). The consequences of the 
increased number of receptors may be augmented by a 
reduction in the activity of neutral endopeptidase, which 
degrades substance P (Borson et al., 1989). Most of the 
abnormalities resulting from 38. pulmonis infection can be 
reversed by treatment with dexamethasone or oxytetracy- 
cline, which reduces the number of 38. pulmonis 
organisms, the severity of histopathological changes, and 
the responsiveness of the blood vessels to substance P 
(Bowden et al., 1994c). 

6. Changes in the Airway 
Microvasculature in Chronic 
Inflammation 

As discussed in Section 3.3, few histopathological studies 
of asthma have focused specifically on the microvascula- 
ture. Nonetheless, there is evidence that neovasculariza- 
tion is one of the changes in the airways of asthmatics 
(Kuwano et al., 1991). This observation in potentially 
important because newly formed blood vessels may be 
abnormally leaky (Schoefl, 1967) or abnormally respon- 
sive to inflammatory mediators (McDonald, 1992). The 
plasma leakage that occurs in the airway mucosa of asth- 
matics could result from the heightened response of the 
mucosal blood vessels to inflammatory mediators. 

38ycoplasma pulmonis infection in rats has been a useful 
model for studying changes in airway blood vessels in the 
presence of chronic inflammation. This infection results 
in extensive remodeling of the airway mucosa, with 
neovascularization, influx of leukocytes, mucous cell 
hyperplasia, and increased mucosal thickness (Lindsey et 
al., 1971; McDonald, 1988b; Huang et al., 1989; 
McDonald et al., 1991; Bowden et al., 1994c). These 
changes are associated with an increase in the sensitivity 
of the blood vessels to inflammatory mediators, which is 
manifested by an increase in the amount of plasma 
leakage produced by inflammatory stimuli, particularly 
stimuli that trigger neurogenic inflammation (Huang et 
al., 1989; McDonald, 1988b, 1992; McDonald et al., 
1991). The newly formed blood vessels seem not to be 
abnormally leaky unless they are exposed to an inflamma- 
tory mediator (McDonald et al., 1991). The pathological 
changes associated with 3//. pulmonis infection are perma- 
nent unless the infection is treated (Bowden et al., 
1994c). 

Several mechanisms appear to be involved in the poten- 
tiation of neurogenic plasma leakage by 38. pulmonis 
infection. There is an increase in the number of mucosal 

7. Effect of Anti-inflammatory Drugs 
on Plasma Leakage 

Glucocorticoids, B2-adrenergic agonists, methylxan- 
thines, cromoglycate and several anti-inflammatory pep- 
tides have been shown to inhibit the increase in vascular 
permeability induced by inflammatory mediators. Many 
of these agents are widely used clinically, although usually 
not for their anti-edema effects. Although the anti-edema 
action of these drugs has considerable therapeutic poten- 
tial, most information regarding this action has come 
from animal models of infammation rather than from 
humans with airway disease. 

7.1 GLUCOCORTICOIDS 
Glucocorticoids are among the most potent substances 
that can reduce the plasma leakage induced by inflamma- 
tory stimuli. This action is not specific for a particular 
inflammatory stimulus (Tsurufuji et al., 1979; Ohuchi et 
al., 1984; Foster and McCormick, 1985; Andersson and 
Persson, 1988; Yarwood et al., 1988). For example, 
glucocorticoids can inhibit the plasma leakage induced by 
H, leukotrienes, PAF, Bk, C5a and N-formyl-methionyl- 
leucyl-phenylalanine (FMLP), presumably through a 
direct action on endothelial cells (Bj6rk et al., 1985; 
Svensj6 and Rx)empke, 1985b; Yarwood et al., 1993). 
Glucocorticoids also can decrease the release of leu- 
kotrienes, prostaglandins, H and cytokines. Further- 
more, they can inhibit the influx of inflammatory cells 
into the airways, suppress the synthesis of substance P, 
and up-regulate the expression of enzymes that degrade 
substance P (Andersson and Persson, 1988; Ihara and 
Nakanishi, 1990; Borson and Gruenert, 1991; 
Piedimonte et al., 1991; Goldstein et al., 1992; Tobler 
et al., 1992; Katayama et al., 1993). 

Glucocorticoids reduce plasma leakage through several 
mechanisms (Williams and Yarwood, 1990). Actions of 
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glucocorticoids are typically mediated through the 
glucocorticoid receptor and its effect on protein synthesis 
(Tsurufuji et al., 1979). Lipocortins and vasocortin are 
among the proteins that mediate the effects ofglucocorti- 
coids on endothelial cells (Williams and Yarwood, 1990; 
Goldstein et al., 1992). Glucocorticoids can also increase 
intracellular cAMP (Liu, 1984; Nabishah et al., 1992) 
and can alter the function of non-steroid receptors on 
endothelial cells (Davies and Lefkowitz, 1980, 1984). 
Changes in cAMP in endothelial cells could contribute to 
the small anti-edema effect of glucocorticoids that occurs 
too rapidly to involve protein synthesis (Inagaki et al., 
1992). 

Dexamethasone can reduce the amount of plasma 
leakage associated with neurogenic inflammation in 
pathogen-free rats and in rats with viral or mycoplasmal 
infections (Huang et al., 1989; Piedimonte, et al., 1990; 
Bowden et al., 1994c). The magnitude of this effect is 
dose dependent, ranging from a 23% to 90% reduction, 
and is related to the duration of the treatment (Huang et 
al., 1989; Piedimonte et al., 1990; Bowden et al., 
1994c). Little effect on plasma leakage is found immedi- 
ately after a single dose of a glucocorticoid in this model 
system (Lundberg et al., 1983; Norris et al., 1990). In 
pathogen-free rats, the maximal effect is present about 2 
days after the onset of treatment (Piedimonte et al., 
1990, 1991; Katayama et al., 1993). However, in rats 
with mycoplasmal infections, several weeks of treatment 
are required to restore vascular permeability to normal 
(Bowden et al., 1994c). Prolonged treatment is required 
to reverse the angiogenesis associated with the chronic 
inflammation of the airway mucosa in rats with 
mycoplasmal infections (Bowden et al., 1994c). 
Glucocorticoids can inhibit angiogenesis by acting 
directly on the blood vessels (Folkman and Brem, 1992) 
and by decreasing the release of cytokines or growth 
factors that influence blood vessel growth (Goldstein et 
al., 1992). 

Depletion of endogenous glucocorticoids in 
experimental animals can increase the amount of plasma 
leakage produced by allergen challenge and other inflam- 
matory stimuli (Boschetto et al., 1992; Ohrui et al., 
1992). This observation may be important clinically, 
because the responsiveness of airway blood vessels to 
inflammatory mediators could increase after glucocorti- 
coid treatment is stopped. 

7.2 /S2-ADRENERGIC R E C E P T O R  

A G O N I S T S  

Selective ~2-adrenergic receptor agonists (~2 agonists) are 
widely used in the treatment of airway diseases such as 
asthma because of their bronchodilating action. In addi- 
tion, ~2 agonists have anti-inflammatory effects, in that 
they can inhibit the release of inflammatory mediators 
and can decrease plasma leakage (Svensj6 et al., 1977; 
Tomioka et al., 1981; Erjef~ilt and Persson, 1986; Barnes, 

1993b; Persson, 1993). For example, /32 agonists can 
inhibit the degranulation of mast cells and decrease the 
early and late cutaneous reactions to intradermal allergen 
(Assem and Richter, 1971; Tomioka et al., 1981; 
Subramanian, 1986; Inagaki et al., 1989; Gronneberg 
and Etterstrom, 1992). Furthermore, /32 agonists can 
decrease the plasma leakage produced in the skin, respira- 
tory tract and other organs by a variety of inflammatory 
mediators (Svensj6 et al., 1977; O'Donnell and Persson, 
1978; Persson and Erjef~ilt, 1986a; Ohuchi et al., 1987). 

Through experiments done by Svensj6, Persson, 
Erjef~ilt and their colleagues, the anti-edema action of ~2 
agonists has been characterized in considerable detail 
(Svensj6 et al., 1977, 1982; O'Donnell and Persson, 
1978; Persson et al., 1978; Arfors et al., 1979; Joyner et 
al., 1979; Persson et al., 1982, 1986b; Svensj6 and 
Roempke, 1984; Erjef/ilt and Persson, 1985, 1991b,c; 
Persson and Erjef~ilt, 1986a, 1988). For example, the ~2 
agonist terbutaline can decrease the plasma leakage 
induced by Bk and H in the hamster cheek pouch 
(Svensj6 et al., 1977, 1982; Arfors etal . ,  1979; Joyner et 
al., 1979; Svensj6 and Roempke 1984, 1985a), guinea- 
pig skin (O'Donnell and Persson, 1978; Beets and Paul, 
1980), canine forelimb (Dobbins et al., 1982), and 
human skin (Gronneberg et al., 1979). Anti-edema 
effects have also been demonstrated for the ~2 agonists 
formoterol (Ida, 1981; Gronneberg and Zetterstrom, 
1990; Erjef~ilt and Persson, 1991b; Tokuyama et al., 
1991; Advenier et al., 1992; Whelan et al., 1993; 
Bowden et al., 1994d; Sulakvelidze and McDonald, 
1994), procaterol (Ohuchi et al., 1990), salbutamol 
(Sharpe and Smith, 1979; Basran et al., 1984; Ohuchi et 
al., 1987; Inagaki et al., 1989) and salmeterol (Johnson, 
1990; Whelan and Johnson, 1992; Whelan et al., 1993). 
Epinephrine and isoproterenol also have anti-edema 
actions (Green, 1972; Inagaki et al., 1989). 

Of potential relevance to their use in lung disease, ~2 
agonists can reduce the plasma leakage evoked in the 
airways of rats, guinea-pigs and cats by a variety of inflam- 
matory stimuli (Persson etal. ,  1978; Persson etal . ,  1982; 
Erjef~ilt and Persson, 1985, 199 lb; Persson and Erjef/ilt, 
1986a, 1988; Gronneberg and Zetterstrom, 1990; 
Tokuyama etal. ,  1991; Whelan etal . ,  1993; Sulakvelidze 
and McDonald 1994). Furthermore, ~2 agonists can 
decrease the plasma leakage in the lungs of patients with 
adult respiratory distress syndrome (Basran et al., 1986). 

Several lines of evidence indicate that the inhibitory 
effect of ~2 agonists on plasma leakage results from a 
direct effect on endothelial cells instead of the inhibition 
of mediator release from mast cells or sensory nerves or 
other indirect actions. First, ~ receptors are present on 
endothelial cells (Steinberg et al., 1984; Stephenson and 
Summers, 1987; Aham et al., 1990; Zink et al., 1993). 
Second, the anti-edema effect of ~2 agonists is indeed 
mediated by ~2 receptors, as it can be reversed by the 
selective B2-adrenergic antagonist ICI 118,551 (Svensj6 
and Roempke, 1985a; Bowden et al., 1994d). Third, /52 
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agonists can induce changes in endothelial cells in culture 
in the absence of mast cells, sensory nerves, or changes in 
blood flow (Killackey et al., 1986; Doukas et al., 1987; 
Morel et al., 1990). Fourth, the anti-edema effect does 
not require a change in blood flow (Joyner et al., 1979; 
Beets and Paul, 1980). Finally, ~32 agonists can inhibit the 
plasma leakage evoked by substance P and PAF, which 
are likely to act directly on endothelial cells (Sulakvelidze 
and McDonald, 1994). ~32 Agonists even can reduce the 
effect of the calcium ionophore A23187 (Northover, 
1990). 

It is likely that fl agonists exert their anti-edema effect 
by increasing cAMP in endothelial cells (Zink et al., 
1993). Agents that can increase intracellular cAMP typi- 
cally reduce the effect of inflammatory mediators on the 
permeability of endothelial cells in culture (Carson et al., 
1989; Casnocha et al., 1989). Furthermore, drugs that 
inhibit cAMP-degrading phosphodiesterases can decrease 
plasma leakage (Suttorp et al., 1993). The inhibitory 
effect of f12 agonists appears to be independent of changes 
of intracellular calcium (Northover, 1990). 

The long-standing speculation that ~2 agonists decrease 
plasma leakage by reducing the number of endothelial 
gaps that form in postcapillary venules (Svensj6 et al., 
1977) has recently been documented by measurements of 
the number of gaps per endothelial cell (Baluk and 
McDonald, 1994). Specifically, substance P was found to 
produce 70% less plasma leakage and 68% fewer endo- 
thelial gaps in venules in the tracheas of rats that had been 
pretreated with the f12 agonist formoterol than in the cor- 
responding controls (Baluk and McDonald, 1994). 

7.3 S O D I U M  C R O M O G L Y C A T E  A N D  

N E D O C R O M I L  

Although sodium cromoglycate was originally believed to 
exert its therapeutic effect in asthma by inhibiting the 
release of mediators from mast cells, it is now known to 
have several anti-inflammatory effects in the airways 
(Barnes, 1993a). One action of sodium cromoglycate that 
may have a non-mast cell component is the reduction of 
plasma leakage (Persson, 1987; Barnes, 1993c). For 
example, sodium cromoglycate can decrease the plasma 
leakage produced by H and tachykinins (Erjef~t and 
Persson, 199 lc). This effect of sodium cromoglycate does 
not result from a change in blood flow (Erjef/ilt and 
Persson, 1991c). Sodium cromoglycate also can reduce 
the amount of albumin in the sputum of asthmatic sub- 
jects, suggesting that the drug has a clinically significant 
anti-edema effect (Heilpern and Rebuck, 1972). 

Nedocromil, which is structurally different from 
cromoglycate, also has multiple anti-inflammatory 
actions (Barnes, 1993c). For example, nedocromil can 
decrease allergen-induced plasma leakage in guinea-pig 
airways (Evans et al., 1988b). This effect probably 
involves the inhibition of mediator release (Moqbel et al., 
1988). However, an action on vascular endothelial cells 

may also be involved, because nedocromil can decrease 
the plasma leakage produced by allergen, LTB4, and H in 
the hamster cheek pouch (Dahlen et al., 1989). It is 
unknown whether nedocromil has an anti-edema effect 
in the airways of humans. 

7.4 METHYLXANTHINES 
Methylxanthines have been used for many years to treat 
airflow obstruction (Persson, 1985). Their beneficial 
actions in this regard include bronchodilatation, 
increased respiratory drive and delayed onset of respira- 
tory muscle fatigue under conditions of increased work- 
load (Aubier et al., 1981; Finney et al., 1985). 
Methylxanthines can also have anti-edema effects 
(Persson, 1986a; Persson and Draco, 1988). Both the- 
ophylline and enprofylline can reduce the amount of 
plasma leakage evoked in the guinea-pig trachea by a var- 
iety of inflammatory stimuli (Erjef/ilt and Persson, 1986, 
1991c; Persson et al., 1986b; Persson and Draco, 1988; 
O'Donnell et al., 1990; Raeburn and Karlsson, 1993). 

Although it is unclear whether methylxanthines have 
anti-inflammatory actions in human airways, the exacer- 
bation of symptoms that occurs in some patients with 
asthma when theophylline is withdrawn raises the possi- 
bility that the agent has clinically relevant anti- 
inflammatory effects which reverse when treatment is 
stopped (Brenner et al., 1988). Furthermore, the drugs 
can decrease the bronchoconstriction that occurs several 
hours after the inhalation of allergens, but they appear to 
have little effect on the immediate allergic response (Cres- 
cioli et al., 1991, 1992). 

The effects of methylxanthines have been assumed to 
result from the increase in intracellular cAMP that 
follows the inhibition of phosphodiesterases (Persson, 
1980, 1986a). The anti-edema effect of methylxanthines 
is consistent with this mechanism, because selective inhi- 
bitors of type 4 phosphodiesterase can inhibit plasma 
leakage (Raeburn and Karlsson, 1993). Nonetheless, the- 
ophylline's effect on phosphodiesterases occurs at con- 
centrations far greater than can be safely achieved by 
systemic administration (Fredholm and Persson, 1982). 
Some effects of methylxanthines may involve the inhi- 
bition of adenosine receptors (Persson et al., 1981, 
1986a; Fredholm and Persson, 1982). However, this 
action would not explain the anti-edema action of 
enprofylline, which is not a potent adenosine antagonist 
(Persson, 1982, 1986a; Persson and Draco, 1988). 

7.5 ENDOGENOUS NEUROPEPTIDES 
Several reports suggest that peptides released from nerve 
fibers in the airways can decrease the plasma leakage 
produced by inflammatory mediators (Raud, 1993). For 
example, calcitonin gene-related peptide (CGRP), which 
usually co-exists with substance P in sensory nerve fibers, 
may have an anti-edema effect in the airways (Rand et al., 
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1991). In addition, neuropeptide Y, a peptide that 
usually co-exists with noradrenaline in sympathetic nerve 
fibers, may inhibit plasma leakage in the airway mucosa 
under some conditions (Takahashi et al., 1993). 
Corticotropin-releasing factor, a peptide released from 
certain hypothalamic neurons, is also present in some 
sensory nerve fibers and can decrease plasma leakage in 
the trachea and other sites (Wei and Kiang, 1987; Gao et 
al., 1991; Wei and Thomas, 1993). Such evidence sug- 
gests that endogenous neural mechanisms can limit the 
amount of plasma leakage produced in the airways by 
inflammatory stimuli. 

8. Summary and Conclusions 
The microvascular endothelium, by regulating the 
leakage of plasma and the emigration of cells into the 
airway mucosa, plays a key role in coordinating the 
inflammatory response of the trachea and bronchi. These 
processes have been studied extensively in animal models 
of airway inflammation, where allergens, H, Bk, 5-HT, 
PAF, substance P, leukotrienes and a variety of other 
substances have been shown to cause plasma leakage. But 
much less is known about the contribution of plasma 
leakage to the pathophysiology of human airway disease, 
particularly long-standing conditions. It is clear that 
some inflammatory stimuli can evoke plasma leakage in 
the human airway mucosa. Furthermore, clinically rele- 
vant stimuli such as allergens can trigger plasma leakage 
in the airway mucosa of asthmatics. However, the func- 
tional consequences of this leakage are unknown, and 
there is little information regarding the amount of plasma 
leakage that occurs in chronic disease in the absence of 
exogenous stimuli such as allergens. Another unresolved 
question is whether plasma leakage should be viewed as 
a protective mechanism or as a manifestation of airway 
pathology. Finally, although several drugs used in the 
treatment of respiratory disease can decrease plasma 
leakage in experimental models, additional studies in 
humans will be needed before it is known whether the 
anti-edema action occurs in humans and is clinically 
beneficial. 
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i. Introduction 
This chapter focuses on the regulation of airway smooth 
muscle (ASM) function. In the past it was assumed that 
an abnormal contractility of ASM was the underlying 
defect in asthma. Smooth muscle from asthmatic 
patients, however, does not demonstrate increased con- 
tractile responses to agonists such as histamine (H) 
in vitro (Armour et al., 1984; Vincenc et al., 1985; 
Roberts et al, 1985; Cerrina et al, 1986; Thomson, 
1987), suggesting that it is not the muscle itself but the 
control of ASM function and of airway calibre in vivo 
which is fundamentally abnormal. Although contraction 
is considered to be the most significant function of the 
ASM cell, the less well recognized processes of relaxation 
and proliferation should not be ignored since they also 
play important roles in the pathogenesis of asthma. 

The smooth muscle of the airways is morphologically 
similar to that of the vascular, alimentary and urogenital 
systems. The ASM cells are spindle shaped, with a central 
nucleus and prominent nucleoli, packed with longitudi- 
nally arranged myofilaments, sarcoplasmic reticulum (sr) 
and mitochondria. Bundles of smooth muscle cells are 
arranged helically around the airway, but predominantly 
in a circular rather than a longitudinal orientation so that 
contraction leads to narrowing rather than shortening of 
the airway (Opazo-Saez et al., 1994). 

In contrast to many other smooth muscle types, ASM 
is regarded as being multi-unit rather than single unit, 
which means that each smooth muscle cell is individually 
innervated. This is associated with a relative lack of gap 
junctions which normally provide a low resistance elec- 
trical pathway for cell to cell communication. Spon- 
taneous electrical activity is rarely observed in ASM cells 
and action potentials only occur in exceptional circum- 
stances, the usual electrical response to spasmogens being 
graded depolarization without the overall muscle bundle 
acting as a syncytium. 

Acetylcholine is the predominant neural bronchocon- 
strictor of ASM. The density of cholinergic intervention 
is high in the central airways but reduces progressively in 
succeeding generations (Barnes et al., 1983; Daniel et al., 
1986). The receptor which mediates the contractile 
response in ASM is the muscarinic M3 receptor which is 
coupled via a G-protein to phosphoinositide hydrolysis 
and the production of the second messenger for intracel- 
lular Ca z+ release- inositol 1,4,5-trisphosphate (IP3). 
Another subtype of muscarinic receptor, M2, also exists 
in ASM. Activation of M2 receptors may support con- 
traction by an inhibitory effect on adenylate cyclase (Yang 
et al., 1991). A third subtype of muscarinic receptor, M 1, 
is not present on ASM, but excites post-ganglionic neu- 
rones in airway parasympathetic ganglia. 

Adrenergic nerves do not control ASM directly, but 
abundant adrenoreceptors are present on ASM which 
respond to circulating catecholamines. 

In addition to cholinergic innervation of the airways, 

there are neural mechanisms which act on ASM which 
are not blocked by cholinergic or adrenergic antagonists 
(Barnes, 1986). Within this non-adrenergic, non- 
cholinergic (NANC) system there are a number of 
different pathways which mediate both contraction and 
relaxation of ASM, and involve the release of a variety of 
neurotransmitters. Release is thought to occur by co- 
transmission from autonomic nerves rather than from a 
separate neural population. The peptide tachykinins, 
which include substance P, neurokinin A (NkA) and 
neurokinin B (NkB), released by the NANC systems are 
potent constrictors of ASM (Frossard and Barnes, 1991), 
while the bronchodilators include vasoactive intestinal 
peptide (VIP; Palmer et al., 1986; Diamond et al., 
1991), nitric oxide (NO) and atrial naturetic peptide 
(ANP; Ishii and Murad 1989). 

ASM is rich in receptors for many of the inflammatory 
mediators. It relies heavily upon pharmacomechanical 
coupling mechanisms for the transduction of such 
extracellular signals. In spite of the wide range of extracel- 
lular mediators for which the ASM cell expresses 
receptors, it appears that the diversity of the intracellular 
signalling mechanisms is more restricted, involving the 
release of sequestered CaZ +, turnover of membrane phos- 
pholipids such as the phosphoinositides, changes in cyto- 
solic cyclic nucleotide levels, and activation of protein 
kinase enzymes. 

2. Contraction 

2.1 C O N T R A C T I L E  P R O T E I N S  W I T H I N  

S M O O T H  M U S C L E  

Electron and light microscopy has established that, like 
cardiac and skeletal muscle, smooth muscle comprises 
actin-containing filaments and thicker myosin-containing 
filaments (Gerthoffer, 1991, Giembycz and Raeburn, 
1992). The thin actin filaments comprise two linear 
polymers (MW 42 kDa) of globular actin protein 
wrapped together in a helical structure and in turn intert- 
wined with another protein, tropomyosin (Fig. 9.1). The 
thicker myosin-containing filaments are composed of 
large bipolar molecules, and are arranged asymmetrically 
in a hexameric structure. Each myosin molecule com- 
prises three pairs of chains, one pair of heavy chains (MW 

~ ~ ~ ~ ~ , ~ i n  heavy chains 

20kDa 
//~ ~_. j Myosin light 

Tropomyosin . .. P,~f/" V ~  - ' j  chain 
Actin ~ ~ p  

~--v~//~,,.~__ 15kDa 
Myosin light 
chain 

Figure 9.1 The contractile proteins of smooth muscle. 
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200 kDa each) and two pairs of light chains (one of 
15 kDa, the other of 20 kDa). The light chains function 
to control binding of actin to myosin. The globular end 
of the myosin molecule, where the light chains are 
found, possesses both the site on the myosin for attach- 
ment to actin and the myosin ATPase enzymatic site, 
which in response to actin activation, hydrolyses ATP 
thereby providing the energy necessary to permit the 
binding of actin to myosin to occur (Adelstein and Eisen- 
berg, 1980; Adelstein, 1983). The long tail portion of 
the myosin molecule imparts rigidity and length to the 
molecule. 

The process of contraction occurs as a result of attach- 
ment of the globular myosin heads to actin. Actin then 
flexes in relation to myosin and the myosin head detaches 
and subsequently reattaches at another site further along 
the actin filament. This continuous attachment- 
detachment cycle causes the thick and thin filaments to 
slide over one another. This whole process is called 
"cross-bridge" formation and is important in the early 
stages of smooth muscle contraction - the rapid phasic 
development of tension. The myosin P light chains (MW 
20 kDa) located on the head portion of the myosin mac- 
romolecule normally prevent actin-myosin interaction, 
and it is the phosphorylation of these myosin P light 
chains which commences the "cross-bridge" cycling 
process and the subsequent rapid development of 
tension. 

2.2 M O L E C U L A R  M E C H A N I S M S  OF 

S M O O T H  M U S C L E  C O N T R A C T I O N  

The key biochemical trigger for initiating smooth muscle 
contraction is an increase in the cytosolic calcium ion 
(Ca 2+ ) concentration. This may be brought about by a 
number of mechanisms which are described later. Briefly, 
the rise in cytosolic Ca 2 + may result from either an influx 
of extracellular Ca 2 + across the cell membrane, or release 
of Ca2 + from intraceUular stores. 

The phasic component of contraction involving cross- 
bridge cycling occurs as a result of the interaction of 
elevated cytosolic Ca2+ combining with the 
Ca 2 + receptor protein, calmodulin (CAM). The resulting 
Ca2 +/CAM complex then activates a specific Ca2 +/CAM_ 
dependent enzyme, myosin light chain kinase (MLCK; 
Adelstein et al., 1982). This in turn leads to the phos- 
phorylation of the myosin head P light chain (MW 
20 kDa), which promotes the association between actin 
and myosin, and so the onset of contraction. This 
pathway for the initiation of contraction is described as 
a "thick filament-regulated" process. 

There is an additional controlling pathway which is 
"thin filament regulated"; this is dependent upon 
another protein, caldesmon, which is closely associated 
with the actin/tropomyosin-myosin domain. Caldesmon 
derives its name from its intrinsic ability to bind to 
calmodulin with a much greater affinity than to the thin 

filament domain. It functions as an inhibitor of 
actin/tropomyosin-myosin interaction. In the absence of 
the Ca2+/CaM complex, caldesmon binds to 
actin-tropomyosin filaments (thin filaments) preventing 
cross-bridge formation and therefore contraction (Sobue 
et al., 1981, 1982). Increasing cytosolic Ca2+ allows 
Ca2+/CaM to form, leading to the association of 
Ca2+/CaM with caldesmon and the removal of the 
caldesmon-induced inhibition of contraction. Thus, 
interaction of raised cytosolic Ca 2+ with CaM controls 
both the thick and thin filament-regulated mechanisms 
of contraction. 

These mechanisms account for the phasic component 
of ASM contraction, and presuppose the continued elev- 
ation of intracellular Ca2 + levels and phosphorylation of 
myosin light chains during the sustained component of 
contraction. In fact, during the sustained phase of ASM 
tension intracellular Ca 2+ concentration falls to a level 
just above basal (see Fig. 9.2). This anomaly of main- 
tained contraction without maintained Ca 2+ has led to 
the proposal of non-cycling or slowly cycling cross- 
bridges called "latch bridges" (Dillon et al., 1981; Hai 
and Murphy, 1988; Murphy et al, 1990), which main- 
tain contraction at greatly reduced levels of myosin phos- 
phorylation and energy consumption. In canine ASM 
latch bridges start cycling approximately 25 s after acti- 
vation and cycle at one-quarter the rate of cross-bridges 
(Gerthoffer, 1991). One of the key characteristics of the 
latch bridge state is an enhanced sensitivity of the con- 
tractile machinery to Ca2+. 

There is evidence to suggest that an intracellular 
enzyme, protein kinase C (PKC), plays a role in the main- 
tenance of ASM tension during the latch phase. It is 
envisaged that PKC phosphorylates myosin light chains 
directly, allowing actin and myosin to associate, or to 
facilitate the interaction of these contractile proteins at 
sites other than the myosin light chains. Two intracellular 
second messengers are produced in response to cell sur- 
face receptor activation by contractile agonists. These are 
IP3, a water-soluble molecule which activates release of 
intracellularly stored Ca 2+, and diacylglycerol (DAG), 
which unlike IP3 is lipid soluble and so remains in the 
plasmamembrane where it activates the enzyme PKC 
(Berridge and Irvine, 1984; Hashimoto et al., 1985). 

PKC is one member of a family of serine and threonine 
kinases - so-called because they catalyse the phosphoryla- 
tion from ATP of serine and threonine amino acid bases 
found in many different proteins. PKC is distinguished 
from other protein kinases because it is dependent on 
Ca 2 + and also the phospholipid phosphatidylserine (PS) 
for activity. When DAG appears free in the plasma mem- 
brane, quiescent PKC "translocates" from the cytosol to 
the plasma membrane, binding at sites rich in PS. It is 
this binding of PKC to membrane PS, in the presence of 
DAG, which confers increased Ca 2+ sensitivity to the 
enzyme and allows release of the catalytic subunit of PKC 
into the cytosol where target protein phosphorylation 
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Figure 9.2 Time course of change in cytosolic Ca 2§ in response to bradykinin in human ASM in the presence 
(a) and the absence (b) of extracellular Ca 2§ Cytosolic Ca 2§ is represented as the ratio of fluorescent intensity 

at 340/380 nm excitation wavelengths in Fura-2-1oaded cells. 

can then occur. Thus in the presence of DAG, the 
threshold concentration of Ca 2+ required to activate 
PKC is reduced to near resting Ca2 + levels, allowing PKC 
to function at a Ca 2 + concentration which exists during 
the sustained phase of agonist activation. PKC exists as a 
number of different isoenzymes which exert their effect 
by catalysing the phosphorylation of cytosolic regulatory 
proteins from the inactive to the active phosphorylated 
form (Kikkawa et al., 1989). 

Increases in intracellular DAG in ASM have been con- 
firmed in response to muscarinic receptor stimulation 
(Takuwa et al., 1986). DAG production in airway 
smooth muscle continues beyond the disappearance of 
IP3. This raises the possibility that during continued 
agonist activation DAG may additionally be derived from 
other membrane phospholipids without IP3 production. 

Evidence for the importance of PKC activation for 
airway smooth musde contraction has arisen from the 
experimental use of phorbol esters to stimulate PKC 
directly. PKC influences the sustained phase of the con- 
tractile response in a number of ways: by direct phos- 
phorylation of actomyosin (Park and Rasmussen, 1986) 
and by inhibiting mechanisms of relaxation (Obanime et 
al., 1989). Most importantly, however, PKC activation 
seems to increase greatly myofilament sensitivity to Ca 2 + 
(Nishimura and van Breemen 1989; Gerthoffer, 1991), 
and this may explain the maintenance of sustained con- 
traction during the "latch phase", despite a reduction in 
cytosolic Ca 2+ to near resting levels (as in Fig. 9.2). In 
addition, PKC activation has been shown to act as a 
modulator of IP3, both by activating its degradation via 
the 5-phosphatase enzyme, and by influencing its for- 
mation via phospholipase C (PLC) (Fig. 9.4). 

2.3 THE ROLE OF CYTOSOLIC 
CALCIUM 

The concentration of free calcium ions (Ca 2+) in the 
cytosol of ASM is central to the contractile response. The 
concentration of Ca2 + in the cytosol is determined by the 
relative activity of processes which deliver Ca 2+ to the 
cytosol and which remove Ca2 + from it. Calcium may be 
delivered either by influx of extracellular Ca2+, or by 
release of Ca 2+ stored in intracellular organelles, both 
processes involving the movement of Ca2 + down an elec- 
trochemical gradient from pools of high concentration. 
Conversely, Ca2 + is removed from the cytosol by energy- 
requiting pumps and by ion-exchange mechanisms which 
extrude Ca 2 + extracellularly, or which refill the intracel- 
lular stores. 

2 .3 .1  Intracellular Calc ium Concentrat ion  
D u r i n g  Contract ion  

The agonist-induced rise in cytosolic Ca 2+ associated 
with contraction can be measured in cultured ASM 
loaded with the intracellular Ca2+-sensitive fluorescent 
dye Fura-2 (Fig. 9.2). The response is biphasic - an initial 
sharp rise in cytosolic Ca 2 + occurs which peaks within 
the first minute following exposure to agonist. Cytosolic 
Ca 2 + then falls reaching a plateau level of elevated Ca 2 + 
which is sustained for the duration of exposure to agonist 
(Kotlikoff et al., 1987; Panettieri et al, 1989; Senn et al., 
1990; Murray and Kotlikoff, 1991; Shieh et al., 1991). 

Contractile tension is maintained during this sustained 
period of only modest elevation of cytosolic Ca2 + by the 
accompanying processes involving PKC which increase 
myofilament sensitivity to Ca 2+. Calcium release from 
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intracellular stores is responsible for the initial transient 
rise in cytosolic CaZ+, whereas the sustained plateau elev- 
ation is provided by influx of extracellular Ca z+. Fol- 
lowing agonist activation in the absence of extraceUular 
Ca z+ only the initial peak response occurs and the 
plateau rise cannot be sustained. Thus, Ca z+ released 
from intracellular stores activates the initial phasic con- 
tractile response to agonist and the subsequent tonic 
response is maintained by elevated Ca z + originating from 
extracellular sources. The initial phasic response to 
agonist activation reduces the Ca z+ content of the 
intracellular store. It is unknown whether the store then 
refills or remains depleted in the continuing presence of 
agonist during the tonic phase of contraction when cyto- 
solic Ca2 + is dependent on extracellular Ca z +. Available 
evidence suggests that the store remains depleted (Twort 
et al., 1992). 

2.3.2  Influx of  Extrace l lu la r  Ca lc ium 

The free Ca2 + concentration in the extracellular fluid sur- 
rounding airway smooth muscle is approximately 
1.5 mM, while cytosolic Ca 2+ is below the micromolar 
range. The large electrochemical gradient across the plas- 
malemmal membrane results in a continuous passive leak 
of Ca 2+ into the cytosol. This leak of Ca z+ into the 
cytosol is normally compensated for by the active Ca z+ 
removal mechanisms (discussed later) which return CaZ + 
to the extracellular space, thereby preventing a rise in the 
cytosolic Ca2 + concentration. 

In addition to this passive leak, extracellular Ca z + may 
gain access to the cytosol by passing through ion channels 
in the cell membrane (Fig. 9.3). As for other smooth 
muscle, two types of Ca z+ channel have been proposed 

for airway smooth muscle: voltage-dependent channels 
(VDCs) and receptor-operated channels (ROCs; Bohon, 
1979; Small and Foster, 1986; Giembycz and Rodger, 
1987). 

2.3.2.1 Vol tage-depOt  Channels 
As the name suggests, the C a  2+ conductance of these 
channels is dependent on the cell membrane potential. 
With a reduction in the membrane potential (depolariza- 
tion), as occurs with exposure to solutions contain- 
ing high K + concentration, both the probability of 
individual channels being open and the duration of 
their open state increases (Kotlikoff, 1988), resulting in 
influx of extracellular Ca 2+. VDCs are believed to be 
important in cells which exhibit action potentials, such as 
smooth muscle of the gut or blood vessels. ASM cells, 
however, have a stable resting membrane potential of 
between --50 and- -60  mV (Small and Foster, 1988), 
and action potentials are not normally observed. In 
ASM exposure to increasing concentrations of 
depolarizing agents such as K + results in a graded 
depolarization which is correlated with an increase in 
contractile force, rather than the production of action 
potentials. Studies in ASM demonstrate that agonist- 
induced contractions occur independently of changes in 
membrane potential (Coburn, 1979; Ahmed et al., 
1984), suggesting that opening of VDCs is not involved. 
Drugs which characteristically block VDCs, such as ver- 
apamil, nifedipine and diltiazem, have little effect on 
agonist-induced contractions (Kirkpatrick, 1975; Ito and 
Itoh, 1984). Despite these findings, the presence of 
VDCs is not questioned in ASM (Kotlikoff, 1988; 
Marthan et al., 1989), but it seems that they have little 
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Figure 9.3 Sources of Ca 2 § for the rise in cytosolic Ca 2§ 
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physiological importance in the contractile response to 
agonists. 

2 .3 .2 .2  Receptor-operated Channels  
In contrast to VDCs, the permeability of ROCs to the 
influx of Ca 2 + is not directly determined by changes in 
membrane potential (Bolton, 1979) and is governed by 
cell surface receptors. Unlike VDCs, ROCs are not purely 
selective for Ca'.+, frequently having a greater conduc- 
tance for Na+. They are resistant to blockage by organic 
inhibitors ofCa2 + influx which block VDCs (Murray and 
Kotlikoff, 1991), but can be blocked by novel com- 
pounds, H131, SKF96356 and by high concentrations of 
D600. Although the existence of ROCs is supported in 
vascular smooth muscle (Ruegg et al., 1989) there is only 
a little evidence, to date, to suggest that this type of Ca'. + 
influx channel exists in the ASM cell (Murray and Kot- 
likoff, 1991). 

2 .3 .2 .3  Passive Leak 
Despite this paucity of evidence for physiologically rele- 
vant VDCs or ROCs, influx of extracellular Ca 2+ is 
undoubtedly crucial for the maintenance of agonist- 
induced contraction of airway smooth muscle. In the 
absence of extracellular Ca'.+, tissue strips of airway 
smooth muscle in v/tr0 will fail to maintain a contraction 
in response to agonist stimulation, and the sustained 
plateau of elevated cytosolic Ca'. + in Fura-2-1oaded cells 
will be abolished (Fig. 9.2). One possible explanation for 
the net influx of extracellular Ca'. + in these circumstances 
(in the absence of VDCs or ROCs) is that, in the con- 
tinuing presence of agonist, mechanisms for removing 
intracellular Ca'. + may be suppressed, thereby allowing 
the passive leak to provide sufficient Ca'. + to raise cyto- 
solic levels. 

Some evidence for this explanation is provided by 
studies employing two compounds - thapsigargin (see 
Fig. 9.3) and cyclopiazonic acid - which deplete sr Ca '.+ 
by selectively blocking the sr Ca'.+-ATPase. These com- 
pounds have been used to study sr function in smooth 
muscle (Thastrup et al., 1989; Chen et al., 1992; Daniel 
et al., 1992; Low et al., 1992; Murray et al., 1994). In 
vascular smooth muscle thapsigargin abolishes Ca '.+ 
uptake into the IP3-sensitive store (Missiaen etal., 1991); 
it also causes a sustained rise in cytosolic Ca '.+ in 
unstimulated cells indicating the importance of sr for 
buffeting passive rises in cytosolic Ca '.+ (Chen et al., 
1992). A similar result is obtained in cultured human 
(Twort, 1994) and canine (Murray et al., 1994) ASM. 
Exposure of Fura-2-1oaded human ASM cells to thap- 
sigargin (1 #M) results in a rise in cytosolic Ca '.+ which 
reaches a steady state level, similar to that achieved during 
the sustained tonic phase of the response to a contractile 
agonist. This is interpreted as resulting from the inability 
of the sr in the presence of thapsigargin to buffer extracel- 
lular Ca'. + influxing via plasmalemmal leak. Addition of 
the agonist bradykinin (Bk) , after this brief period of 

thapsigargin exposure, results in a transient cytosolic 
Ca 2 + spike due to release of that quantity of stored CaZ + 
in the sr which has yet to leak out of the sr. The sub- 
sequent elevated plateau level of cytosolic Ca z+ in the 
presence of Bk is no different from that before application 
of Bk. This suggests that in the absence of the buffering 
function of the sr (due to thapsigargin) simple passive 
leak of Ca 2+ through the plasmalemma can account for 
the plateau rise in Ca 2+ which accompanies prolonged 
agonist activation of ASM. 

The path of entry of extracellular Ca2 + during the sus- 
tained phase of contraction in ASM has eluded definition 
in the absence, to date, of the demonstration of physio- 
logically relevant VDCs or ROCs. These data raise the 
possibility that following agonist activation, when the 
buffering capacity of the sr is abolished, the passive plas- 
malemmal leak can provide sufficient extracellular Ca 2 + 
to sustain the agonist-induced, or "receptor-mediated" 
(Murray and Kotlikoff, 1991), plateau rise in cytosolic 
Ca 2+ which accompanies maintained contraction. 

2 .3 .3  The  In t raceUular  Ca lc ium Store  

A role for intracellularly sequestered Ca2 + in the contrac- 
tion of ASM was first suggested by Kirkpatrick (1975), 
who demonstrated that removal of extracellular Ca 2+ 
reduced, but did not completely abolish, contractions of 
bovine trachealis in response to acetylcholine and H. This 
contrasted with depolarization-induced contractions 
which were entirelydependent on extracellular Ca 2+. 
Subsequent studies demonstrated that the relative contri- 
bution of Ca z + from extracellular and from intracellular 
sources during contraction of airway smooth muscle 
varied (Farley and Miles, 1978; Coburn, 1979; Creese 
and Denborough, 1981; Foster etal., 1983a,b; Raeburn 
et al., 1986; Nouailhetas et al., 1988). The rapidly 
developing phasic component of the contractile 
response, occurring at the onset of agonist induced con- 
traction, depended on release of intracellularly stored 
Ca z +, whereas the subsequent tonic component of con- 
traction relied on influx of extracellular Ca '.+ (Ito and 
Itoh, 1984). 

Removal of extracellular Ca'. + does not significantly 
impair either the initial development of tension (as 
opposed to the maintained contraction) or the transient 
peak in cytosolic Ca '.+ in Fura-2-1oaded ASM which 
occur in response to agonist stimulation, but it does 
abolish the plateau level of raised Ca'. + during the main- 
rained phase (Fig. 9.2). 

2.3 .3 .1  The Ident i ty  o f  the Calc ium Store 
The sr has been identified as the major intracellular source 
of activator Ca 2+ in both smooth and striated muscle 
(Somlyo etal., 1981; Bond etal., 1984; Somlyo, 1985). 
The sr of smooth muscle is a system of membranous 
tubules which has components closely underlying the 
surface plasmalemmal membrane, as well as deeper por- 
tions contiguous with the double membrane of the 
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nuclear envelope (Somlyo and Franzini-Armstrong, 
1985). The portion of the sr network which lies close to 
the inner surface of the plasmallemmal membrane inter- 
mittently fuses with the plasmalemma via specialized 
junctions, which appear to contain structural "feet" 
separating the two membranes (Somlyo and Franzini- 
Armstrong, 1985). Calcium stored within the sr is bound 
to the high capacity, low affinity Ca E+-binding protein 
calsequestrin (Wuytack et al, 1987). 

Cytosolic Ca ~+ is transferred into the store by a 
105 kDa Ca2+, Mg2+_ATPase situated in the sr mem- 
brane. This enzyme pump undergoes Ca Z+-dependent 
phosphorylation (Sumida et al., 1984). It is also regu- 
lated through cAMP-mediated phosphorylation of phos- 
pholamban (Raeymaekers et al., 1986; Eggermont et al., 
1988; Twort and van Breemen, 1989), as a result of 
which elevation of cytosolic cAMP lowers cytosolic Ca2 + 
by stimulating uptake into the sr. 

The Ca 2 + content of the sr is determined by a balance 
between the activity of the Ca E+-ATPase pump and 
mechanisms which release Ca z + from the store (Fig. 9.3). 
These mechanisms include the opening of ion channels in 
the sr membrane in response to IP3 and passive leak of 
Ca 2+ out of the sr. Both of these processes involve the 
movement of Ca 2+ from the high concentration within 
the store, estimated to be 5 mM Ca z + (Leijten and van 
Breemen, 1984), to the low concentration (100 nM) 
within the cytosol. Functional studies in vascular smooth 
muscle have demonstrated that the quantity of Ca 2+ 
stored in the sr is sufficient to activate maximal 

contraction (Bond et al., 1984). An equivalent amount, 
253/~mol CaZ + 1-1 of cells, is released from sr in human 
ASM in response to agonist activation (Twort and van 
Breemen, 1989). 

Mitochondria are not involved in storing activator 
CaZ + in smooth muscle (Twort and van Breemen, 1989). 
Despite the importance of Ca2 + transport systems within 
the mitochondria for controlling cellular metabolism, the 
endogenous Ca z + content of mitochondria is low (Bond 
et al., 1984), and mitochondria in smooth muscle only 
accumulate CaZ+ at pathological (10/~M) rather than 
physiological (100nM) cytosolic Ca 2+ concentrations 
(Yamamoto and van Breemen, 1986). 

2 .3 .3 .2  The Store as a Source o f  A c t i v a t o r  
Calc ium 

The second messenger linking activation of surface 
receptors by spasmogens in smooth muscle to release of 
intracellular Ca z + has been identified as IP3. IP3 is formed 
by activated receptor stimulation of a cell membrane 
enzyme, PLC, which hydrolyses a lipid constituent of the 
cell membrane, phosphatidylinositol bisphosphate (PIPE; 
Fig. 9.4). 

PIP2 is formed in the cell membrane by the successive 
phosphorylation of the membrane phospholipid phos- 
phatidylinositol (PI) to phosphatidylinositol 4- 
monophosphate (PIP) and then to PIPE. PIPz is readily 
recycled by specific phosphomonoesterases to PIP and 
eventually back to PI. This cycle continues at rest 
until stimulation of surface receptors occurs. Receptor 
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Figure 9.4 Phosphoinositide metabolism in ASM in response to agonist activation. 
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stimulation activates the membrane PLC thereby 
diverting PIP2 from the cycle above and hydrolysing PIP2 
to form IP3 and DAG. The step between receptor stimu- 
lation and activation of PLC in ASM is transduced by a 
guanine nucleotide regulatory protein (G-protein; 
Rodger, 1985; Chilvers and Nahorski, 1990; Birn- 
baumer, 1990). 

This pathway is ubiquitous in many cell types and has 
also been implicated in the mechanism of phar- 
macomechanical coupling in ASM. Phosphoinositol 
metabolism and rapid rises in the cellular levels of IP3 
follow stimulation by a variety of agonists - carbachol, 
histamine, neurokinins and leukotrienes in canine, 
guinea-pig and bovine ASM (Hashimoto et al., 1985; 
Grandordy et al., 1986, 1988; Duncan et al, 1987; 
Kardasz et al., 1988; Chilvers et al., 1989, 1991). This 
rise in IP3 precedes contraction (Duncan et al., 1987). 

The initial high levels of IP3 in response to 
agonist-receptor interaction are not maintained during 
the sustained phase of contraction (Chilvers et al, 1989; 
Chilvers and Nahorski, 1990). IP3 falls to baseline levels 
within a minute of the onset of contraction. I(1,4,5)P3 
is metabolized by two pathways, both of which are acti- 
vated by increases in cytosolic Ca2+: hydrolysis by a 5- 
phosphatase enzyme to I(1,4)P2, or phosphorylation to 
I(1,3,4,5)P4 and subsequent hydrolysis to its inactive 
isomer I(1,3,4)P3 (Chilvers and Nahorski, 1990). No 
physiological role for I(1,3,4,5)P4 has yet been identified 
in airway smooth muscle, although in other cells evi- 
dence exists that I(1,3,4,5)P4 may modulate plas- 
malemmal Ca2+ ion channels (Irvine and Moor, 1986). 
The only phosphoinositide metabolite which has been 
shown to release stored Ca 2+ in ASM is I(1,4,5)P3. 

IP3, released at the plasmalemma, diffuses across the 
cytosol and binds to an IP3 receptor on the sr membrane. 
This IP3 receptor is a Ca 2§ channel protein (Berridge, 
1993). The IP3 receptor contains membrane spanning 
domains in the C-terminal region which anchor the pro- 
tein in the sr membrane. Four subunits combine to form 
the functional IP3-sensitive Ca 2+ channel (Berridge, 
1993). The N-terminal domain lies free in the cytosol 
exposing the IP3 binding site (Mignery and Sudhof, 
1990). Following IP3 binding the receptor undergoes a 
conformational change which increases the probability of 
the open state of the channel (Ehrlich and Watras, 1988; 
Watras et al., 1991), resulting in Ca2 + efflux from sr to 
cytosol. It is as yet unclear whether channel opening 
requires sequential IP3 binding to the four sites on the 
receptor (Meyer et al., 1990), or whether the binding of 
a single molecule of IP3 is sufficient to result in channel 
opening (Meyer et al., 1990; Watras et al., 1991). 

The IP3 receptor in ASM is competitively blocked by 
low molecular weight heparin (Chopra et al., 1989). The 
sensitivity of this effect is high, half maximal inhibition of 
IPrinduced Ca2 + release occurring at 0.8/zg ml- 1 low 
molecular weight heparin. The inhibitory effect is struc- 
turally specific to low molecular weight heparin and its 

analogue chondroitin sulphate A. Very little inhibition is 
obtained with high molecular weight heparin or with De- 
N-sulphated heparin, suggesting that binding of heparin 
to the IP3 receptor depends on the relative positions of 
the different sulphated residues and of the N residue on 
the hexosamine unit of heparin. 

IP3 binding to the receptor is also inhibited by cytosolic 
Ca2 +, half maximal inhibition occurring at 300 nM Ca2 + 
(Worley et al., 1987; Theibert et al., 1987), a cytosolic 
concentration present in agonist-activated ASM (Kot- 
likoff et al., 1987; Panettieri et al, 1989; Senn et al., 
1990; Murray and Kotlikoff, 1991; Shieh et al., 1991). 
This effect may act as a negative feedback mechanism 
controlling CaZ + release. 

Estimates of the quantity of stored Ca z+ released in 
response to IP3 vary depending on the preparation of 
ASM under study. In freshly isolated ASM from canine 
trachealis, maximal IP3 releases 40% of stored Ca 2+ 
(Hashimoto et al., 1985), whereas in cultured ASM cells 
from human bronchi a greater proportion, 84%, is 
released (Twort and van Breemen, 1989). This dis- 
crepancy may result from variations of the sr in ASM 
under conditions of tissue culture as the cells adjust from 
contractile to proliferative phenotype. 

The intracellular Ca 2+ store in smooth muscle will 
release Ca 2+ in response to a variety of stimuli, both 
physiological and pharmacological. The most important 
effector of Ca 2+ release is IP3. Guanosine nucleotides 
have also been found to induce Ca2 + release in ASM, and 
may additionally promote translocation of CaZ + between 
separate fractions of the overall store (Gill et al., 1988; 
Mullaney et al., 1988; Ghosh et al., 1989). This is not 
mediated by G-protein activation of IP3 production at 
the plasmalemma, since neomycin, an inhibitor of PLC 
(Cockcroft and Gomperts, 1985; Cockcroft et al., 1987), 
does not affect the response (Chopra et al., 1991), indi- 
cating that the guanosine triphosphate (GTP) effect is 
occurring at the level of the intracellular Ca 2§ 
store and not the plasmalemma. Further insight into 
such possible heterogeneity of the store in ASM has been 
provided by observation of the effects of the classical 
pharmacological agents which release stored CaZ + in stri- 
ated muscle - ryanodine (Chopra et al., 1991) and 
caffeine (Ito and Itoh, 1984; Nouaihletas et al., 1988, 
Small et al., 1988; Chopra et al., 1991). 

2 .3 .4  Mechanisms for R e m o v i n g  Cytosol ic  
Calc ium 

There are three main mechanisms for reducing cytosolic 
Ca 2+ concentration. These mechanisms maintain the 
concentration gradient of Ca2 + across the cell or sr mem- 
branes. Activation of these processes will reduce cytosolic 
Ca 2§ and will produce relaxation (Fig. 9.5). 

2.3 .  4.1 R e u p t a k e  o f  C a l c i u m  in to  the 
I n t r a c e U u l a r  Store 

The sr  C a  2 + store empties during agonist activation of 
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Figure 9.5 Mechanisms for lowering cytosolic Ca 2+. ECF, extracellular fluid; SR, sarcoplasmic reticulum. 

ASM. Following removal of the agonist, relaxation 
occurs, cytosolic CaZ + returns to resting levels and the sr 
refills with CaZ+. Reuptake of Ca2+ results from the 
continuing activity of the sr Ca2+-ATPase pump. 
Loading of the sr occurs since, in the absence of agonist, 
this pump activity exceeds efflux of CaZ+ from the sr via 
leak mechanisms or IP3-gated channels. Both the rate of 
Ca e+ transport by the sr Ca 2+-ATPase and the steady- 
state Ca ~+ content of the sr are increased in ASM 
by elevated cytosolic concentrations of cAMP (Twort 
and van Breemen, 1989). This effect of cAMP of 
increasing sr Ca2 + uptake is one of the many mechanisms 
by which cAMP augments relaxation of ASM (see 
Fig. 9.7). 

2.3. 4. 2 Plasmalemmal Ca 2 +_A TPase Pump 
Ca z+ is extruded extracellularly from the cytosol by a 
Mg 2+-dependent Ca2+, H +-ATPase pump (Hogaboom 
and Fedan, 1981). This is an electrically neutral process 
by which cae + is exchanged for 2H +. In resting smooth 
muscle the Ca ~- + pump exists in a low affinity state which 
is capable of extruding sufficient Ca2 + to maintain steady 
state in the face of Ca z+ influx across the plasmalemma 
down its concentration gradient via the passive leak 
mechanism (Carafoli, 1984). 

In stimulated cells the pump adopts a high affinity state 

capable of extruding up to seven times more Ca2 +. Con- 
version of the pump to the high affinity state is achieved 
via activation by calmodulin, and by increases in cytosolic 
cAMP (Suematsu et al., 1984). 

2.3. 4. 3 Sodium- Calcium Exchange 
An additional method for extruding Ca e+ is a plas- 
malemmal exchange mechanism by which influxing Na + 
is exchanged for effluxing Ca2 + (Bullock et al., 1981). 
This process does not require ATP directly, the energy 
for the extrusion of Ca 2 + being provided by the influx 
of Na + down its concentration gradient into the cell. 
However, energy is required indirectly since the Na + 
gradient is maintained by the Na +, K+-ATPase 
pump. 

2 .3 .5  T h e  S t o r e  - A M o d u l a t o r  o f  
Ext raceUular  Ca lc ium Inf lux  

In addition to this function of controlling the overall 
cytosolic Ca 2+ concentration adjacent to the myofila- 
ments in the deep cytosol, there is evidence that the sr 
also plays a role in controlling the influx of extracellular 
Ca2 + through the plasmalemmal membrane. This has led 
to the independent proposal of two concepts - the 
"superficial buffer barrier hypothesis" and the "capacita- 
tive model" - both of which attempt to link sr function 
to extracellular CaZ+ influx. 

2.3.5.1 The Superficial Buffer Barrier Hypothesis 
This hypothesis, proposed and subsequently reviewed by 
van Breemen (Loutzenhiser and van Breemen, 1983; van 
Breemen et al., 1986, 1988; van Breemen and Saida, 
1989; Chen et al., 1992), envisages that in unstimulated 
resting smooth muscle cells, extracellular Ca2 + enters the 
cytosol via the leak pathway and/or via open Ca 2+ 
channels. This Ca 2 + is then largely taken up via the sr 
Ca+-ATPase pump into superficially located sr lying only 
a few nanometres below the inner surface of the plas- 
malemma. As a result, there exists an irregular, outwardly 
directed C a  2+ gradient in the narrow region between 
plasmalemma and superficial sr. Influxing cae+, having 
been taken up by the superficial sr in the resting cell, is 
then extruded extracellularly at sites of close apposition 
between the sr and the plasmalemma by the classical 
extrusion mechanisms of the plasmalemmal Ca e+- 
ATPase and Na+/Ca e+ exchange. In this way most of the 
cae + entering the resting cell is prevented from reaching 
the bulk of the cytoplasm and contraction is not acti- 
vated. In the presence of agonist, sr cae + channels open 
and the superficial sr loses its ability to buffer Ca 2+ influx; 
Ca2 + taken up by the superficial sr CaZ +-ATPase efl]uxes 
from the superficial sr directly via the open channels and 
results in a rise in deep cytosolic Ca z+ concentration. 
This hypothesis proposes that the Ca z + content of the sr 
controls the response to extracellular Ca 2 + influx - an 
empty store will buffer efficiently any influxing Ca 2+, 
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while a replete store will allow more influxing C a  2+ 

through to the bulk cytoplasm. 
Some support exists for the superficial buffer barrier in 

ASM. Exposure of thin strips of rabbit trachealis to 
80 mM K + or to carbachol (300 nM) results in a contrac- 
tion within 15 s of exposure. Prior progressive depletion 
of the sr Ca 2+ store by passive leak following pre- 
exposure to increasing durations of Ca2+-free solutions 
results in an increasing delay, up to 115 s, in the onset of 
contraction following reintroduction of extracellular 
Ca 2+ and agonist (Nouaihletas et al., 1988). This delay 
is proportional to the depletion of the sr Ca 2+, and is 
assumed to result from the requirement for the empty 
superficial sr to re-fill before sufficient influxing Ca2 + can 
reach the contractile apparatus. Conversely, prior 
exposure to 80 mM K + in Ca2+-containing extracellular 
medium will augment subsequent carbachol-induced 
contractions in Ca2+-free medium (Nouaihletas et al., 
1988), indicating that the sr in ASM can take up Ca2+ 
influxing through voltage-dependent plasmalemmal 
channels. 

2.3. 5.2 The Capacitative Model  
An additional model which aims to integrate observa- 
tions that the Ca 2+ content of the sr regulates Ca 2+ 
fluxes across the plasmalemma is the "capacitative 
model", expounded by Putney (1986, 1990). 

This model proposes that the degree of filling of the 
agonist-releasable Ca2 + store controls Ca2 + influx, with 
an empty store (as follows agonist stimulation) 
promoting Ca2 + influx by an as yet undiscovered mech- 
anism. As in the superficial buffer barrier hypothesis, this 
model proposes an isolated compartment of cytosol 
between the plasmalemma and the superficial sr. The 
local Ca2 + concentration in this compartment modulates 
the Ca 2+ permeability of the plasmalemma in that 
region. Ca2+ concentration in this compartment 
depends on three processes: influx across the plas- 
malemma, leak from the sr store and pumping into the 
sr store. It is proposed that agonist-mediated production 
of IP3 discharges the store into the deep cytosol, the store 
empties and Ca 2+ concentration in the local subplas- 
malemmal compartment falls, reducing Ca 2+ bound to 
the inner surface of the plasmalemma and increasing 
Ca2 + permeability. In this way emptying of the intracel- 
lular store by IP3 is the stimulus for extracellular Ca 2+ 
influx across the plasmalemma. 

3. Relaxation 
It would be naive to think that at any one time ASM is 
either in a contracted or a relaxed state. ASM in vivo has 
a degree of tone, and the extent of this tone will depend 
on the balance between the mechanisms producing con- 
traction and relaxation. Relaxation, therefore, is relative, 
and results both from a reduction in the forces of con- 

traction and from processes which actively produce relax- 
ation. Relaxation will occur as stimulation of surface 
receptors by bronchoconstrictor agonists, and the 
resulting elevation of cytosolic Ca2 +, reduces. It will also 
occur as the result of stimulation of active processes of 
relaxation, most of which also result in a reduction of 
cytosolic Ca2 +. 

3.1 PHARMACOMECHANICAL 
COUPLING 

There are two established mechanisms for relaxation of 
ASM which involve pharmacomechanical coupling: 
stimulation of ~-adrenoceptors with the production of 
increases in cytosolic cAMP via activation of adenylate 
cyclase (Rinard et al., 1983; Suematsu et al., 1984; 
Fig. 9.6); and activation of guanylate cyclase with 
resulting increases in cGMP. 

3 .1 .1  Cyclic A M P  

When adrenaline or synthetic ~-adrenergic agonists (used 
as bronchodilators in asthmatics) bind to the /~- 
adrenoreceptor on the cell surface of ASM, a reversible 
ligand-receptor complex is formed which stabilizes the 
receptor and allows its binding to a distinct GTP binding 
protein, Gs, in turn facilitating the binding of GTP. This 
binding of GTP promotes the dissociation of Gs from the 
receptor-ligand complex, allowing the GTP-bound Gs 
molecule (Gs-GTP) to migrate in the plane of the mem- 
brane. When the Gs-GTP complex binds to the regu- 
latory site of the adenylate cyclase enzyme, the hydrolysis 
of ATP occurs to yield the second messenger cAMP. 
Eventually inactivation of adenylate cyclase occurs to 
limit the synthesis of cAMP. This is achieved by the 
action of an enzymatic site (GTPase) located on Gs, 
which hydrolyses GTP to GDP initiating the dissociation 
of Gs from adenylate cyclase and switching off the for- 
mation of cAMP. The ~-adrenoreceptor is one of many 
receptors competing for the pool of Gs and adenylate 
cyclase molecules. 

In addition to activation by/5-adrenoreceptors, adeny- 
late cyclase in ASM is activated by VIP, a neurotrans- 
mitter of the NANC nervous system (Rhoden and 
Barnes, 1990). 

An additional mechanism controlling cAMP levels is 
metabolism by a specific phosphodiesterase enzyme, a 
cAMP-dependent phosphodiesterase. Such an enzyme 
exists in ASM and catalyses the degradation of cAMP to 
5'-adenosine monophosphate. 

The biological action of cAMP, in this case relaxation 
of ASM, is believed to be mediated through activation of 
a cAMP-dependent protein kinase, also known as protein 
kinase A (PKA). This enzyme, like PKC, belongs to a 
family of serine and threonine protein kinases, which 
catalyse the phosphorylation of serine and threonine 
amino acids in target proteins. 

There are a number of different mechanisms whereby 
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Figure 9.6 Cyclic AMP metabolism in ASM. 

elevated cAMP levels are thought to mediate ASM relax- 
ation (Fig. 9.7). Many act to reduce cytosolic Ca2+; 
stimulation of the plasmalemmal Ca2 +-ATPase extrusion 
pump (Suematsu et al., 1984), inhibition of G- 
protein/PLC interaction with a reduction in IP3 and 
DAG production (Hall and Hill, 1988); and stimulation 
of the sr Ca2 +-ATPase pump with increased intracellular 
sequestration of Ca 2+ (Twort and van Breemen, 1989). 

Phosphorylation by PKA decreases the activity of 
MLCK, considered to be intimately involved in ASM 
tension development (Gerthoffer, 1991). Phosphoryla- 
tion of MLCK, at certain sites on this enzyme, decreases 
its affinity for the Ca2+/CaM complex. Ultimately this 
means that irrespective of the concentration of the 
Ca2+/CaM complex, there will be fewer activated MLCK 
molecules, reduced myosin activation, and thus less con- 
tractile force. 

3 .1.2 Cyclic G M P  

Much less is known about the role of guanylate cyclase 
stimulation in ASM relaxation. Guanylate cyclase cata- 
lyses the formation of cGMP from GTP. Guanylate 
cyclase differs from adenylate cyclase in that it exists in 
both particulate (membrane-bound) and soluble (cyto- 
solic) forms. 

Soluble guanylate cyclase is activated by NO, whereas 
the particulate form is activated by ANP. NO-forming 

compounds such as nitroprusside relax human ASM 
in vitro (Ward et al., 1993), although inhalation of NO 
has little effect on airway function (Hulks et al., 1993; 
Frostell et al., 1993), probably because it does not pene- 
trate the ASM due to rapid inactivation. ANP receptors 
have been localized to ASM (Von Schroeder et al., 
1985), and dose-dependent relaxation in ASM together 
with varying degrees of reversal of agonist-induced tone 
has been shown (Ishii and Murad, 1989; Amyot et al., 
1989). 

Cyclic GMP, like AMP, can be inactivated by a specific 
cyclic nucleotide phosphodiesterase to 5'-GMP. Simi- 
larly, the biological effects of cGMP are believed to 
involve a cGMP-dependent protein kinase, also known as 
protein kinase G (PKG) or G-kinase. The cellular targets 
for G-kinase-mediated relaxation are unknown in ASM, 
and do not appear to involve phosphorylation of MLCK. 
However, in vascular smooth muscle cGMP and thus G- 
kinase may be involved in the extrusion of Ca2 + from the 
cytosol (Suematsu et al., 1984; Popescu et al., 1985) and 
in sr Ca 2+ sequestration (Twort and van Breemen, 
1988), ultimately leading to relaxation. 

3.2 POTASSIUM CHANNELS 
Potassium channels occur in the plasma membrane of a 
variety of different cell types throughout the body, 
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Figure 9.7 Effects of cAMP contributing to relaxation. AC, adenylate cyclase; DG, diacyl glycerol; G, guanosine 
nucleotide regulatory protein; IPa, inositol trisphosphate, MLCK, myosin light chain kinase. 

including secretory cells, nerves, skeletal and smooth 
muscle. These channels can exist in several different forms 
with one or more subtypes occurring in a single cell, and 
have been implicated in mechanisms of ASM relaxation 
(Weir and Weston, 1986; Allen et al., 1986; Hamilton 
et al., 1986; Shetty and Weiss, 1987; Quast and Cook, 
1988; Black and Barnes, 1990; Bray et al., 1991). 

K + channels are associated with the recovery or repolar- 
ization of excitable cells after depolarization. In general, 
they function to inhibit excitatory processes. As men- 
tioned before, ASM exhibits only a low level of electrical 
excitability without the development of action poten- 
tials. Instead, ASM displays slow wave activity thought 
to represent action potentials which are suppressed by 
the opening of K + channels, with the dtlux of K + from 
the cell rectifying any tendency to depolarization (Small 
et al., 1993). Thus, ASM is strongly rectified (i.e. more 
resistant to depolarization than to hyperpolarization). 

These findings have heightened interest in the role of 
K + channels in ASM since it is recognized that under 
conditions of K + channel blockade, where the ASM cell 
has lost its ability to rectify, ASM excitability is increased 
and generation of action potentials is possible experimen- 
tally. This excitability is analogous to some of the elec- 
trophysiological changes recorded in ASM obtained from 
asthmatic airways (Akasaka et al., 1975). 

The subtype ofK + channel responsible for determining 
the outwardly rectifying behaviour remains to be identi- 
f ied-  possible candidates include the large conductance 
CaZ+-dependent K + channel (BKca), and the delayed rec- 
tifier K + channel (Kv; Fleischmann et al., 1994). 

The opening ofK + channels has been implicated as one 
of the mechanisms by which raised cytosolic cAMP 
relaxes ASM. Using the patch clamp technique for 

recording ion channels, Kume and colleagues (1989) 
demonstrated that extracellular application of the /~- 
adrenergic agonist isoprenaline promotes the opening of 
BKca channels; this action could be mimicked by acti- 
vation ofPKA. Kume et al. (1992) subsequently showed 
that isoprenaline could also promote K + channel opening 
independently of cAMP accumulation, involving purely 
the c~-subunit of the G-protein (Gs) within the 
receptor]G-protein/adenylate cyclase complex. 

In ASM and vascular smooth muscle relaxation occurs 
in response to a class of drugs, which include cromakalim 
and /-cromakalim, which are known to activate the 
opening of K + channels. These agents are thought to act 
on a third subtype ofK + channel - the ATP-sensitive K + 
channel (KATP). which opens in response to a fall in cyto- 
solic ATP (Edwards and Weston 1993). 

The precise mechanism of relaxation produced by such 
K + channel openers is still unclear. Hyperpolarization 
brought about by K + channel opening is thought to 
close voltage-dependent Ca2+ channels preventing the 
influx of Ca 2+ necessary for contraction. However, as 
described earlier, voltage-dependent Ca 2+ influx is rela- 
tively unimportant for ASM contraction, except when 
induced experimentally by depolarization. 

Alternatively, hyperpolarization, induced by K + 
channel opening, may prevent the maintenance of con- 
traction by an effect on Ca2 + handling by the intracellular 
Ca 2+ stores in ASM (Chopra et al., 1992). Sarcoplasmic 
reticulum membranes contain K + selective channels. 
These channels facilitate the flux of K + into the sr from 
a pool of high K + concentration in the cytosol 
(Coronado et al., 1980). Although the predominant 
mode of action of K + channel openers is assumed to 
occur by hyperpolarization of the plasmalemmal 
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membrane, these agents undoubtedly also act on the sr 
Ca 2+ store. In intact rabbit aorta cromakalim reduces 
both the rate and extent of store refilling with Ca 2 + in 
previously Ca2 +-depleted tissue (Bray et al.,  1991). In 
portal vein pinacidil actively depletes the Ca 2+ store 
(Xiong et al.. 1991). Similar effects are seen in cultured 
ASM in which l-cromakalim reduces the loading of the 
IP3-sensitive store by 26%, a response which is blocked 
by the K + channel inhibitor glibenclamide (Chopra et al, 
1992). Thus an increase in the K + conductance decreases 
the ability of the sr in ASM to load Ca 2+, an effect com- 
parable to the inverse effect in skeletal muscle whereby a 
decrease in K + conductance increases sr Ca 2+ loading 
(Fink and Stephenson, 1987). 

An additional mechanism whereby hyperpolarization 
resulting from K + channel opening may influence cyto- 
solic Ca 2+ is by enhancing the activity of the Na+/Ca 2+ 
exchanger leading to increased Ca2+ extrusion. 

4. Proliferation 
One of the most striking pathological features of chronic 
asthma is an increase in the smooth muscle mass of the 
airways (Dunnill et al., 1969; Heard and Hossain, 1973; 
Hossain, 1973; Ebina et al. ,  1990). Hyperplasia (increase 
in cell number) rather than hypertrophy (increase in cell 
size) predominantly produces this increase in mass, and 
the associated reduction in airway luminal diameter. This 
fixed increase in muscle mass contributes to the compo- 
nent of airways obstruction observed in chronic asth- 
matics which is irreversible with bronchodilators. It also 
leads to an exaggerated response to bronchoconstrictor 
stimuli, equivalent to the characteristic bronchial hyper- 
responsiveness of asthmatics (James et al. ,  1989; Pare et 
al. ,  1991; Pare, 1993). 

4.1 GROWTH FACTORS 
Compared to vascular smooth muscle, much less is 
known about the growth factors which stimulate pro- 
liferation of ASM and the cellular signal transduction 
pathways which they employ. Many of the cells present 
in inflamed airways synthesize growth factors, and of par- 
ticular interest are the macrophage and the platelet, with 
contributions from other inflammatory cells such as mast 
cells, eosinophils and T lymphocytes. Platelet-derived 
growth factor (PDGF) is the most extensively studied and 
causes proliferation of cultured ASM obtained from a var- 
iety of species including humans and rabbits (Hirst et al. ,  
1994), guinea-pigs (De et al. ,  1993) and cows (Delamere 
et al. ,  1993). Epidermal growth factors have been shown 
to be mitogenic in humans (Panettieri, 1991), guinea- 
pigs (Stewart et al. ,  1993) and dogs (Panettieri et al.,  
1992). In addition to these growth factors other products 
of inflammatory cells and epithelial cells, such as histo- 
mine (H), 5-hydroxytryptamine (5-HT; serotonin), 

endothelin (ET) and interleukin-1 (IL-1) also cause pro- 
liferation (Panettieri et al. ,  1991; Noveral et al.,  1992; De 
et al. , 1993). 

4.2 S I G N A L  T R A N S D U C T I O N  

P A T H W A Y S  

The most important pathways for transducing receptor 
activation by mitogens at the cell membrane into DNA 
synthesis and cell division involve PKC and protein tyro- 
sine kinase (PTK). 

4.2.1  Pro te in  Kinase C 
Evidence for the link between PKC activation and cell 
proliferation was initially provided by the demonstration 
that two intracellular events associated with cell replica- 
tion - a rise in cytosolic pH and the expression of the 
proto-oncogenes c-3'bs and c-myc - are controlled by PKC: 
PKC stimulates the membrane bound Na +]H + exchange 
mechanism in smooth muscle which extrudes intracel- 
lular H + in exchange for extracellular Na+; this leads to 
a rise in intracellular pH, a prerequisite for cellular DNA 
replication (Mitsuka and Berk, 1991). c-3'bs and c-myc are 
proto-oncogenes whose transcription to mRNA is one of 
the earliest markers of cell proliferation; they encode for 
proteins, found in the cell nucleus, which initiate the 
sequence of events leading to DNA synthesis (Rozen- 
gurt, 1991). 

Phorbol esters, which activate PKC directly, stimulate 
proliferation of human (Panettieri et al. ,  1991), porcine 
(Panettieri et al.,  1993) and rabbit (Hirst et al. ,  1993) 
ASM. Proliferation in response to serum in cultured 
rabbit ASM is inhibited by exposure to specific inhibitors 
of the PKC pathway (Hirst et al. ,  1993). 

4 .2 .2  P ro te in  Tyrosine  Kinase 

In numerous types of cell, receptor-linked activation of 
PTK is an important pathway in the transduction of 
mitogenic stimuli (Yarden, 1988). Activation of PTK by 
growth factors, such as PDGF and EGF, leads to phos- 
phorylation of tyrosine residues on intracellular sub- 
strates. The identity of these substrates remains unclear, 
but their phosphorylation ultimately results in DNA syn- 
thesis and cell proliferation. 

Evidence for involvement of PTK in the proliferation 
of ASM is provided by the demonstration of increased 
levels of tyrosine phosphorylation of proteins in cul- 
tured ASM exposed to PDGF and EGF (Delamere et al.,  
1993; Stewart et al. ,  1993), and of inhibition of pro- 
liferation by inhibition of PTK activity (Hirst et al. ,  
1993). 

The PTK and PKC pathways do not operate in isola- 
tion from each other. A high degree of cross-talk between 
these pathways exists - for instance, activation of PTK by 
EGF stimulates the production by PLC-y of DAG from 
PIP2, which in turn activates the PKC pathway. 
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4.3 I N H I B I T I O N  O F  P R O L I F E R A T I O N  

Future  therapies aimed at preventing the proliferative 
response of ASM, observed in persistent asthma, will 
target those intracellular pathways which are believed to 
inhibit the proliferative response. Those pathways 
involving cGMP and cAMP, which produce relaxation of  
ASM, have been investigated as possible targets for the 
inhibition of  proliferation. 

Although activation of cGMP production inhibits vas- 
cular smooth muscle proliferation (Itoh et al. ,  1990; 
Winter, 1993), no comparable effect of cGMP has been 
demonstrated in ASM. 

However, both receptor-mediated and direct activation 
of adenylate cyclase by isoprenaline and forskolin respec- 
tively inhibit both phorbol ester- and EGF-induced pro- 
liferation of human ASM (Panettieri, 1991). Direct 
microinjection of the catalytic subunit of  cAMP- 
dependent protein kinase inhibits proliferation of porcine 
ASM (Panettieri, 1993). There seems to be a marked 
differential sensitivity in the ability of  fl-adrenergic 
agonists, cell-permeable cAMP analogues, such as 
dibutryl cAMP, and forskolin to exert anti-proliferative 
effects on ASM stimulated via either the PKC or the PTK 
pathway. The increased susceptibility of the PKC 
pathway relative to PTK may reflect differences in 
intracellular cross-talk between the cAMP pathway and 
these pathways, and may underlie the apparent lack of 
anti-proliferative, or disease-modifying, effects of fl- 
adrenergic agonists in the management of chronic 
asthma. 

5. References 
Adelstein, R.S. (1983). Regulation of contractile proteins by 

phosphorylation. J. Clin. Invest. 72, 1863-1866. 
Adelstein, ILS. and Eisenberg, E. (1980). Regulation and 

kinetics of the actin-myosin-ATP interaction. Annu. Rev. 
Biochem. 49, 956-969. 

Adelstein, tLS., DeLanerolle, P., Sellers, J.tL, Pato, M.D. and 
Conti, M.A. (1982). Regulation of contractile proteins in 
smooth muscle and platelets by calmodulin and cyclic AMP. 
In "Calmodulin and Intracellular Calcium Receptors" (eds S. 
Kakiuchi, H. Hidaka and A.R. Means), pp. 313-331. 
Plenum, New York. 

Ahmed, F., Foster, tL W., Small, tL C. and Weston, A. H. 
(1984). Some features of the spasmogenic actions of acetyl- 
choline and histamine in guinea-pig isolated trachea. Br. J. 
Pharmacol. 83, 227-233. 

Akasaka, K., Konno, K., Ono Y., Mue, S., Abe C., Kumagai, 
M. and Ise, T. (1975). Electromyographic study of bronchial 
smooth muscle in bronchial asthma. Tohoku J. Exp. Med. 
117, 55-59. 

Allen, S.L., Boyle, J.P., Cortijo, J., Foster, tLW., Morgan, 
G.P. and Small, R.C. (1986). Electrical and mechanical effects 
of BRL 34915 in guinea-pig isolatd trachealis. Br. J. Phar- 
macol. 89, 395-405. 

Amyot, T., Lesiege, D., Michoud, M.C., Larochelle, P. and 

Hamet, P. (1989). Effect of atrial naturetic factor on airway 
sensitivity to histamine in anaesthetized dogs. Eur. Respir. J. 
2 (Suppl 5), 301s. 

Armour, C.L., Lazar, N.M., Schellenberg, tLR. et al. (1984). 
Comparison of in vim and in vitro human airway reactivity to 
histamine. Am. Rev. Respir. Dis. 129, 907-910. 

Barnes, P.J. (1986). Neural control of human airways in health 
and disease. Am. Rev. Respir. Dis. 134, 1289-1314. 

Barnes, P.J., Basbaum, C. and Nadel J.A. (1983). Autoradio- 
graphic localization of autonomic receptors in airway smooth 
muscle: marked differences between large and small airways. 
Am. Rev. Respir. Dis. 127, 758-762. 

Berridge, M.J. (1993) Inositol trisphosphate and calcium signal- 
ling. Nature 361, 315-325. 

Berridge, M.J. and Irvine, tLF. (1984). Inositol phosphates and 
cell signalling. Nature, 341, 197-205. 

Birnbaumer, L. (1990). G-proteins in signal transduction. 
Annu. Rev. Pharmacol. Toxicol. 30, 675-705. 

Black, J.L. and Barnes, P.J. (1990). Potassium channels and 
airway function: new therapeutic prospects. Thorax, 45, 
213-218. 

Bolton, T.B. (1979). Mechanisms of action of transmitters and 
other substances on smooth muscle. Physiol. Rev. 59, 
606-718. 

Bond, M., Kitazawa, T., Somlyo, A.P. and Somlyo, A.V. 
(1984). Release and recycling of calcium by the sarcoplasmic 
reticulum in guinea-pig portal vein smooth muscle. J. Physiol. 
355, 677-695. 

Bray, K.M., Weston, A.H., Duty, S., Newgreen, D.T., Long- 
more, J., Edwards, G. and Brown, T.J. (1991). Differences 
between the effects of cromakalim and nifedipine on agonist- 
induced responses in rabbit aorta. Br. J. Pharmacol. 102, 
337-344. 

Bullock, C.G., Fettes, J.F. and Kirkpatrick, C.T. (1981). 
Tracheal smooth muscle - second thoughts on sodium- 
calcium exchange. J. Gen. Physiol. 318, 46. 

Carafoli, E. (1984). Calmodulin-sensitive calcium-pumping 
ATPase of plasma membranes: Isolation, reconstitution and 
regulation. Fed. Proc. 43, 3005-3010. 

Cerrina, J., Ladurie, M., Le, tL, Labat, C., Raffestin, B., Bayol, 
A. and Brink, C. (1986). Comparison of human bron- 
chial muscle responses to histamine in vivo with histamine and 
isoproterenol agonists in vitro. Am. Rev. Respir. Dis. 137, 
57-61. 

Chen, Q., Cannell, M. and Van Breemen, C. (1992). The 
superficial buffer barrier in vascular smooth muscle. Can. J. 
Physiol. Pharmacol. 70(4), 509-514. 

Chilvers, E. and Nahorski, S. (1990). Phosphoinositol metab- 
olism in airway smooth muscle. Am. Rev. Respir. Dis. 141, 
$137-$140. 

Chilvers, E.R., Challis, R.A., Barnes P.J. and Nahorski, S.IL 
(1989). Mass changes of inositol (1,4,5) trisphosphate in 
trachealis muscle following agonist stimulation. Eur. J. Phar- 
macol. 164, 587-590. 

Chilvers, E.IL, Giembycz, M.A., Challis, R.A.J., Barnes, P.J. 
and Nahorski, S.R. (1991). Lack of effect of zaprinast on 
methacholine-induced contraction and inositol 1,4,5 
trisphosphate accumulation in bovine tracheal smooth 
muscle. Br. J. Pharmacol. 103, 1119-1125. 

Chopra, L.C., Twort, C.H.C., Ward, J.P.T. and Cameron, 
I.tL (1989). Effects ofheparin on inositol 1,4,5-trisphosphate 
and guanosine 5'-0-(3-Thio triphosphate) induced calcium 



REGULATION OF AIRWAY SMOOTH MUSCLE 183 

release in cultured smooth muscle cells from rabbit trachea. 
Biochem. Biophys. Res. Commun. 163, 262-268. 

Chopra, L.C., Twort, C.H.C., Cameron, I.CI and Ward, 
J.P.T. (1991). Inositol 1,4,5-triphosphate- and guanosine 5'- 
0-(3-thiotriphosphate)-induced Ca 2§ release in cultured 
airway smooth muscle. Br. J. Pharmacol. 104, 901-906. 

Chopra, L.C., Twort, C.H.C. and Ward, J.P.T. (1992). Direct 
action of BRL 38227 and glibenclamide on intracellular cal- 
cium stores in cultured airway smooth muscle of rabbit. Br. 
J. Pharmacol. 105, 259-260. 

Coburn, ILF. (1979). Electromechanical coupling in canine 
trachealis muscle: acetylcholine contractions. Am. J. Physiol., 
236, C177-C184. 

Cockcroft, S. and Gomperts, B.D. (1985). Role of guanine 
nucleotide binding protein in the activation of poly- 
phosphoinositide phosphodiesterase. Nature 314, 534-536. 

Cockcroft, S., Howell, T.W. and Gomperts, B.D. (1987). Two 
G proteins act in series to control stimulus-secretion coupling 
in mast cells: use of neomycin to distinguish between G- 
proteins controlling polyphosphoinositide phosphodiesterase 
and exocytosis. J. Cell Biol., 105, 2745-2750. 

Coronado, tL, Rosenberg, ILL. and Miller, C. (1980). Ionic 
selectivity, saturation, and block in a K+-selective channel 
from sarcoplasmic reticulum. J. Gen. Physiol. 76, 425-446. 

Creese. B.IL and Denborough, M.A. (1981). Sources of calcium 
for contraction of guinea-pig isolated tracheal smooth muscle. 
Clin. Exp. Pharmacol. Physiol. 8, 175-182. 

Daniel, E.E, Kannan, M., and Davis, C. et al., (1986). Ultras- 
tructural studies on the neuromuscular control of human 
tracheal and bronchial muscle. Respir. Physiol. 63, 109-128. 

Daniel, E.E., Bourreau, J.-P., Abela, A. and Jury, J. (1992). 
The internal calcium store in airway smooth muscle: emp- 
tying, refilling and chloride. Biochem. Pharmacol. 43, 29-37. 

De, S., Zelazny, E.T. and Souhrada, M. (1993). Interleukin-I 
(IL-1) stimulates the proliferation of cultured ASM (ASM) 
cells via platelet derived growth factor (PDGF). Am. Rev. 
Respir. Dis. 147, A1013. 

Delamere, F., Townsend, P. and Knox, A.J. (1993). Tyrosine 
kinases transduce serum and specific growth factor mediated 
mitogenesis in ASM. Am. Rev. Respir. Dis. 147, A254. 

Diamond, L., Szarek, J.L., Gillespie, M.N. and Altiere, ILJ. 
(1991). In  vivo bronchodilatory activity ofvasoactive intestinal 
peptide in the cat. Am. Rev. Respir. Dis. 128, 827-832. 

Dillon, P.F., Aksoy, M.O., Driska, S.P. and Murphy, ILA. 
(1981). Myosin phosphorylation and the cross-bridge cycle in 
smooth muscle. Science (Wash). DC211, 495-497. 

Duncan, ILA., Krzanowski, J., Davis, J.S., Poison, J.B., 
Coffey, ILG., Shimoda, T. and Szentivanyi, A. (1987). Poly- 
phosphoinositide metabolism in canine tracheal smooth 
muscle (CTSM) in response to a cholinergic stimulus. 
Biochem. Pharmacol. 36, 307-310. 

Dunnill, M.S., Masserella, G.IL and Anderson, J.A. (1969). A 
comparison of the quantitative anatomy of the bronchi in 
normal subjects, in status asthmaticus, in chronic bronchitis 
and in emphysema. Thorax 24, 176-179. 

Ebina, M., Yaegashi, H., Chibo, IL, Takahashi, T., Motomiya, 
M. and Tanemura, M. (1990). Hyperreactive site in the 
airway free of asthmatic patients revealed by thickening of 
bronchial muscles. Am. Rev. Kespir. Dis. 141, 1327-1332. 

Edwards, G. and Weston, A.H. (1993). The pharmacology of 
ATP-sensitive K+-channels. Annu. Rev. Pharmacol. Toxicol. 
33, 597-637. 

Eggermont, J.A., Vrozlix, M., Raeymaekers, L., Wuytack, F. 
and Casteels, tL (1988). Ca2+-transport ATPase of vascular 
smooth muscle. Circ. Res. 62, 266-278. 

Ehrlich, B.E.  and Watras, J. (1988). Inositol 1,4,5- 
trisphosphate activates a channel from smooth muscle sar- 
coplasmic reticulum. Nature 336, 583-586. 

Farley, J.M. and Miles, P.tL (1978). The sources of calcium for 
acetylcholine-induced contractions of dog tracheal smooth 
muscle. J. Pharmacol. Exp. Ther. 207, 340. 

Fink, ILH.A. and Stephenson, D.G. (1987). Ca 2+ movements 
in muscle modulated by the state of K + channels in the sar- 
coplasmic reticulum membranes. Pfltigers Arch. 409, 
374-380. 

Fleiscl{mann, B.K., Hay, D.W.P. and Kotlikoff, M.I. (1994). 
Control of basal tone by delayed rectifier potassium channels 
in human airways. Am. J. Resp. Crit. Care Med. 149 (4), 
A1080. 

Foster, tLW., Small, tLC. and Weston, A.H. (1983a). Evidence 
that the spasmogenic action of tetraethylammonium in 
guinea-pig trachealis is both direct and dependent on the cel- 
lular influx of calcium ion. Br. J. Pharmacol. 79, 255-263. 

Foster. ILW., Small, tLC. and Weston, A.H. (1983b). The 
spasmogenic action of potassium chloride in guinea-pig 
trachea/is. Br. J. Pharmacol. 80, 553-559. 

Frossard, N. and Barnes, P.J. (1991). Effects of tachykinins on 
small human airways. Neuropeptides, 19, 157-162. 

Frostell, C., Hogman, M., Hedenstrom, H. and Hedenstierna, 
G. (1993). Is nitric oxide inhalation beneficial to the asthmatic 
patient? Am. Rev. Respir. Dis. 147, A515. 

Gerthoffer, W.T. (1991). Regulation of the contractile element 
of airway smooth muscle. Am. J. Physiol. 261 (Lung Cell 
Mol. Physiol. 5), L15-L28. 

Ghosh, T.K., Mullaney, J.M., Tarazi, F.I. and Gill, D.L. 
(1989). GTP activated communication between inositol 
1,4,5-trisphosphate-sensitive and insensitive calcium pools. 
Nature, 340, 236-239. 

Giembycz, M.A. and Raeburn, D. (1992). Current concepts on 
mechanisms of force generation and maintenance in airways 
smooth muscle. Pulm. Pharmacol. 5, 279-297. 

Giembycz, M.A. and Rodger, I.W. (1987). Electrophysiological 
and other aspects of excitation-contraction coupling and 
uncoupling in mammalian airway smooth muscle. Life Sci., 
41, 111-132. 

Gill, D.L., Mullaney, J.M. and Ghosh, T.K. (1988). Intracel- 
lular calcium translocation: mechanism of activation by gua- 
nine nucleotides and inositol phosphates. J. Exp. Biol. 139, 
105-133. 

Grandordy, B.M., Cuss, F.M., Meldrum, L., Sturon, P.G. and 
Barnes, P.J. (1986). Leukotriene CA and D4 induce contrac- 
tion and formation of inositol phosphates in airways and lung 
parenchyma (abstract). Am. Rev. Respir. Dis. 133, A239. 

Grandordy, B.M., Frossard, N., Rhoden, K.J. and Barnes, P.J. 
(1988). Tachykinin-induced phosphoinositide breakdown in 
airway smooth muscle and epithelium: relationship to con- 
traction. Mol. Pharmacol. 33, 515-519. 

Hai, C. and Murphy, ILA. (1988). Cross-bridge phosphoryla- 
tion and regulation of the latch state in smooth muscle. Am. 
J. Physiol. 254 (Cell Physiol. 23), C99-C106. 

Hall, I.P. and Hill, S.J. (1988). /3-Adrenoreceptor stimulation 
inhibits histamine-stimulated inositol phospholipid hydrolysis 
in bovine tracheal smooth muscle. Br. J. Pharmacol. 95, 
1204-1212. 



184 C. TWORT 

Hamilton, T.C., Weir, S.W. and Weston, A.H. (1986). Com- 
parison of the effects of BRL 34915 and verapamil on electrical 
and mechanical activity in rat portal vein. Br. J. Pharmacol. 
88, 103-111. 

Hashimoto, T., Hirata, M. and Ito, Y. (1985). A role for 
inositol 1,4,5-trisphosphate in the initiation of agonist- 
induced contractions of dog tracheal smooth muscle. Br. J. 
Pharmacol. 86, 191-199. 

Heard, B.E. and Hossain, S. (1973). Hyperplasia of bronchial 
muscle in asthma. J. Pathol. 110, 319-331. 

Hirst, S.J., Barnes, P.J. and Twort, C.H.C. (1993). Protein 
kinase inhibitors (PKC and PTK) and phorbol ester inhibit 
proliferation induced by serum in cultured rabbit ASM cells. 
Am. Rev. Respir. Dis. 147, A253. 

Hirst, S.J., Barnes, P.J. and Twort, C.H.C. (1994). Prolifer- 
ation of human and rabbit airway smooth muscle in culture 
by platelet-derived growth factor isoforms. Am. J. Respir. and 
Crit. Care Med. 149 (4), A302. 

Hogaboom, G.K. and Fedan, J.F. (1981). Calmodulin stimu- 
lation of calcium uptake and (Ca2+-Mg 2+ )-ATPase activities 
in microsomes from canine tracheal smooth muscle. Biochem. 
Biophys. Res. Commun. 99, 737-744. 

Hossain, S. (1973). Quantitative measurement of bronchial 
muscle in men with asthma. Am. Rev. Respir. Dis., 107, 
99-109. 

Hulks, G., Warren, P.M. and Douglas, N.J. (1993). The effect 
of inhaled nitric acid on bronchomotor tone in the normal 
human airway. Am. Rev. Respir. Dis. 147, A287. 

Irvine, R.F. and Moor, ILM. (1986). Micro-injection ofinositol 
1,3,4,5-tetrakis-phosphate activates sea urchin eggs by a 
mechanism dependent on external Ca 2+. Biochem. J. 240, 
917-920. 

Ishii, K. and Murad, F. (1989). ANP relaxes bovine tracheal 
smooth muscle and increases cGMP. Am. J. Physiol. 256 
(Cell Physiol 25), C495-500. 

Ito, Y. and Itoh, T. (1984). The roles of stored calcium in con- 
tractions of cat tracheal smooth muscle produced by electrical 
stimulation, acetylcholine and high K +. Br. J. Pharmacol. 83, 
667-676. 

James, A.L., Pare, P.D. and Hogg, H.C. (1989). The 
mechanics of airway narrowing in asthma. Am. Rev. Respir. 
Dis. 139, 242-246. 

Kardasz, A.M., Langlands, J.M., Rodger, I.W. and Watson J. 
(1988). Inositol lipid turnover in isolated guinea-pig trachealis 
and lung parenchyma. Biochem. Soc. Trans. 15, 474. 

Kikkawa, U., Kishimoto, A. and Nishizuka, U. (1989). The 
protein kinase C family: its heterogeneity and its implications. 
Annu. Rev. Biochem. 58, 31. 

Kirkpatrick, C.T. (1975). Excitation and contraction in bovine 
tracheal smooth muscle. J. Physiol. 244, 263-281. 

Kotlikoff, M.I., (1988). Calcium currents in isolated canine 
airway smooth muscle cells. Am. J. Physiol. 254, 
C793-C801. 

Kotlikoff, M.I., Murray, ILK. and Reynolds, E.E. (1987). 
Histamine-induced calcium release and phorbol antagonism 
in cultured airway smooth muscle. Am. J. Physiol. 253, 
C561-C566. 

Kume, H., Takai, A., Tokuno, H. and Tomita, T. (1989). 
Regulation of Ca2 +-dependent K+-channel activity in tracheal 
myocytes by phosphorylation. Nature, 341, 152-154. 

Kume, H., Graziano, M.P. and Kotlikoff, M.I. (1992). 
Stimulatory and inhibitory regulation of calcium-activated 

potassium channels by guanine nucleotide-binding proteins. 
Proc. Natl. Acad. Sci. USA 89, 11051-11055. 

Leijten, P.A. and van Breemen, C. (1984). The effects of 
caffeine on the noradrenaline-sensitive calcium store in rabbit 
aorta. J. Physiol. 357, 327-339. 

Loutzenhiser, IL and van Breemen, C. (1983). The influence of 
receptor occupation on Ca ++ influx-mediated vascular 
smooth muscle contraction. Circ. Res. 1983; 52 (suppl I), 
97-103. 

Low, A.M., Kwan, C.Y. and Daniel, E.E. (1992). Evidence for 
two types of internal Ca 2+ stores in canine mesenteric artery 
with different refilling mechanisms. Am. J. Physiol. 262, 
H31-H37. 

Marthan, IL, Martin, C., Amedee, T. and Mironneau, J. (1989) 
Calcium channel currents in isolated smooth muscle cells from 
human bronchus. J. Appl. Physiol. 66, 1706-1714. 

Meyer, T., Wensel, T. and Stryer, L. (1990). Kinetics of calcium 
channel opening by inositol 1,4,5-trisphosphate. 
Biochemistry 29, 32-37. 

Mignery, G.A. and Sudhof, T.C. (1990). The ligand binding 
site and transduction mechanism in the inositol 1,4,5- 
triphosphate receptor. EMBO J. 9, 3893-3898. 

Missiaen, L, de Smedt, H., Droogrnans, G., Declerck, I., 
Plessers, L. and Casteels, IL (1991). Uptake characteristics of 
the IP3-sensitive and-insensitive Ca 2+ pools in porcine aortic 
smooth-muscle cells: different Ca 2+ sensitivity of the Ca 2+ 
uptake mechanism. BBRC 174(3), 1183-1188. 

Mitsuka, M. and Berk, B.C. (1991). Long-term regulation of 
Na + -H + exchange in vascular smooth muscle cells: role of 
protein kinase C. Am. J. Physiol., 260, C562-C569. 

Mullaney, J.M., Yu, M., Ghosh, T.K. and Gill, D.L. (1988). 
Calcium entry into the inositol 1,4,5-trisphosphate-releasable 
pool is mediated by a GTP-regulatory mechanism. Proc. Natl. 
Acad. Sci. USA, 85, 2499-2503. 

Murphy, R.A., Rembold, C.M. and Hai, C.M. (1990). Con- 
traction in smooth muscle: What is latch? In "Frontiers in 
Smooth Muscle Research" (eds N. Speralakis and J.D. Wood) 
pp. 39-50. Liss, New York. 

Murray, ILK. and Kotlikoff, M.I. (1991). Receptor-activated 
calcium influx in human airway smooth muscle cells. J. 
Physiol. 435, 123-144. 

Murray, ILK., Maki, C. and Panettieri, ILA. (1994). Activation 
mechanisms of sustained calcium influx in human airways 
smooth muscle (ASM) cells. Am. J. Respir. Crit. Care Med. 
149(4), A1081. 

Nishimura, J. and van Breemen, C. (1989). Direct regulation of 
smooth muscle contractile elements by second messenger. 
Biochem. Biophys. Res. Comm. 163, 929-935. 

Nouailhetas, V.L.A., Lodge, N.J., Twort, C.H.C. and van 
Breemen, C. (1988). The intracellular calcium stores in the 
rabbit trachealis. Eur. J. Pharmacol. 157, 165-172. 

Noveral, J.P., Rosenberg, S.M., Anbar, ILA., Pawlowski, A.N. 
and Grunstein, M. M. (1992). Role of endothelin-I in 
regulating proliferation of cultured rabbit ASM cells. 
Am. J. Physiol. 263, (Lung Cell Mol Physiol 7), 
L317-24. 

Obanime, A.W., Hirst, S.J. and Dale, M.M. (1989). The 
effects of smooth muscle relaxants on phorbol dibutyrate- 
and histamine-induced contraction of the lung parenchymal 
strip. Possible relevance for asthma. Pulm. Pharmacol. 2, 
191. 

Opazo-saez, A., Okazawa, M. and Pare, P.D. (1994). Airway 



REGULATION OF AIRWAY SMOOTH MUSCLE 185 

smooth muscle (ASM) orientation and airway stiffness favor 
airway narrowing rather airway shortening. Am. J. Respir. 
Crit. Care Med. 149(4), A583. 

Palmer, J.B.D., Cuss, F.M.C and Barnes, P.J. (1986). VIP 
and PHM and their role in nonadrenergic inhibitory 
responses in isolated human airways. J. Appl. Physiol. 61, 
1322-1328. 

Panettieri, IlA., Murray, ILK., de Palo, L.II, Yadvish, P.A. 
and Kotlikoff, M.I. (1989). A human airway smooth muscle 
line that retains physiological responsiveness. Am. J. Physiol. 
256, C329-C335. 

Panettieri, IlA., Rubinstein, N.A., Feuertein, N. and Kotlikoff, 
M.I. (1991). Beta-adrenergic inhibition of airway smooth 
muscle proliferation. Am. Respir. Dis. 143, A608. 

Panettieri, IlA., Eszterhas, A. and Murray, IlK. (1992). 
Agonist-induced proliferation of ASM is mediated by altera- 
tions in cytosolic calcium. Am. Rev. Respir. Dis. 145, A15. 

Panettieri, IlA., Cohen, M.D. and Bilgen, G. (1993). ASM 
proliferation is inhibited by microinjection of the catalytic 
subunit of cAMP dependent protein kinase. Am. Rev. Respir. 
Dis. 147, A252. 

Pare, P.D. (1993). Hyperplasia and hypertrophy of ASM in 
asthma: the cause of airway hyperresponsiveness. Eur. Respir. 
J. 6, 228s. 

Pare, P.D., Wiggs, B.II, Hogg, J.C. and Busken, C. (1991). 
The comparative mechanics and morphology of airways in 
asthma and in chronic obstructive pulmonary disease. Am. 
Rev. Respir. Dis. 143, 1189-1193. 

Park, S. and Rasmussen, H. (1986). Carbachol induced protein 
phosphorylation changes in bovine tracheal smooth muscle. J. 
Biol. Chem. 261, 15734. 

Popescu, L.M., Panoiu, C., Hinescu, M. and Nutu, O. (1985). 
The mechanism of cGMP-induced relaxation in vascular 
smooth muscle. Eur. J. Pharmacol. 107, 393-394. 

Putney, J.W. (1986). A model for receptor-regulated calcium 
entry. Cell Calcium 7, 1-12. 

Putney, J.W. (1990). Capacitative calcium entry revisited. Cell 
Calcium 11, 611-624. 

Quast, U. and Cook, N.S. (1988). Potent inhibitors of the 
effects of the K + channel opener BRL 34915 in vascular 
smooth muscle. Br. J. Pharmacol. 93, 204P. 

Raeburn, D., Roberts, J.A., Rodger, I.W. and Thomson, N.C. 
(1986). Agonist-induced contractile responses of human 
bronchial muscle in vitro: effects of Ca2 + removal, La 3 + and 
PY108068. Eur. J. Pharmacol. 121,251-255. 

Raeymaekers, L. and Jones, L.R. (1986). Evidence for the 
presence of phospholamban in the endoplasmic reticulum of 
smooth muscle. Biochem. Biophys. Acta 882, 258-265. 

Rinard, G.A., Jensen, A. and Puckett, A.M. (1983). Hydrocor- 
tisone and isoproterenol effects on trachealis cAMP and relax- 
ation. J. Appl. Physiol: Respir. Environ. Exercise Physiol. 55, 
1609-1613. 

Roberts, J.A., Rodger, I.W. and Thomson, N.C. (1985). 
Airway responsiveness to histamine in man: effect of atropine 
on in vivo and in vitro comparison. Thorax 40, 261-267. 

Rodger, I.W. (1985). Excitation-contraction coupling and 
uncoupling in airway smooth muscle. Br. J. Clin. Pharmacol. 
20, 155S-166S. 

Rozengurt, E. (1991). Neuropeptides as cellular growth fac- 
toprs: role of multiple signalling pathways. Eur. J. Clin. 
Invest., 21, 123-134. 

Ruegg, U.T., Wallnofer, H., Weir, S. and Cauvin. C. (1989). 

Receptor-operated calcium-permeable channels in vascular 
smooth muscle. J. Cardiovasc. Pharmacol. 14, $49-$58. 

Senn, N., Jeanclos., E. and Garay, R. (1990). Action of 
azelastine on intracellular Ca 2+ in cultured airway smooth 
muscle. Eur. J. Pharmacol. 205, 29-34. 

Shetty, S.S. and Weiss, G.B. (1987). Dissociation of actions of 
BRL 34915 in the rat portal vein. Eur. J. Pharmacol. 141, 
485-488. 

Shieh, C.C., Petrini, M.F., Dwyer, T.M., and Farley, J.M. 
(1991). Concentration-dependence of acetylcholine-induced 
changes in calcium and tension in swine trachealis. J. Phar- 
macol. Exp. Therap. 256, 141. 

Small, R.C. and Foster, R.W. (1986). Airway smooth 
muscle: An overview of morphology and aspects of 
pharmacology: In "Asthma: Clinical Pharmacology and 
Therapeutic Progress" (ed A.B. Kay) pp. 101-113, Blackwell, 
Oxford. 

Small, R.C., Foster, IlW. (1988). Electrophysiology of the 
airway smooth muscle cell. In "Asthma: Basic Mechanisms 
and clinical Management" (eds P.J. Barnes, I.W. Rodger and 
N.C. Thomson), pp. 35-56, Academic Press, London. 

Small, IlC., Boyle, J.P., Cortijo, J., Curtis-prior, P.B., Davies, 
J.M., Foster, R.W. and Hofer, P. (1988).The relaxant and 
spasmogenic effects of some xanthine derivatives acting on 
guinea-pig isolated trachealis muscle. Br. J. Pharmacol. 94, 
1091-1100. 

Small, IlC., Berry, J.L., Cook, S.J., Foster, IlW., Green, K.A. 
and Murray, M.A. (1993). Potassium channels in airways. In 
"Lung Biology in Health and Disease. Vol. 67. Pharmacology 
of the Respiratory Tract: Experimental and Clinical Research" 
(eds K.F. Chung and P.J. Barnes), Marcel Dekker, New York. 

Sobue, K., Muramoto, K., Fujita, M. and Kakiuchi, S. (1981). 
Purification ofa calmodulin-binding protein from chicken giz- 
zard that interacts with F-actin. Proc. Natl. Acad. Sci. USA 
78, 5652-5655. 

Sobue, K., Morimoto, K., Inui, M., Kanda, K. and Kakiuchi, 
S. (1982). Control of actin-myosin interaction of gizzard 
smooth muscle by calmodulin- and caldesmon-linked flip-flop 
mechanism. Biomed. Res. 3, 188-196. 

Somlyo, A.P. (1985). Excitation-contraction coupling and the 
ultrastructure of smooth muscle. Circ. Res. 57(4), 497-507. 

Somlyo, A.V. and Franzini-Armstrong, C. (1985). New views 
of smooth muscle structure using freezing, deep-etching and 
rotary shadowing. Experientia 41, 841-856. 

Somlyo, A.V., Gonzalez-Serratos, H., Shuman, H., McClellan, 
G. and Somlyo, A.P. (1981). Calcium release and ionic 
changes in the sarcoplasmic reticulum of tetanized muscle: an 
electron probe study. J. Cell Biol. 90, 577-594. 

Stewart, A.G., Grigoriadis, G. and Harris, T. (1993). Dissocia- 
tion of epidermal growth factor induced mitogenesis and 
increases in intracellular calcium in cultured ASM. Am. Rev. 
Respir. Dis. 147, A253. 

Suematsu, E., Hirata, M. and Kuriyama, H. (1984). Effects of 
cAMP and cGMP-dependent protein kinases, and calmodulin 
on Ca2 + uptake by highly purified sarcolemmal vesicles of vas- 
cular smooth muscle. Biochem. Biophys. Acta 773, 83-90. 

Sumida, M., Okuda, H. and Hamada, M. (1984). Ca 2+, Mg e+- 
ATPase of microsomal membranes from bovine aortic smooth 
muscle. Identification and characterization of an acid-stable 
phosphorylated intermediate of the Ca2+, Mg2+_ATPase. J. 
Biochem. 96, 1365-1374. 

Takuwa, Y., Takuwa, N. and Rasmussen, H. (1986). Carbachol 



186 C. TWORT 

induces a rapid and sustained hydrolysis of polyphos- 
phoinositide in bovine tracheal smooth muscle. Measure- 
ments of the mass of polyphosphoinositides, 1,2-diacyl- 
glycerol and phosphatidic acid. J. Biol. Chem. 261, 
14670-14675. 

Thastrup, O., Dawson, A.P., Scharff, O., Foder, B., Cullen, 
P.J., Dr~bak, B.K., Bjerrum, P.J., Christensen, S.B. and 
Hanley, M.R. (1989). Thapsigargin, a novel molecular probe 
for studying intracellular calcium release and storage. Agents 
Actions 27(1/2), 17-23. 

Theibert, A.B., Suppattapone, S., Worley, P.E., Baraban, 
J.M., Meek, J.L. and Snyder, S.H. (1987). Demonstration of 
inositol 1,3,4,5 tetrakisphosphate receptor binding. 
Biochem. Biophys. Res. Commun. 148, 1283-1289. 

Thomson, N.C. (1987). In vivo versus in vitro human airway 
responsiveness to different pharamologic stimuli. Am. Rev. 
Respir. Dis. 136, $58-$62. 

Twort, C.H.C. (1994). The intracellular calcium store in airway 
smooth muscle. In "Airways Smooth Muscle: Biochemical 
Control of Contraction and Relaxation" (eds D. Raeburn and 
M.A. Giembycz), pp. 97-115. Virkhauser Verlag, Basel. 

Twort, C.H.C. and van Breemen, C. (1988). Cyclic guanosine 
monophosphate-enhanced sequestration of Ca z+ by sar- 
coplasmic reticulum in vascular smooth muscle. Circ. Res. 62, 
961-964. 

Twort, C. and van Breemen, C. (1989). Human airway smooth 
muscle in cell culture: control of the intracellular calcium 
store. Pulm. Pharmacol. 2, 45-53. 

Twort, C.H.C., Chopra, L., Lasky, R. and van Breemen, C. 
(1992). Human airway smooth muscle (HASM): the Ca z+ 
store during sustained agonist activation. Thorax 47, 213. 

van Breemen, C. and Saida, K. (1989). Cellular mechanisms 
regulating [CaZ+]i smooth muscle. Annu. Rev. Physiol. 51, 
315-329. 

van Breemen, C., Cauvin, C., Johns, A., Leijten, P. and 
Yamamoto, H. (1986). Ca 2+ regulation of vascular smooth 
muscle. Fed. Proc. 45, 2746-2751. 

van Breemen, C., Saida, K., Yamamoto, H., Hwang, K. and 
Twort, C. (1988). Vascular smooth muscle sarcoplasmic retic- 
ulum. Function and mechanisms of Ca z + release. Ann. NY 
Acad. Sci. 522, 60-73. 

Vincenc, K.S., Black, J.L., Yan, K., Armour, C.L., Don- 
nelly, P.D. and Woolcock, A.J. (1983). Comparisons of 
in vivo and in vitro responses to histamine in human airways. 
Am. Rev. Respir. Dis. 128, 875-879. 

von Schroeder, H.P., Nishimura, E., McIntosh, C.H.S., 
Buchan, A.M.J., Wilson, N. and Laidsome, J.R. (1985). 
Autoradiographic localisation of binding sites for atrial natri- 
uretic factor. Can. J. Physiol. Pharmacol. 63, 1373-1377. 

Ward, J.K., Belvisi, M.J., Fox, A.j., Miura, M., Tadjarimi, S., 
Yacoub, M.H. and Barnes, P.J. (1993). Modulation of 
cholingergic neural bronchoconstriction by endogenous nitric 
oxide and vasoactive intestinal peptide in human airways 
in vitro. J. Clin. Invest. 92, 736-742. 

Watras, J., Bezprozvanny, I. and Ehrlich, B.E. (1991). Inositol 
1,4,5-trisphosphate-gated channels in cerebellum: presence of 
multiple conductance states. J. Neurosci. 11, 3239-3245. 

Weir, S.W. and Weston, A.H. (1986). The effects of BRL 
34915 and nicorandil on electrical and mechanical activity and 
on 86Rb efl]ux in rat blood vessels. Br. J. Pharmacol. 88, 
121-128. 

Worley, P.F., Baraban, J.M., Supattapone, S., Wilson, V.S. 
and Snyder, S.H. (1987). Characterization of inositol 
trisphosphate receptor binding in brain. J. Biol. Chem. 262, 
12132-12136. 

Wuytack, F., Raemaekers, L., Verbist, J., Jones, L.R. and 
Casteels, tL (1987). Smooth muscle endoplasmic reticulum 
contains a cardiac-like form of calsequestrin. Biochem. 
Biophys. Acta 899, 151-158. 

Xiong, Z., Kajioka, S., Sakai, T., Kitamura, K. and Kuriyama, 
H. (1991). Pinacidil inhibits the ryanodine-sensitive outward 
current and glibenclamide antagonises its action in cells from 
the rabbit portal vein. Br. J. Pharmacol. 102, 788-790. 

Yamamoto, H. and van Breemen, C. (1986). Ca 2+ compart- 
ments in saponin-skinned cultured vascular smooth muscle 
cells. J. Gen. Physiol. 87, 369-389. 

Yang C.M., Chow S.P. and Sung, T.C. (1991). Muscarinic 
receptor subtypes coupled to generation of different second 
messengers in isolated tracheal smooth muscle cells. Br. J. 
Pharmacol. 104, 613-618 

Yarden, Y. (1988). Growth factor receptor tyrosine kinases. 
Annu. Rev. Biochem. 57, 443-478. 



10. The A 'rway Epithel 'um: The 
Orig 'n and Target of Inflammatory 

A ' ays Disease and Inj'ury 
Clive Robinson at.: 

1. Introduction 187 
2. Physiological Role of the Airway 

Epithelium: An Overview 187 
3. Structure of the Airway Mucosa 190 
4. The Occurrence of Epithelial Injury 191 
5. Cellular Events in Epithelial Injury 193 
6. Cell-derived Mediators Implicated in 

Epithelial Injury 194 
6.1 Oxidants 194 
6.2 Eosinophil Major Basic Protein 195 
6.3 Eosinophil Cationic Protein 196 
6.4 Eosinophil-derived Neurotoxin 196 
6.5 Eosinophil Peroxidase 197 
6.6 Proteinases 197 

6.6.1 Neutrophil Elastase 197 
6.6.2 Matrix Metalloproteinases 197 
6.6.3 Miscellaneous Cell-derived 

Proteinases 198 
6.6.4 Environmental Exposure 

to Proteinases 198 
6.6.5 Neutrophil-derived Toxic 

Proteins 199 
6.7 Miscellaneous 199 

7. Repair of Epithelial Injury 199 
8. Concluding Comments 200 
9. Acknowledgments 200 

10. References 200 

i. Introduction 
The airway epithelium has a central involvement in the 
onset and also the terminal events of some of the most 
important and insidious lung diseases. As the interface 
between the internal and external environments, the 
apical aspect of the bronchoalveolar epithelium acts as the 
initial site of interaction between foreign substances 
(allergens and noxious chemicals) and the immune 
system. That this results in mucosal inflammatory 
responses is now beyond doubt. This is strikingly illus- 
trated by the local instillation of allergen into the airways 
of an atopic individual which results in the development 
of an acute inflammatory reaction that is in every way as 
vivid as the cutaneous allergic response in a skin prick 
test. A qualitative increase in mucosal blood flow and 
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mucus secretion may be visualized directly by fibreoptic 
bronchoscopy (Plate I). 

2. Physiological Role of the Airway 
Epithelium: An Overview 

It is important to recognize that the airway epithelium is 
much more than a sophisticated structural barrier. 
Although physical components of the airway defence are 
important in the form of interepithelial tight junctions 
and mucociliary transport, the protective role of the 
airway epithelium is more wide ranging and subtle. Cur- 
rent evidence suggests the existence of a delicate 
homeostatic balance in which the health and integrity of 
the airway epithelium is an essential factor that regulates 
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not only the normal functioning of cells within the sub- 
mucosa, but also the normal composition of the 
biomatrix, and in particular that of the epithelial base- 
ment membrane (Fig. 10.1). 

Historically, most research into the physiology of the 
airway epithelium has focused on its barrier role, on the 
regulation of ion transport and on mucociliary clearance. 
Together, these facets constitute a fundamental element 
in the physical protection of the body provided by the 
airway epithelium. The fluid coating of the airways is 
approximately 10 t~m thick and comprises a sol layer that 
bathes the cilia, beneath a gel layer comprising mucus. 
This mucociliary clearance system normally operates to 
propel materials out of the lung to the mouth. Changes 
in the composition of the gel layer are known to occur 
with disease, initially as a part of normal host defence 
mechanisms at the mucosal surface. However, in 
unresolved disease the abnormalities in mucus produc- 
tion are pathophysiological. Composition of the low vis- 
cosity sol layer is controlled by ion transport processes in 
epithelial cells (reviewed by Widdicombe, 1991). The 
major pathways are active absorption of Na + and active 
secretion of Cl- into the lumen. The relative electronega- 
tivity of the lumen induces passive movement of a 
counter-ion, in this case Na+, with the overall result that 
salt is moved from the basolateral side of the epithelium 
to the lumen. The osmotic gradient that this provides 
results in the movement of water into the lumen. Con- 
versely, water may be absorbed under conditions where 
Na + is actively transported from the lumen and subse- 
quently out of the epithelial cell by a Na+, K + -  ATPase 
localized in the basolateral membrane. These changes in 
water content of epithelial lining fluid have important 
consequences for the aspect of mucosal protection 
provided by mucociliary clearance. The lower the water 
content of mucus, the higher its viscosity and elasticity 
(Lifschitz and Denning, 1970; Shih et al., 1977), as is the 
case in cystic fibrosis. Abnormal viscoelastic properties 

result in inefficient muc0ciliary transport and the acti- 
vation of epithelial irritant receptors to evoke a reflex 
cough. Failure to dislodge mucus by even this reflex 
mechanism indicates that one major facet of mucosal 
defence has been compromised, with the likely result of 
increased epithelial injury from infectious agents or 
inhaled organic and inorganic particulates. 

The health and integrity of ciliated columnar epithelial 
cells, and maintenance of their normally coordinated 
beating is crucial to mucosal protection. Ciliated cells are 
present to about the 16th generation of airways, below 
this level the process of epithelial clearance being handled 
by luminal macrophages. Ciliary beating is a Ca 2 + and 
cyclic AMP-dependent process (Di Benedetto et al., 
1991; Lansley et al., 1992) and can be influenced by the 
presence of inflammatory mediators or drugs. Most 
studies of this have employed epithelia from animal 
sources, and consequently the presence of species differ- 
ences may be a confounding issue. Histamine has little 
overall effect in v/tv0, although dyskinesia is sometimes 
observed (Melville and Iravani, 1975). Most 
prostaglandins, notably excluding prostaglandin F2~ 
(PGF2~), increase the ciliary beat frequency (CBF; 
Wanner et al., 1983), whereas conflicting results have 
been obtained with sulphidpeptide leukotrienes (Wanner 
et al., 1986; Bisgaard and Pedersen, 1987; Weisman et 
al., 1990). 

As might be anticipated from the dependency of CBF 
on intracellular cAMP, ~-agonists elevate CBF, although 
the concentrations required to do this are greater than 
those required for bronchodilatation (Pavia et al., 1984). 
Evidence from primary cultures of bovine bronchial 
epithelium has been presented which suggests that a 
component of the isoprenaline-stimulated increase in 
CBF is dependent upon the formation of nitric oxide 
(NO; Jain et al., 1993). The nitric oxide synthase (NOS) 
inhibitors L-nitromonomethyl arginine (L-NMMA) and 
L-nitroarginine methyl ester (L-NAME) both reduced 

Figure 10.1 Hypothetical scheme for some of the cellular homeostatic links in the airway mucosa. 
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the effectiveness of isoprenaline, and similar effects have 
also been observed when bradykinin or substance P were 
used to elevate CBF (Jain et al., 1993). 

Corticosteroids have also been examined for their 
effects on CBF. Interestingly, whilst corticosteroids exert 
effects that are ultimately protective and regenerative in 
the injured airway mucosa, there is evidence from studies 
in nasal epithelia that they actually reduce CBF 
(Stafanger, 1987). Whether this occurs in the pulmonary 
airways, and if so its potential significance, is not known. 

More recently, attention has been focused on other 
aspects of epithelial function that might be important in 
normal physiological functioning of the mucosa and its 
surrounding tissues. The airway mucosa is an established 
source of agents that might potentially regulate the tone 
of airway smooth muscle (Vanhoutte, 1988; Morrison 
and Vanhoutte, 1991). These include PGE2 and NO. In 
culture, human bronchial epithelial cells continuously 
produce PGE2 and this release can be augmented by acti- 
vation with agents such as calcium ionophore A23187 
(Robinson et al., 1990). This prostaglandin has bron- 
chorelaxant actions mediated by EP2 receptors, although 
EP1 receptor-dependent contractile action may also be 
observed under certain circumstances (reviewed in 
Robinson and Holgate, 1991). Whilst it is tempting to 
speculate that PGE2 might be an endogenous bronchodi- 
lator substance capable of controlling resting tone in the 
airways, addition of non-steroidal anti-inflammatory 
drugs (NSAIDs) to isolated human airway preparations 
has minimal effect on their resting tension in vitro. Fur- 
thermore, administration of NSAIDs to healthy, non- 
asthmatic humans has little effect on airways calibre 
in vivo. The only exception to the evidence showing an 
apparently minor role for prostanoids in the normal regu- 
lation of human airway tone in vitro is the thromboxane 
antagonist BAYu3405 which produces a small relaxation 
of tone by an unknown mechanism (Norel et al., 1991). 

NO is known to reverse established bronchoconstrictor 
ton.e in humans (H6gman et al., 1993) and in some, but 
not all, studies the thiol-dependent NO donor nitro- 
glycerin has been reported to be of benefit in asthma 
(Miller and Shultz, 1979; Goldstein, 1984). However, it 
is not clear from such phenomena whether these effects 
are the basis of any physiological role of NO, or whether 
NO is the elusive epithelium-derived relaxing factor 
(EDRF). In guinea-pig isolated airways, inhibition of NO 
formation results in an increased response to constrictor 
stimuli (Nijkamp et al., 1993), but physicochemical evi- 
dence of NO synthesis was not apparent and the putative 
source of the NO was not unambiguously identified. Fur- 
thermore, caution should be exercised when extrapo- 
lating effects from animal to human airways because 
notable differences in the regulation of airway tone are 
evident between species (Robinson and Holgate, 1991). 

Although its precise function remains debatable, there 
is little doubt that the airway epithelium does have the 
capacity to produce NO. Immunostaining of human 

lung reveals no evidence for the presenc e of the constitu- 
tive form of nitric oxide synthase (NOS) in epithelial cells 
of the bronchial or alveolar epithelium, but an enzyme 
that is antigenically similar to the inducible form of NOS 
has been localized in the epithelium of large cartilagenous 
bronchi (Kobzik etal., 1993). Furthermore, NO produc- 
tion has tentatively been demonstrated in epithelial cell 
primary cultures and cell lines (Robbins et al., 1993; 
Chee et al., 1993). Intriguingly, epithelial NOS expres- 
sion is apparently up-regulated in asthma (Springall et al., 
1993). As we shall see later, there is another side to the 
biology of NO which makes it very much a double-edged 
sword in mucosal biology. 

Before leaving the subject of putative factors derived 
from the epithelium that exert protective effects on 
smooth muscle, it is worth noting that one important 
consideration when establishing such a role is that the 
mediator must traverse a complex and extensive vascular 
network before gaining access to underlying smooth 
muscle cells. In that context, it has been argued that this 
would make NO an unsuitable candidate for an 
epithelium-derived regulator of airway smooth muscle 
tone. However, when formed in low concentrations, the 
autoxidation kinetics of aqueous NO are probably consis- 
tent with such a role (Ford et al., 1993). Thus, changes 
in the sensitivity of airways smooth muscle produced by 
epithelial injury or removal may be due to a combination 
of loss of a significant physical diffusion barrier and per- 
turbations in the release of putative relaxant factors 
(Vanhoutte, 1988; Morrison and Vanhoutte, 1991; 
Sparrow and Mitchell, 1991; Omari et al., 1993a,b). 

However, the importance of the airway epithelium in 
the homeostatic control of underlying tissues may be at 
a rather more fundamental level than the acute changes 
in sensitivity of airways smooth muscle produced by 
acute epithelial injury or removal. The airway epithelium 
is now recognized to be an important source of growth 
factors [including interleukins (IL)-I, -4, -6, 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF) granulocyte colony-stimulating factor (G- 
CSF), tumour necrosis factor (TNF) and interferon 3' 
(IFN3,)] (Mattoli et al., 1990; Ohtoshi etal. ,  1991; Cox 
etal.,  1991; Nakamura etal.,  1991; Gauldie etal. ,  1993; 
Devalia et al., 1993) that have profound effects on cel- 
lular target function. In turn, the target cells can exert 
reciprocal control on the growth and development of the 
airway epithelium (Shoji etal.,  1990). In the midst of this 
intercellular control network, the basement membrane 
has the potential to act as a significant repository for these 
growth factors and other substances and provides the 
normal cellular differentiation signals that provide spatio- 
temporal regulation of cell development (Yurchenco and 
Schnittny, 1990). Consequently, it is possible to envisage 
that disruption of epithelial cells perturbs the production 
and storage of these growth factors that are key compo- 
nents in maintaining the delicate homeostatic balance in 
the airway mucosa, or which are responsible for activating 
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fibroproliferative processes. The extent of this pertur- 
bation of epithelial homeostasis could therefore be a key 
event in the initiation of an inappropriate repair response 
and, ultimately, impairment of airway function. 

3. Str ture of the Airway Mucosa 
The structures of the cells lining the conducting airways 
and gas exchange units have been extensively studied 
(Breeze and Wheeldon, 1977; Jeffery and Reid, 1977; 
Jeffery, 1983; Plopper et al., 1983; Plopper, 1983). The 
larger conducting airways are mostly ciliated, columnar 
and pseudo-stratified. Peripheral to the lobar bronchi the 
epithelium thins to a single cell layer and the ratio of non- 
ciliated to ciliated cells increases. At least eight different 
types of epithelial cells have been classified as being resi- 
dent in the airways mucosa, although there are some 
inter-species variations in the occurrence of these cells 
(Jeffery and Reid, 1977; Gail and Lenfant, 1983). Whilst 
a detailed consideration of the cellular composition of the 
airway mucosa is outside the scope of the present review, 
brief reference will be made to some of the major cell 

types that are likely to be involved in the cellular injury 
and repair process. 

Superficial epithelial cells in the larger airways can be 
divided broadly into those that possess cilia and those 
that do not. The non-ciliated cells can be further differen- 
tiated on the basis of whether they contain secretory 
granules (such as Clara, mucous or serous cells; Plopper 
et al., 1980) or whether they have an absence of secretory 
granules (such as the intermediate or brush-type cells). 
These superficial cells represent the first line in epithelial 
defence. Whilst a number of these cells make direct con- 
tact with structural proteins in the basement membrane, 
many of these superficial cells exert a footprint only upon 
the underlying basal cells (Evans and Plopper, 1988; 
Evans et al., 1989). At one time, these basal cells were 
considered solely as progenitors of the highly differen- 
tiated superficial epithelial cells. However, in recent years 
this view has been revised to accommodate an additional 
role for basal cells as significant intermediaries in 
anchorage of the columnar epithelium to the underlying 
biomatrix (Evans et al., 1990; Montefort et al., 1992a). 
This change in the perceived role of the basal cell has 
paralleled more sophisticated studies of airway 

a b 

Figure 10.2 Electron photomicrographs of the bronchial epithelium. Panel (a) illustrates columnar epithelial cells 
showing the presence of cilia. Panel (b) illustrates details of intercellular junctions between adjacent columnar 

cells. 
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morphology and the cataloguing of the mechanisms that 
maintain cell-cell and cell-biomatrix adhesion in the 
airway mucosa (Evans et al. ,  1989; 1990; Evans and 
Plopper, 1988; Montefort et al. ,  1992a). 

Superficial epithelial cells that line the airway are 
bonded at their apices by a continuous tight junction 
that encircles each cell to form an essential structural bar- 
rier to the paracellular movement of substances of large 
molecular radius. In addition to these structures, inter- 
cellular adhesion is maintained by a combination of inter- 
mediate junctions and desmosomes (Garrod, 1986; 
Fig. 10.2). Desmosomes are symmetrical structures made 
up from constituents from two adjacent cells and they 
serve as "spot welds" that vary in diameter from 0.1 to 
1.5/~m. In cross section they comprise an electron-dense 
plaque on each side of an intercellular space divided verti- 
cally by a central disc. The central disc is attached to adja- 
cent cell membranes by a number of short horizontal 
cross-bridge structures which traverse half the width of 
the intercellular space. The electron-dense plaques are 
14-20 nm thick and lie just below the epithelial cell 
plasma membrane, which in the region of the desmo- 
somes has a prominent trilaminar appearance. A number 
of tonofilaments fan out from this into the adjacent 
cytoplasm. The tonofilaments are made up of three dis- 
tinct proteins, cytokeratin, vimentin and desmin 
(Garrod, 1986). Desmosomal structures appear to be the 
major structural adhesion mechanism present between 
superficial cells and basal cells, and for this reason they 
have been implicated as a factor that regulates the 
progress of cellular injury and detachment (Montefort et 
al. ,  1992a,b). Intermediate junctions are also involved in 
intercellular adhesion in epithelia, and these consist of 
the E-cadherins which divide the lateral margins of the 
cell into apical and basolateral domains (McNutt and 
Weinstein, 1973). E-cadherin immunostaining has been 
localized in human airway epithelium to the intercellular 
contacts that are subjacent to the luminal surface (Mon- 
tefort et al. , 1992a). 

Other types of adhesion mechanism are also present in 
the airway epithelium (Montefort et al.,  1992a; Roche et 
al. ,  1993). A number of integrins have been identified 
which appear to be the principal means of adhesion 
between basal cells and the underlying biomatrix, 
although the extent to which integrins are differentially 
expressed on basal as compared to superficial cells remains 
uncertain (Sapsford et al. ,  1991; Damjanovich et al. ,  
1992; Sheppard, 1993; Roche et al. ,  1993). Existing data 
suggest that normal human airway epithelium can express 
t~2~1, 0/3~1 integrins, at least one ct6-containing integrin 
and at least one cry-containing integrin that is not t~vB3 
(Sheppard et al. ,  1990, 1992; Sheppard, 1993). As well 
as providing a mechanism of anchorage of basal cells to 
structural proteins, there is evidence to suggest that these 
integrins may also play important roles in mediating the 
effects of biomatrix proteins on the phenotype of sur- 
rounding cells (Sheppard, 1993). 

Figure 10.3 Schematic representation of some of the 
intercellular and cell-biomatrix adhesion mechanisms 

present in the airway mucosa. 

Some of the adhesion molecules thought to be present 
in the airway epithelium are summarized in Fig. 10.3. 

4. The Occurrence of Epithelial Injury 
In the preceding discussion the term epithelial injury has 
been applied quite loosely to the broad range of abnor- 
malities that are associated with various pathophysiolog- 
ical events in the airway mucosa. Any analysis of the 
literature in this field will reveal that what has in some 
cases been reported as evidence of epithelial injury is actu- 
ally another pathophysiological event that is a conse- 
quence of such processes. These include altered gas 
exchange, pulmonary oedema, abnormal pulmonary hae- 
modynamics and increased vascular permeability. 
However, not all of these have been shown to have direct 
correlates with the obvious feature of damage to 
epithelial cells and their cell-cell and cell-biomatrix 
attachments. To what extent disruption of epithelial 
morphology and cellular integrity leads or follows these 
other pathophysiological manifestations is not known, 
and so it is essential that the precise indices used to study 
epithelial pathophysiology are understood. 

Mucosal inflammation and consequential damage of 
the delicate lining of the airway mucosa can be brought 
about by diverse factors. These include normal environ- 
mental or occupational exposure to noxious gases, 
vapours, fumes, aerosols, organic and inorganic particu- 
lates and complex of mixtures of these such as tobacco 
smoke or diesel exhaust emissions (Lippmann, 1980; 
Mauderly et al. ,  1987; Churg and Green, 1988; Jones 
Williams, 1988; Last, 1988; Fujimaki et al. ,  1989; Aris 
et al.,  1993). In addition to these mechanisms of injury, 
a number of drugs are associated with significant degrees 
of pulmonary toxicity which, in some cases, is manifest 
by direct cytotoxic effects in the airway epithelium. 

Focal destruction of the epithelium and outright cel- 
lular injury is also a feature of many well-known diseases, 
and it seems likely that many inflammatory reactions in 
the airways are quite capable of resulting in epithelial 
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injury if the inflammatory insult is allowed to develop 
into a chronic stimulus. Bronchial asthma is one 
disease state that is well associated with destruction 
of the epithelial architecture. In studies undertaken in 
the 1960s Naylor reported the presence of increased 
numbers of epithelial cell clusters, called creola bodies, in 
the expectorated sputum from asthmatics and the fact 
that their numbers increased further during exacerbations 
of the disease (Naylor, 1962). Dunnill (1960) also 
reported increased epithelial denudation in autopsy 
specimens from patients who died from status 
asthmaticus. 

Notwithstanding the severe limitations on samples that 
can be taken for biopsy, more recent and detailed investi- 
gations of epithelial dysfunction in bronchial asthma have 
highlighted the fact that outright shedding of the 
epithelium is not actually an obligatory feature of the dis- 

Earlier reference was made to the cellular heterogeneity 
of the airway mucosa and the specialized roles that 
different cell types have evolved to undertake. This cel- 
lular heterogeneity has possible implications for cellular 
injury in the airway. Differential sensitivity to injury of 
cells in the airway mucosa has been noted with a number 
of noxious gases. In dogs, cats and rats, ciliated cells in 
the trachea are more sensitive to injury caused by sulphur 
dioxide, ozone or nitrogen oxides than are non-ciliated 
superficial and basal cells (Boatman and Frank, 1974; 
Boatman etal. ,  1974; Cabral-Anderson etal . ,  1977; Man 
et al., 1986). These changes are frequently rapid in onset, 
with morphological evidence of damage observable 
within an hour, and have the surprising feature of focal 
rather than global patterns of injury despite the gaseous 
nature of the inciting agent (Boatman et al., 1974; Man 
et al., 1986). The reasons for this regional sensitivity to 

ease (Lozewicz et al., 1990), although denudation c a n  injury are unknown, but the presence or absence of 
certainly be observed in extreme cases (Laitinen et al., 
1985). In lungs from patients with chronic asthma, 
autopsy reveals that the loss of the airway epithelium is 
more typically a localized rather than global process (Car- 
roll et al., 1993), although the mere presence of the 
epithelial cells should not be taken as indicative of normal 
structure or function. From these autopsy (Carroll et al., 
1993) and biopsy (Jeffery et al., 1989) studies, it would 
be more correct to describe the epithelium in bronchial 
asthma as being hyperfragile. In this hyperfragile state the 
superficial epithelium is especially sensitive to mechanical 
trauma (e.g. as artefactually induced during fibreoptic 
bronchoscopy; Jeffery et al., 1989) and, presumably, 
other forms of injury. Electron microscopy has revealed 
morphological evidence of disrupted intercellular adhe- 
sion in asthmatic airway mucosa that has an otherwise 
grossly normal appearance (Bucca et al., 1988; Ohashi et 
al., 1992). This disruption is typified by tight junction 
opening and an increase in paracellular spaces. Although 
subtle, a chronic manifestation of these changes may 
nevertheless have significant consequences for airway 
pathophysiology by contributing to an increasing suscep- 
tibility to injury. The fibroproliferative response that 
results in subepithelial fibrosis in asthma, or following 
chronic low level exposure to oxidant gases (Castleman et 
al., 1977), is most likely a major cellular response to this 
gradual loosening of epithelial anchorage and integrity 
caused by the mucosal inflammatory response. The pre- 
cise sequence of events that occur to produce this 
epithelial hypeffragility and the factors that result in the 
ultimate shedding of the epithelium remain to be deter- 
mined, but as discussed later there are numerous candi- 
date mediators for these processes. Some of these 
putative agents may act directly on epithelial cells to 
produce cytotoxicity or altered expression of adhesion 
molecules; other mediators might act indirectly by 
promoting the development of subepithelial hydrostatic 
pressures capable of rupturing the injured mucosal barrier 
(Persson, 1988). 

specifc cytoprotective mechanisms is an intriguing 
possibility and may have similar parallels in the heter- 
ogeneous pattern of epithelial injury seen in non-fatal, 
severe asthma (Carroll et al., 1993). In  vitro studies have 
confirmed that the tracheal mucosa is apparently more 
resistant to leucocyte-mediated injury than the bronchial 
mucosa (Herbert et al., 1991, 1993; Kercsmar and Davis, 
1993; Fig. 10.4), and within the bronchial mucosa the 
patterns of injury caused by these cells may be graded. 
For example, during in vitro studies of the interaction 
between eosinophils and bovine bronchial mucosa, we 
reported that the rapid augmentation of epithelial perme- 
ability to macromolecules was associated with an initial 
loss of superficial cells from the underlying basal cells and 
basement membrane (Herbert et al., 1991). Interest- 
ingly, some evidence for a similar pattern of injury has 
subsequently been claimed in bronchial asthma 
(Montefort et al., 1992b), although in such studies 
it is impossible to determine whether the basal cells 
observed at lesion sites are those left intact after exfolia- 
tion of superficial cells or whether they are newly arrived 
cells repopulating the site of injury (Keenan et al., 
1982a,b,c, 1983). It has been suggested by some that the 
apparent resilience to injury of basal cells may be due to 
differences in the types of intercellular adhesion 
mechanisms present (Montefort et al., 1992b), but 
clearly the actual mediators of injury, turnover rate 
of the target cell, the presence or absence of cytoprotec- 
tive agents (e.g. antioxidants and antiproteinases) and 
other regulatory mechanisms are likely to be important 
factors. For example, there is some evidence that basal 
and non-ciliated superficial epithelial cells have a greater 
resistance to applied osmotic stresses than ciliated cells 
(Spring and Ericsson, 1983; Man et al., 1986), a finding 
that is not inconsistent with the mitotic, and thus 
presumably regenerative, functional aspects of these 
cells. 
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Figure 10.4 (a) Resistance of bovine tracheal mucosa to injury elicited by ionophore activated human 
neutrophils, and (b) susceptibility of bronchial mucosa under identical conditions. Injury, in this case cell 

detachment, was measured indirectly by measuring the permeability of the airway mucosa to serum albumin. 
Cells were applied to the basolateral surface and the vector of solute movement was basolateral-apical. 

5. Cellular Events in Epithelial Injury 
Only few detailed analyses of the intracellular events fol- 
lowing epithelial injury have been performed using cells 
from the airways, and most mechanistic work has con- 
centrated on pre-necrotic and necrotic processes in 
epithelial cells of renal origin (Trump et al., 1980, 1981; 
Trump and Berezesky, 1984). Collectively these studies, 
which have employed a wide range of stimuli to evoke 
cellular injury (ischaemia, metabolic poisons, chaotropic 
agents and ionophores), suggest that similar patterns of 
intracellular events accompany injury evoked by the 
different stimuli. 

An early intracellular response to epithelial injury 
appears to involve an increase in intracellular Ca2 + which 
coincides with the failure of the cells to regulate Na + 

balance (Blaustein, 1977). This implies that the origin of 
the effect is at the level of a Na+-Ca 2 + exchanger. Mor- 
phologically, during this phase of the response the cells 
exhibit vacuolated cytoplasm due to expansion of the 
endoplasmic reticulum, together with abnormalities of 
the cytoskeleton and the occurrence of blebs in the apical 
membrane of the cells (Trump et al., 1980). These are all 
features that can, under appropriate conditions, be 
reproduced by Ca 2+ ionophores. Derangements in the 
structure of mitochondria also become evident, presum- 
ably heralding the metabolic run-down through these 
pre-necrotic stages of injury prior to cell death (Boatman 
et al., 1974). 

Much of the intracellular response to epithelial injury 
remains to be defined. The mechanistic linkages between 
those ionic and morphological changes that have been 
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observed remain the subject of speculation. Equally, 
many other intracellular events remain to be investigated. 
In terms of understanding the cell biology of this process, 
and its implications for disease, we also need to establish 
what level of cellular stress may be tolerated before 
irreversible damage or outright cell death actually occur. 
To date, most studies of intracellular events in epithelial 
injury have concentrated upon processes evoked by 
oxidant gases. Whilst it is not unreasonable to suspect 
that many of these changes are likely to be features of the 
intracellular response to inflammatory stimuli (of which 
cell-derived oxidants such as hydrogen peroxide are of 
course a part), initial trauma to the epithelium in asthma 
does not result in overwhelming cellular necrosis, but 
appears to result principally in loss of cellular adhesion. 
Thus, an important question that remains unanswered 
concerns the possible relationship between the estab- 
lished ionic changes and adhesion molecule function, and 
whether such a linkage might be reciprocal in nature. 

6. Cell-derived Mediators Implicated in 
Epithelial Injury 

6.1 OXIDANTS 
Stimulated leucocytes are the most important sources of 
oxidants produced endogenously during inflammatory 
reactions that result in lung injury. This type of injury has 
most commonly been associated with oxidant produc- 
tion in diseases such as adult respiratory distress syn- 
drome, following exposure to asbestos dust or in the 
inflammatory response to oxidant gases (Brigham and 
Meyrick, 1984; Mossman, 1986). However, the popula- 
tions of urbanized environments are being increasingly 
exposed to oxidant gases and particulates in the form of 
industrial and vehicular exhaust emissions (American 
Thoracic Society, 1978; Williams et al., 1988; Hileman, 
1989; Schlatter, 1994). With the exception of individuals 
exposed as a result of unsafe or illegal working practices, 
or in cases of industrial accidents, most exposure of the 
mass population is at a low, but nevertheless steadily 
increasing, level. However, even low level exposure is 
now considered to be a significant health hazard, particu- 
larly in individuals who may have predisposing factors for 
lung diseases such as asthma, or where endogenous 
antioxidant defences may be compromised (Bylin et al., 
1988; Burney, 1993). The focus of this section will be on 
the role of oxidant production in airway injury and the 
species that may be involved as the causative agents. 
Because the effects of oxidants will be determined also by 
endogenous anti-oxidant mechanisms, readers are 
referred to a survey of such mechanisms in the lung 
(White and Repine, 1985; Heffner and Repine, 1989). 

The ability of oxidant gases (e.g. sulphur dioxide, 
ozone, nitrogen oxides and complex mixtures of such in 

tobacco smoke) to produce lung inflammation and injury 
has been extensively studied (Freeman et al., 1966; Evans 
et al., 1971, 1975, 1976, 1977; Stephens et al., 1972, 
1973, 1974; Bils, 1974; Cabral-Anderson et al., 1977; 
Castelman et al., 1977, 1980; Bils and Christie, 1980; 
Vai et al., 1980; Boucher et al., 1980). At the morpho- 
logical level, injury produced by these agents has a 
number of similarities, and interestingly some of these are 
also found in injury processes evoked by endogenous 
immunological mechanisms. Initial changes include 
ciliary dyskinesia, ciliostasis, vacuolation, swelling of 
mitochondria and development of secretory cell 
metaplasia. An increase in paracellular permeability of the 
mucosal barrier (Vai et al., 1980; Gordon et al., 1983) 
arises as a result of tight junction failure and loss of super- 
ficial epithelial cells from the injury site. Biochemically, 
increased oxygen consumption, glucose utilization and 
changes in antioxidant enzymes ensue (Mustafa and Lee, 
1976; Mustafa and Tierney, 1978). In both humans and 
experimental animals, these responses are associated with 
inflammatory cell infiltration in the airway, and this 
seems to be a key event in producing functional 
pathophysiological changes in airway responsiveness 
(Fabbri et al., 1984; Aris et al., 1993). 

A number of oxidizing agents are candidate mediators 
of the mucosal injury produced by inflammatory cell acti- 
vation (reviewed in Henson and Johnston, 1987; 
Heffner and Repine, 1989). Stimulation of leucocytes is 
associated with a respiratory burst as a result of activation 
of the NADPH oxidase/cytochrome b554 complex in the 
leucocyte cytoplasmic membrane (Babior et al., 1973). 
Activation of this pathway results in the formation of 
superoxide anion Os which readily undergoes enzyme- 
or proton-catalysed dismutation to form hydrogen 
peroxide (Weiss, 1986). Superoxide can be formed in 
large quantities by leucocytes, and although it is capable 
of producing some cellular damage it is not outstandingly 
cytotoxic (Fridovitch, 1986). However, in the presence 
of transition metal cations, a Fenton-type reaction can 
occur resulting in the conversion of the hydrogen 
peroxide to extremely toxic �9 OH radicals (Halliwell and 
Gutteridge, 1984). Fortunately, the half-life of these rad- 
icals is short, thus limiting the extent of the damage that 
they can produce. Under most circumstances the concen- 
tration of free Fe z + is too low to support a Fenton-type 
reaction, and normally the iron in haemproteins is 
unavailable for catalysis. However, by acidification of the 
microenvironment, inflammatory reactions may liberate 
free Fe z + from the iron transporter protein ferritin and 
other iron-associated proteins to result in more significant 
participation of" OH in cell injury (Biemond et al., 1984; 
Gutteridge, 1987). Hydroxyl radicals are a central com- 
ponent of lung injury produced by bleomycin, which 
produces oxidants by redox cycling (Giloni et al., 1981), 
and also by ionizing radiations where their formation is 
not dependent upon the participation of transition 
metals. 
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Superoxide anions can also be formed as a result of 
redox cycling induced inter alia by the herbicide paraquat 
(Sandy et al., 1986; Smith, 1986). The cycling process 
consumes intracellular reducing agents and results in 
eventual exhaustion of NADPH. The action of paraquat 
is particularly insidious because it is selectively accumu- 
lated in the airway epithelium by an energy-dependent 
mechanism and exerts much of its toxic action at this site 
(Vijeyaratnam and Corrin, 1971; Rose et al., 1976). 

NO undergoes reaction with superoxide anion 
resulting in the formation of the peroxynitrite anion 
(OONO-). Peroxynitrite undergoes protonation and 
decomposition ultimately to yield NOz and hydroxyl rad- 
icals (Beckman etal. ,  1990). Thus, a substance (NO) that 
in one setting is believed to be highly beneficial to 
mucosal function has the rather dubious property of 
potentially being able to generate powerful genotoxic and 
cytotoxic agents. However, whilst the ability of NO to 
participate in the killing of tumour and other cells has 
been established (Beckman et al., 1990), its considerable 
potential for cytotoxic effects in the lung epithelium 
remains to be unambiguously confirmed. 

The hydrogen peroxide produced from dismutation of 
superoxide anions can also undergo reaction with halides 
and cellular peroxidases released during leucocyte acti- 
vation. In neutrophils and macrophages the major 
enzyme involved is a myeloperoxidase, whilst eosinophils 
possess their own specialized peroxidase which is 
described later. Neutrophil myeloperoxidase has a sub- 
strate specificity for chloride anions and transforms 
hydrogen peroxide into hypochlorous acid (HOCI; 
Weiss, 1986). This is a reactive oxidant which reacts with 
free amino and sulphydryl groups of proteins, forming 
chloramines (Thomas et al., 1982; Grisham et al., 1984). 
Formation of chloramines causes disruption of protein 
structure and function, and this can have profound 
effects on cellular physiology if membrane transport pro- 
teins such as the cellular glucose transporter and 
Na+, K +-  ATPase become inactivated. Furthermore, 
damage to structural proteins such as fibronectin is 
known to occur upon reaction with chloramines (Vissers 
and Winterbourn, 1991), presumably providing the 
necessary loosening of the biomatrix to aid inflammatory 
cell migration and detachment of resident tissue cells. 
However, because the reaction of chloramines is indis- 
criminate they are likely to be rapidly quenched by 
extracellular proteins such as albumin (Halliwell, 1988). 

Eosinophil peroxidase has a preferential reactivity with 
bromide anions (Mayeno et al., 1989), although recent 
evidence suggests that thiocyanate might be its most 
effective substrate (Slungaard et al., 1991). Because of its 
intense reactivity and evanescence (Vogel, 1970), it can 
only be presumed that hypobromous acid has broadly 
similar effects to hypochlorous acid. 

However, it seems likely from experiments with stimu- 
lated leucocytes that the most important oxidant 
involved in cell injury and death is probably hydrogen 

peroxide. Plate II illustrates evidence of the ability of 
hydrogen peroxide to injure human bronchial epithelial 
cells. DNA strand breaks are produced rapidly by modest 
concentrations of hydrogen peroxide (Birnboim, 1982) 
and these lead to activation of polyadenosine 
diphosphate-ribose polymerase, a nuclear enzyme that 
hydrolyses NAD into ADP-ribose and nicotinamide. 
ADP-ribose polymerizes and bonds to nuclear proteins 
with a high turnover rate that eventually results in NAD 
depletion and metabolic run-down due to exhaustion of 
ATP reserves (Sims et al., 1983; Spragg et al., 1985; 
Schraufstatter et al., 1986) and inhibition of 
glyceraldehyde-3-phosphate dehydrogenase. Higher 
concentrations of hydrogen peroxide trigger an increase 
in intracellular Ca 2+ from both internal and external 
sources, and this is the presumed initiation signal for a 
number of enzyme-mediated injury promoting pathways 
(e.g. activation of proteinases), and disordering of the 
cytoskeleton (Hyslop et al., 1988). 

6.2 E O S I N O P H I L  M A J O R  BASIC 

P R O T E I N  

There is no doubt that eosinophils are capable of causing 
epithelial injury (see e.g. Plate III and Fig. 10.5). The 
precise combination of mediators that contribute to this 
process are not known, but much attention has been paid 
to protein components of eosinophil granules. 

Major basic protein (MBP) is a 118 amino acid, 
arginine-rich granule-derived protein that is initially syn- 
thesized within the cell in a pro-form that contains an 
acidic leader sequence (Gleich et al., 1973; Wasmoen et 
al., 1988; Barker et al., 1988). In electron micrographs 
of eosinophils it is observable as the characteristic 
electron-dense core of the specific granules found within 
the eosinophil cytoplasm. Together with other basic pro- 
teins found within the eosinophil, it is cytotoxic towards 
parasites and mammalian cells (Butterworth et al., 1979). 
A number of studies have demonstrated the susceptibility 
of airway epithelial cells to the damaging effects of MBP 
(Frigas et al., 1980; Flavahan et al., 1988; Gundel et al., 
1991), and a possible role of this protein in asthma is sup- 
ported by the finding of deposits of MBP subjacent 
to areas of epithelial cell loss (Filley et al., 1982). In  vitro 
studies with airway tissue typically report that concentra- 
tions of MBP between 10 and 900 tzgml-1 are required 
to produce a reduction in ciliary beat frequency, 
ciliostasis and the eventual loss of epithelial cellular 
integrity (Frigas et al., 1980; Flavahan et al., 1988; 
Motojima etal. ,  1989; Ayars etal. ,  1989). These concen- 
trations are generally greater than the levels of MBP that 
have been observed in asthmatic sputum. For example, 
in 15 patients hospitalized with asthma, their sputum 
concentrations of MBP ranged from 0.3 to 92.9 #gml -~ 
with a geometric mean concentration of 7.1/zgml -~ 
(Frigas et al., 1981). Whilst these observations con- 
cerning the amounts of MBP recoverable in biological 
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Figure 10.5 The effects of ionophore-stimulated human eosinophils on the permeability of bovine bronchial 
mucosa to mannitol. The inset panel in this figure illustrates the action of 0.05 mg ml-1 bacterial collagenase for 

comparison. 

fluids potentially reduce the significance of MBP in 
producing damage to epithelial cells, several important 
considerations should be borne in mind. Firstly, whilst it 
has been possible to use MBP in experiments as one 
would use a conventional pharmacological agonist, its 
molecular mass is likely to restrict its diffusion to sites 
of action in complex tissues. Secondly, similar con- 
siderations apply to the possible underestimation of 
MBP release by its measurement in biological fluids, 
because the relationship between the release from 
eosinophils and that which finds its way into free solution 
is unknown. This potential problem may be par- 
ticularly exacerbated for highly charged molecules such 
as MBP which might be expected to have a propensity 
to adhere to other highly charged sites such as com- 
ponents of the epithelial basement membrane. Thirdly, 
surrogates of eosinophil granule-derived proteins such as 
poly-I+-arginine cause an increase in airway responsive- 
ness, whereas under similar conditions, stimulated 
eosinophils themselves do not (Omari et al., 1993a). 
Similar reservations ,about pharmacological potency 
in v/tr0 and also the relationship between cellular release 
and concentrations detectable in biological fluids almost 
certainly apply to the other signifcant proteins of 
eosinophil granules. 

It seems likely that MBP exerts some effects on 
epithelial function at much lower concentrations than 
those required to produce cellular dysfunction and 
detachment. Over a 24 h exposure period human nasal 
epithelium showed a 50% up-regulation of intercellular 
adhesion molecule-1 (ICAM-1) expression when exposed 
to concentrations of MBP within the range 
0.1-0.2/zgm1-1 (Ayars et al., 1991). 

6.3 EOSINOPHIL CATIONIC PROTEIN 
Eosinophil cationic protein (ECP) arises in the granule 
matrix as a pre-protein containing 160 amino acid 
residues, 133 of which constitute the mature secreted 
form of the protein (Barker et al., 1989). Like MBP it is 
cytotoxic towards parasites and mammalian cells by 
promoting formation of pores within its target cells 
(Motojima et al., 1989). ECP has numerous biological 
activities, some of the most notable being actions on the 
coagulation and fibrinolytic pathways. ECP binds to 
heparin to neutralize its anticoagulant activity, and it also 
increases the activation of plasminogen by urokinase 
(Dahl and Venge, 1979). Unlike major basic protein it 
does not stimulate histamine release from basophils 
(Zheutlin et al., 1984). Whilst there is little doubt that 
application of ECP produces epithelial injury, whether 
these effects can be manifest over similar time scales in vivo 
is less certain. As with MBP, progress in understanding 
its possible contribution to epithelial injury requires 
studies of its chronic effects at low concentrations together 
with intervention in its release from endogenous sources. 

6.4 E O S I N O P H I L - D E R I V E D  

N E U R O T O X I N  

Eosinophil-derived neurotoxin (EDN) is another protein 
that is found in the granule matrix of eosinophils and it 
exhibits significant sequence homology with ECP (Barker 
et al., 1989). As implied by its name, EDN has a 
powerful neurotoxic action that can damage myelinated 
neurones in experimental animals (Durack et al., 1981). 
However, unlike ECP or MBP there is no significant 
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evidence suggesting that it has a major role in destruction 
of the architecture of the airway mucosa, although most 
of the published studies with this protein have employed 
only tests of gross cellular injury that might not reveal 
evidence of more subtle participation in chronic tissue 
injury (Motojima et al., 1989). 

6.5 EOSINOPHIL PEROXIDASE 
Eosinophil peroxidase (EPO) is another distinctive com- 
ponent of the granule matrix of the eosinophil. Although 
it exhibits sequence homology with other cellular peroxi- 
dases (Ten et al., 1989), it has a distinctive absorption 
spectrum that demarcates it from monocyte or neu- 
trophil myeloperoxidase (Wever et al., 1981; Olsen and 
Little, 1983; Bolscher et al., 1984). Each molecule of 
EPO consists of a heavy chain of 50-60 kDa complexed 
in 1:1 stoichiometry with a light chain of 10-15 kDa. 
EPO and hydrogen peroxide produced by the eosinophil 
respiratory burst act together to oxidize halides, espe- 
ciaUy bromides, to their respective hypohalous acids 
(Mayeno et al., 1989). As described earlier, these 
unstable hypohalous acids are potently cytotoxic to a 
wide range of cells by their interaction with cell surface 
proteins (Thomas et al., 1982; Grisham et al., 1984; 
Vissers and Winterbourn, 1991). However, recent 
studies have suggested that EPO interacts preferentially 
with thiocyanates to produce hypothiocyanous acid 
which is a sulphydryl-reactive oxidant (Slungaard et al., 
1991). Hypothiocyanous acid is a weaker oxidant than 
hypobromous acid, and because thiocyanate will com- 
pete with bromide anions for conversion by EPO, there 
is now some doubt about whether EPO is a significant 
route to powerful oxidants. In addition to oxidant gener- 
ation, EPO is also known to bind to rat mast cell secre- 
tory granules and this complex is capable of causing mast 
cell secretion (Henderson et al., 1980). It is not known 
whether this process has any pathophysiological sig- 
nificance in humans. 

6.6 PROTEINASES 
There is abundant evidence that a diverse array of pro- 
teinases, particularly those of macrophage or leucocyte 
origin, have a fundamental role in the injury processes 
associated with diseases such as C~l-antitrypsin defciency, 
smoking-related emphysema, cystic fibrosis, bronchiec- 
tasis, bronchitis and other respiratory syndromes 
(Karlinsky and Snider, 1978; Stockley, 1983; Senior and 
Campbell, 1983; Suter et al., 1984; Janoff, 1985; Snider 
eta/ . ,  1991). However, there has been little exploration 
of their potential involvement in other airway disorders 
that have an inflammatory cell aetiology, such as certain 
types of specialized fibrotic disorders including chronic 
severe asthma. This is particularly true for the matrix 
metalloproteinases (MMPs), despite the expectation 
from their individual substrate specificities (Emonard and 

Grimaud, 1990) that they should be of fundamental 
importance in diseases associated with remodelling and 
fibrosis of the basement membrane, epithelial injury and 
fibrosis. 

6 .6 .1  Neu t roph i l  Elastase 
Neutrophil elastase is a serine proteinase and comprises 
the major proteinase activity released from the 
azurophilic granules. This enzyme, together with its 
endogenous inhibitor, al-proteinase inhibitor, has 
been the centre of most attention concerning the puta- 
tive role of proteinases in lung diseases such as 
emphysema that involve the destruction of elastic struc- 
tural proteins (Barrett, 1981a). Although elastin is the 
major substrate for the enzyme, it also has detectable 
activity against collagens, fibronectin, laminin and 
proteoglycans. 

Administration of purified elastase to experimental 
animals certainly does produce emphysematous changes 
in structure of the respiratory units of the airways, but 
attempts to relate enzyme expression in diseased lung to 
manifestations of emphysema pathology have been 
viewed more cautiously (Fox et al., 1988; Snider et al., 
1991). Elastase exposure also causes changes in lectin- 
binding sites on the luminal surface of Clara cells 
(Christensen et al., 1989) and impairs mucociliary clear- 
ance by injuring epithelial cells (Tegner et al., 1979; 
Smallman et al., 1984; Sykes et al., 1987). In  vitro, 
human neutrophil elastase has been shown to cause 
detachment of type II alveolar cells and bronchiolar Clara 
cells (Bingle et al., 1990). In cystic fibrosis the airway 
epithelium can also be exposed to an elastase from the 
infective organisms Pseudomonas aeruginosa and Ps. 
cepac/a. Unlike the neutrophil enzyme, this is a metal- 
loenzyme, but has qualitatively similar effects to that 
from the neutrophil (Tournier et al., 1985; Amatini et 
al., 1991; Spooner et al., 1991). 

6 .6 .2  Ma t r ix  MetaUoprote inases  
The association between neutrophils and airway injury in 
emphysema clearly establishes the potential for pro- 
teinases to play a role in injury of the airway epithelium. 
However, elastase is unlikely to be the only enzyme 
involved because neutrophils are also sources of other sig- 
nificant proteolytic activities. One such important group 
is the MMP family (Matrisian, 1990; Emonard and 
Grimaux, 1990). Of these, neutrophil collagenase that is 
found within the specific granules of the neutrophils is 
worthy of consideration as a mediator of mucosal injury. 
Instillation of interstitial-type collagenases into the airway 
does produce cellular injury, but unlike elastase, the 
wound sites are more amenable to repair and severe 
emphysematous changes do not usually develop (Snider 
et al., 1986). However, neutrophils are not the only 
sources of MMPs in the airway mucosa and their possible 
participation in other forms of mucosal injury and 
abnormal tissue repair in prefibrotic lesions remains an 
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exciting field which has only recently become the focus 
for experimental investigation. 

The ability of various MMPs to cause epithelial injury 
has been documented in several studies. Like exposure to 
activated eosinophils and neutrophils, treatment with 
MMPs disrupts the epithelial diffusion barrier resulting in 
an increase in sensitivity of underlying bronchial smooth 
muscle to contractile agonists introduced into the airway 
lumen (Herbert et al., 1993, 1994). Studies in this lab- 
oratory have demonstrated that non-neoplastic cells of 
the airway mucosa release a range of MMPs that have 
substrate activity directed towards gelatin. The major 
gelatinases that we have detected show characteristics 
(sensitivity to inhibitors, activation behaviour and cDNA 
probe hybridization) which indicate co-identity with the 
72 kDa gelatinase known as matrix metalloproteinase-2 
(MMP-2, gelatinase A) and the variably glycosylated 
90-98kDa gelatinase B (MMP-9; Emonard and 
Grimaux, 1990). Thus, both of these activities are similar 
to the well-characterized gelatinases that degrade type IV 
basement membrane collagen and which are released 
from a variety of non-pulmonary sources (Hipps et al., 
1989; Emonard and Grimaud, 1990). We have found 
that modest amounts of catalytically competent MMP-2 
and MMP-9 are released from both the apical and 
basolateral surfaces of freshly isolated sheets of airway 
mucosa, and that gelatinase activity can be increased 
equally by the addition of either (1) eosinophils that are 
primed but not actually degranulating, or (2) eosinophils 
that are primed and stimulated to degranulate and injure 
the airway epithelium. The ability of the broad spectrum 
antiproteinase c~2-macroglobulin to inhibit eosinophil- 
dependent epithelial injury supports the putative 
involvement of proteinases in epithelial cell detachment 
(Herbert et al., 1991). These observations suggest that 
MMP-2 and MMP-9 might increase the fragility of the 
airway epithelium without causing its obligatory detach- 
ment (Herbert et al., unpublished). In the presence of 
appropriately activated and degranulating eosinophils, 
the combination of augmented metalloproteinase activity 
and the liberation of eosinophil-derived cytotoxic pro- 
teins and oxidants might provide the additional stimuli 
required for cell detachment. MMP-2 and MMP-9 
degrade not only type IV collagen, but also attack type 
V collagen, fibronectin and elastin (Collier et al., 1988; 
Murphy et al., 1991). These substrate profiles make them 
ideal putative candidates for involvement in the process 
of epithelial cell detachment, basement membrane 
remodelling and tissue proliferation that are features of 
bronchial asthma. Clearly, further work is needed to 
identify the possible contribution of these proteinases to 
epithelial injury and such investigations await further 
documentation of the cellular sources not only of the 
proteinases themselves but also of their endogenous inhi- 
bitors. It is not known to what extent MMPs exist phys- 
iologically in their inhibitor-free forms (Howard et al., 
1991; Strongin et al., 1993), and this is likely to be 

dependent upon complex changes in the stoichiometry 
between the enzymes and their inhibitors caused by 
differential regulation of the expression of each (Shapiro 
et al., 1991). 

6.6.3 Miscellaneous Cell-derived Proteinases 
Many other proteinases could play contributory roles in 
damage to the epithelium, but at present it is difficult to 
establish their precise importance. Macrophages and neu- 
trophils contain enzymes that have not been referred to 
thus ~r. These include cathepsin G, a serine proteinase 
from azurophilic granules of neutrophils (Barrett, 198 lb; 
Senior and Campbell, 1983; Travis, 1988); plas- 
minogen activator(s), a serine proteinase bound to the 
cytoplasmic membrane of neutrophils (Granelli-Piperno 
et al., 1977; Senior and Campbell, 1983; Estreicher et 
al., 1990); and cathepsins B and D, neutrophil- and 
macrophage-derived proteinases that exhibit significant 
proteolytic activity at low pH (Barrett and Kirschke, 
1980; Senior and Campbell, 1983; Clausbruch and 
Tschesche, 1988). Although the content of cathepsin G 
in neutrophils is high (at least equivalent to that of 
elastase), much less is released following neutrophil 
stimulation (Senior and Campbell, 1983) and conse- 
quently its major role may be as an intracellular pro- 
teinase within phagosomes. 

Recent studies have also highlighted the presence of the 
aspartic proteinases pepsinogen II and cathepsin E within 
the airway mucosa. Pepsinogen II has been 
immunolocalized to type II pneumocytes, while Clara 
cells have been identified as being immunoreactive for 
cathepsin E. In a study of 75 cases of non-neoplastic lung 
disease, a highly significant correlation has been shown 
between histopathological evidence of injury, particularly 
in cases of hyperplastic epithelium, and the expression of 
both of these proteinases (Bosi et al., 1993). The signals 
for the expression of these proteinases and their function 
remain to be established. 

6 .6 .4  Environmental Exposure to Proteinases 
The airway mucosa may also be a target of proteolytic 
attack from the external environment. It has been known 
for a number of years that asthma or other forms of 
reversible airways obstruction can result from occupa- 
tional exposure to enzymes used in industrial processes, 
or fungi encountered in the environment (Pepys, 1969; 
Flindt, 1969; Milne and Brand, 1975). These occupa- 
tional lung diseases have been considered to be due to 
immunological reactions to the proteins concerned, 
without any special regard for their enzymatic nature. 
However, more recent studies have revealed an 
interesting possibility which suggests that the enzymatic 
nature of certain exogenous proteins could be of con- 
siderable importance in determining their allergenicity 
and whether, in susceptible individuals, allergic airways 
disease could result. 

Amino acid sequence analysis has revealed the existence 
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of homology between certain aeroallergens and known 
proteolytic enzyme classes. This homology can be 
expressed functionally in the limited number of cases 
studied in sufficient detail (Lake et al., 1991; Stewart et 
al., 1991, 1992a,b, 1993), but the significance of this to 
airway pathophysiology is unknown at present. 

One allergen that has been studied in detail in this con- 
text is Der p 1, a major allergen from the house dust mite 
Derrnatophagoides pteronyssinus. Homology searching 
predicted that Der p 1 could be a cysteine proteinase 
(Chua et al., 1988), and this has been verified in standard 
tests for proteolytic activity. When applied to sheets of 
bovine bronchial mucosa and rendered catalytically com- 
petent by reducing agents, Der p 1 is capable of causing 
disruption of the architecture of the airway epithelium 
resulting in an increase in its permeability to macro- 
molecules (Herbert et al., 1990). It is not clear to what 
extent this process might be involved in chronic tissue 
injury, but these experiments suggest an exciting possi- 
bility for antigen presentation. The ability of a putative 
allergen to facilitate its own penetration into the airway 
mucosa could provide greater scope for the three- 
dimensional dendritic intraepithelial network of antigen- 
presenting cells to initiate an immunological response by 
detecting the antigen and shuttling it from the airway 
epithelium to submucosal lymphocytes and lymph nodes 
(Holt et al., 1990; Holt, 1993). The expression by pro- 
teins of enzymatic activities to facilitate antigen presenta- 
tion might therefore represent a fundamental mechanism 
that distinguishes between the many inert environmental 
antigens to which the lung is exposed, and those antigens 
that are immunologically significant to an individual. 
Equally, in a sensitized airway it is conceivable that local 
changes in the airway permeability induced by this 
enzymatic activity might facilitate access of allergen to 
mast cells resident in the airway submucosa. However, a 
number of conditions would need to be fulfilled for these 
actions to be of any pathophysiological relevance. Firstly, 
the allergen would have to be present in a suitable con- 
centration in the airway to overcome endogenous 
antiproteinases. Secondly, cysteine proteinases such as 
Der p i alsorequire reduction to achieve catalytic compe- 
tence. Of these, the latter condition is more easily 
answered. Airway surface lining fluid contains a number 
of potential reducing agents, of which glutathione is 
likely to be the most important (Cantin et al., 1987). In 
the studies reported in the literature, Der p I can be acti- 
vated by concentrations of glutathione that are encoun- 
tered in airway lining fluid. 

6 .6 .5  Neut rophi l -der ived  Toxic Proteins  

The azurophil granule of the neutrophil is also a rich 
source of cytocidal proteins, although some of these have 
received relatively little attention as a mechanism of 
inflammatory cell-induced lung injury compared with the 
wealth of literature concerning oxidants and eosinophil- 
derived proteins. Several different cytocidal polypeptides 

have been identified. These include cationic antimicrobial 
peptide (CAP) 57, azurocidin and the defensins (Ganz et 
al., 1985; Selsted et al., 1985; Rice et al., 1987). The 
defensins are low molecular mass (c. 3.5-4kDa) 
arginine- and cysteine-rich proteins that have been shown 
to be cytocidal against a number of different tumour cells 
including the A549 alveolar adenocarcinoma line 
(Lichtenstein et al., 1986; Okrent et al., 1990). 
Mechanistic studies in Madin-Darby canine kidney 
(MDCK) cells have demonstrated that defensins are able 
to reduce the integrity of an epithelial barrier without 
necessarily producing cytotoxicity (Nygaard et al., 1993). 
Interestingly, these proteins also possess chemotactic 
activity for mononuclear cells (Territo et al., 1989). 

6.7 MISCELLANEOUS 
The airway epithelium is also known to be injured by a 
variety of viral and bacterial products, a number of which 
have proteolytic activity themselves or which induce cel- 
lular injury as a consequence of the host immunological 
responses that they evoke. Episodes of airflow obstruc- 
tion are known to accompany such infections and 
impaired mucociliary clearance is a common feature of 
certain infections. 

It would not be surprising to find that infectious agents 
are sources of numerous, as yet uncharacterized, agents 
that produce epithelial injury. Studies with Pseudomonas 
aeruginosa, which is associated with lung lesions in cystic 
fibrosis (Hoiby, 1982; Fick, 1989), have demonstrated 
that 1-hydroxyphenazine, rhamnolipid and pyocyanin, a 
pigment produced by this bacterium, are capable of 
retarding the beating of cilia and ultimately producing 
ciliostasis and damage to the epithelial surface (Read et 
al., 1992; Kanthakumar et al., 1993). A decrease in the 
intracellular concentration of cAMP, which is required 
for the maintenance of ciliary beating (Di Benedetto et 
al., 1991; Lansley et al., 1992), is known to occur fol- 
lowing pyocyanin exposure, and cells may be afforded a 
modest degree of protection against it by treatment with 
~2-agonists (Kanthakumar et al., 1994). 

7. Repair of Epithelial Injury 
Most studies of the repair process in the airway mucosa 
have concentrated on injury produced by noxious stimuli 
such as oxidizing gases. It is presumed, although not yet 
subject to experimental verification, that there will be at 
least some similarities with the responses to injury 
produced by an inflammatory cell infiltrate. Conceptu- 
ally, the initial objective of "repair" is to provide con- 
tinuity of the barrier properties of the airway mucosa 
(Gordon and Lane, 1976). Once this has been attained, 
the next event involves the repopulation of the airway 
mucosa with a normal profile of ciliated and non-ciliated 
cells (Keenan et al., 1982a,b,c; 1983; Gordon and Lane, 



200 C. ROBINSON 

1984). The initial phase is achieved by a lateral spreading 
of remaining superficial non-ciliated epithelial cells. The 
extent to which this reconciliation can occur across wide 
"deserts" of basement membrane from which all cells, 
including basal cells, have been exfoliated is not known, 
but in milder forms of injury this phase is known to occur 
within a matter of a few hours. Changes in epithelial 
growth factor expression are likely to be crucial in 
epithelial repair. Activation of fibroblasts is likely to be an 
essential component in providing proteolytic enzymes 
capable of clearing cellular debris. At the same time, 
stimulation of matrix production is likely to be a required 
component to restore normal matrix composition (and 
hence cellular differentiation), as well as "patch repair" 
zones where matrix damage renders this impossible in the 
short term. 

tissue repair in the airway mucosa. It would be antici- 
pated that drugs that down-regulate inflammatory cell 
function should act to limit mucosal damage. Bronchial 
biopsy studies suggest that this expectation is likely to be 
borne out in the case of corticosteroids, raising optimism 
for the novel drug candidates that are in development 
and designed to interfere with activation-response 
coupling in effector cells. However, the precise mech- 
anism(s) of this effect of corticosteroids remains to be 
established. Furthermore, corticosteroids are not always 
successful in modulating pulmonary fibrotic responses in 
which it is presumed that an inappropriate repair process 
is mounted against a perceived source of injury, and this 
serves as an important reminder that the pharmacology of 
empirical effects is no substitute for an articulated, 
mechanistic understanding of the underlying cell biology. 

8. Concluding Comments 
Representing as it does the interface between the immune 
system and the exterior atmosphere, it is not surprising 
that the airway epithelium is a significant site of injury in 
lung diseases. As has been described in this review, these 
forms of injury are varied but their physical manifesta- 
tions in resulting pathology are remarkably similar. This 
appears to hold remarkably true irrespective of whether 
the agent evoking injury acts directly on epithelial cells (as 
in the case of oxidant gases), or acts indirectly via the 
recruitment of inflammatory mechanisms (as in the case 
of asthma). The regiospecific occurrence of the injury 
process in certain parts of the tracheobronchial tree is 
likely to be explicable by numerous factors. Noxious 
gases, for example, are more likely to achieve alveolar 
penetration than are inhaled particulate materials such as 
allergens. Within a particular region of the tracheobron- 
chial tree other, more subtle, factors may be important, 
such as the relative solubility of the provoking stimulus 
in epithelial lining fluid and cytoplasmic lipid 
membranes. 

Many cell-derived mediators are likely to have roles in 
these processes of cellular injury. However, our 
knowledge of the precise functions of many of these can- 
didates is currently limited. This is most outstandingly 
true for the MMPs and their inhibitors, where despite a 
vast literature on their function in other tissues, there is 
only a poor understanding of their possible function in 
the lung. Clearly, further understanding of the 
mechanisms of pulmonary repair and fibrosis will be 
necessary to gain a full appreciation of their possible roles 
and relevance in injury and repair. 

From the pharmacological standpoint, the process of 
epithelial injury per se has received little direct attention. 
This situation is not difficult to understand, because our 
level of ignorance about many of the basic cell and mol- 
ecular processes impedes a rational attempt at designing 
strategies for the manipulation of chronic injury and 
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i. Introduction 
Cryptogenic fibrosing alveolitis (CFA; also called idi- 
opathic pulmonary fibrosis) is a well-defined clinical 
entity of unknown aetiology which has characteristic clin- 
ical, radiological, physiological and pathological 
manifestations. A number of other pulmonary con- 
ditions also result in lung fibrosis, including sarcoidosis, 
extrinsic allergic alveolitis and many inorganic dust- and 
drug-induced lung diseases. The common process linking 
these diseases is the slow progression of chronic lung 
inflammation to fibrosis and irreversible scarfing. 

This progression can be divided into a number of 
phases although in reality these phases may be occurring 
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simultaneously, or at least, may occur concurrently in 
nearby regions of the lung. It is believed that in all the 
lung fibrotic disorders there is some sort of initial injury. 
This initial injury is followed by an inflammatory 
response, which is chronic and involves a wide variety of 
inflammatory cells and cytokines. Intimately linked with 
the inflammatory response, there is the production of 
growth factors for fibroblasts. This is associated with acti- 
vation of fibroblasts and enhanced production of collagen 
and other matrix proteins (Fig. 11.1). It is likely that in 
response to these early events, fibroblasts become acti- 
vated in a manner independent of exogenous stimuli, 
such that they continue to cause scarring even in the 
absence of further exogenous pro-fibrogenic stimuli. 
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Figure 11.1 Sequential biologic processes in the development of pulmonary fibrosis: cells and cytokines 
involved in chronic inflammation and fibrosis. 

In addition to these potentially reversible phases, struc- 
tural events occur in the lung which are largely irrever- 
sible. Epithelial cell damage and intra-alveoJar exudation 
stimulate epithelial cell regeneration on top of the 
organizing exudate, thus reducing alveolar size. Further- 
more, damage to the normal structure of the alveolar wall 
causes alveolar collapse. In the setting of an active fibrotic 
response, this derangement of alveolar structure becomes 
permanent and scar tissue seals the alveolus in a crushed 
configuration. 

If we are to improve our therapy for disorders charac- 
terized by lung fibrosis, we need to understand the link 
between the phases of chronic lung inflammation and 
fibrosis, and develop therapies which target the different 
phases before the irreversible changes occur. 

Much of our understanding of the pathogenesis of lung 
fibrosis comes from studies in animal models as well as 
from patients with lung fibrosis. 

2. Animal Models of Fibrosis 
The mechanism linking chronic inflammation and tissue 
fibrosis is poorly understood. Various exposures and con- 
ditions are believed to cause pulmonary fibrosis. These 
include particulate agents, physical agents and infectious 
agents. To examine the pathogenesis of pulmonary 
fibrosis different experimental models in animals have 
been described. The most commonly used method to 

induce lung fibrosis is the intratracheal instillation of 
bleomycin (Adamson and Bowden, 1974; Snider et M., 
1978; Lazo etal . ,  1990; Hay etal.  1991). Other methods 
utilize paraquat (Smith et al., 1974; Selman et al., 1989), 
silica (Reiser et al., 1982; Vuorio et al., 1989), asbestos 
(Mossman et al., 1991; Begin et al., 1992), cadmium 
chloride (Frankel et al., 1991; Driscoll et al., 1992), 
amiodarone and desethylamiodarone (Daniels et al., 
1989). In bleomycin-induced fibrosis, the histological 
pattern of fibrosis is similar to that seen in humans, 
however the time course for development is much 
shorter (Snider et al., 1978). Various animals, such as 
mice (Girl et al., 1993), rats (Denholm and Rollins, 
1993; Westergren-Thorsson et al., 1993) and hamsters 
(Raghow et al., 1989), have been used in the bleomycin 
model of lung fibrosis. The resultant injury is character- 
ized by necrosis of type I pneumocytes with proliferation 
of type II pneumocytes. There is also evidence of intersti- 
tial oedema, sequential accumulation of inflammatory 
cells as well as fibroblasts, and finally collagen and 
fibronectin synthesis (Chandler et al., 1983; Kelley et al., 
1985; Raghow et al., 1985; Hoyt and Lazo, 1988). A 
common feature in any animal model of lung fibrosis is 
the accumulation of macrophages (Adamson and 
Bowden, 1974; Thrall et al., 1979), which is 
accompanied by increases in macrophage-derived growth 
factors. Alveolar macrophages incubated with bleomycin 
have been shown to increase production of non-specific 
mitogenic activities (Denholm et al., 1989), superoxide, 



TRANSITION BETWEEN INFLAMMATION AND FIBROSIS IN THE LUNG 211 

tumour necrosis factor a (TNFc~) and interleukin-1 (IL- 
l; Scheule et al., 1992), as well as transforming growth 
factor/3 (TGF/3; Khalil et al., 1989). Instillation of cad- 
mium chloride into rat lung also results in increases in 
alveolar macrophage numbers and cathepsin L mRNA 
which is another marker of macrophage activation 
(Frankel et al. , 1991). 

In addition to an influx of macrophages, there may be 
an increase in the number of lymphocytes in the lung. 
The overwhelming majority of lymphocytes which 
migrate into sites of lung injury are T cells and there is an 
equal proportion of helper and suppressor T cells in 
injured lung (Thrall et al., 1982). A number of studies 
have used animal models to investigate T lymphocytes in 

fibrosis has been established by intranasal instillation of 
the thermophilic actinomycete Faeni rectivirgula (Denis 
1992). In this model, IL-6 plays a role in regulating the 
cellular recruitment in the lungs during an inflammatory 
response and IL-4 administration partially abrogates the 
disease process (Ghadirian and Denis, 1992). TNFc~ has 
also been shown to play an essential role in determining 
hypersensitivity pneumonitis in a mouse model (Denis et 
al., 1991). 

Altered expression of small proteoglycans, collagen and 
TGF~ has been shown in bleomycin-induced pulmonary 
fibrosis in rats (Khalil et al., 1989; Shahzeidi et al., 1993; 
Denholm and Rollins, 1993; Westergren-Thorsson et al., 
1993). The marked alteration of biglycans and decorin 

the development of pulmonary interstitial fibrosis, but during the development of fibrosis suggests that these 
their precise role in these models is still controversial. T 
lymphocytes have been shown to have a central role in 
developing pulmonary interstitial fibrosis induced by 
bleomycin (Piguet et a l . ,  1989) but not that induced by 
silica (Piguet etal . ,  1990). However, K u m a r e t a l .  (1990) 
showed that T lymphocytes participate in pulmonary 
interstitial fibrosis induced by silica. Recently, the 
immunological mechanisms that contribute to increased 
collagen content in the lungs ofhapten immune hamsters 
after receiving a pulmonary challenge of the sensitizing 
hapten trinitrophenol have been studied. The results sug- 
gested that T lymphocytes mediate immune inflamma- 
tion and regulate lung collagen deposition (Kimura et al., 
1992). 

Various studies have also examined animal models of 
pulmonary inflammation that are representative of 
primary eosinophil or neutrophil infiltration. Lung 
inflammation characterized by eosinophil influx has been 
used as a model of asthma and is not generally associated 
with lung fibrosis. After several episodes of repeated 
antigen challange, a subset of Ascaris suum-sensit ive 
Cynomolgus monkeys developed a persistent 
eosinophilia and enhanced intercellular adhesion 
molecule-1 (ICAM-1) expression on pulmonary 
endothelial and epithelial cells when compared to control 
animals (Gundel et al., 1991, 1992). 

By contrast, neutrophil-mediated inflammation may 
lead to fibrosis. Prolonged exposure to high concentra- 
tions of oxygen can lead to acute oedematous lung injury 
followed by pulmonary fibrosis (Clark and Lanbertsen, 
1971). In a murine model of pulmonary oxygen toxicity 
the process is characterized by decreases in lung compli- 
ance and carbon monoxide diffusion capacity as well as by 
an influx of neutrophils and enhanced levels of 

proteoglycans have a regulating role in this process 
(Westergren-Thorsson et al., 1993). 

Various agents have been tested for efficacy in 
decreasing the fibrotic response which follows lung injury 
in animal models. These agents include steroids, e.g. 
methylprednisolone which shows beneficial effects in 
terms of improving physiologic function or decreasing 
collagen accumulation (Kelley et al., 1980; Phan et al., 
1981; Hesterberg and Last, 1981). Cyclooxygenase and 
lipoxygenase inhibition have been shown to diminish 
fibrosis (Thrall et al., 1979; Phan and Kunkel, 1986), 
proline analogues such as dehydroproline inhibit collagen 
production (Kelly et al., 1980) and cyclosporin (Sendel- 
bach et al., 1985) may have beneficial effects in animal 
pulmonary fibrosis. Antibodies to cytokines such as 
TNFa (Piguet et al., 1990) and TGF/3 (Gift et al., 1993) 
also have antifibrotic activity in models of animal pulmo- 
nary fibrosis. The availability of these animal models of 
interstitial pulmonary fibrosis provides the opportunity 
to investigate different aspects of fibrosis and novel phar- 
macological approaches to preventing this disease. 

3. Fibrotic Lung Disease in Humans 

3.1 THE INITIAL INJURY 
In all lung fibrotic diseases, there is presumed to be some 
injurious process. This may be well recognized, as is the 
case when inorganic particles cause occupational lung 
fibrosis or recognized antigens stimulate an immune 
response in extrinsic allergic alveolitis. The cause of the 

myeloperoxidase in bronchoalveolar lavage (BAL) fluid injury is more speculative in the case of CFA, where 
(Wagner et al., 1992). Quartz deposition in the rat lung 
has been found to cause an intense persistent neutrophil 
alveolitis leading to parenchymal fbrosis (Kusaka et al., 
1990). 

The role of various cytokines has been studied in 
chronic lung inflammatory conditions. A mouse model 
of hypersensitivity pneumonitis which progresses to. 

immune complexes (Dreisin et al., 1978; Schwarz et al., 
1978; Gadek et al., 1979a; Haslam et al., 1979; King et 
al., 1979, 1984; Cocchiara etal . ,  1981; Hunninghake et 
al., 1981; Gelb etal . ,  1983; Jansen et al., 1984), viruses 
(Vergnon et al., 1984; Ueda et al., 1992) and genetic 
factors (Evans, 1976; Turton et al., 1978; Varpela et al., 
1979) have been suggested to play a part in initiating the 
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disease. Similarly, no causal agent for sarcoidosis has yet 
been identified. 

3 . 2  C E L L S  I N V O L V E D  I N  T H E  

I N F L A M M A T O R Y  P H A S E  

BAL studies indicate that there is a marked alveolitis in 
all types of lung fibrotic disorder. However, considerable 
heterogeneity does occur. Thus in CFA, most studies 
reveal a predominance of neutrophils and macrophages 
(Crystal et al., 1976, 1981, 1984; Haslam et al., 1979; 
Gelb et al., 1983), while others identify increases in lym- 
phocytes and mast cells (Haslam et al., 1980a,b; Haslam, 
1984; Davis and Gadek, 1987). The importance of 
inflammation is emphasized by studies in CFA cor- 
relating parenchymal inflammatory cells with the ulti- 
mate course of the disease. These studies have suggested 
that inflammation is a key factor in the prediction of ther- 
apeutic responsiveness (Carrington et al., 1978; Dreisin 
et al., 1978; Winterbauer et al., 1978; Crystal et al., 
1981, 1984; Hunninghake et al., 1981; Keogh et al., 
1983; Watters et al., 1987). 

Inflammatory cells including macrophages and lympho- 
cytes are important secretory cells and have the ability to 
release a variety of soluble c .ytokines which affect other 
cell functions. Activated macrophages and lymphocytes 
have been shown to produce factors regulating fibroblast 
proliferation (Leibovitch and Ross, 1976; Wahl et al., 
1978; Korn et al., 1980; Anastassiades and Wood, 
1981), collagen production (Johnson and Ziff, 1976; 
Wahl et al., 1978; Clark et al., 1980), proteoglycan syn- 
thesis (Anastassiades and Wood, 1981), chemotaxis 
(Postlethwalte, et al., 1976; Tsukamoto, 1981)and 
migration (Rola-Pleszczynski, 1982). 

3 .2.1 Macrophages  
Alveolar macrophages are the most abundant non- 
parenchymal cell in the lung and play a critical role in pul- 
monary fibrosis. They exceed lymphocytes by a ratio of 
approximately 5-10:1 (Hunninghake etal . ,  1979). This 
population within the alveolus serves as the first line of 
host defence against inhaled organisms, soluble and par- 
ticulate molecules. Besides phagocytic and microbicidal 
capacities, these cells have an extensive synthetic and 
secretory repertoire including lysozyme, neutral pro- 
teases, acid hydrolases and oxygen metabolites. In addi- 
tion, these cell types produce a variety of pro- and 
anti-inflammatory cytokines which modulate lympho- 
cyte function. Macrophages produce growth factors 
which have the ability to promote fibrosis by stimulating 
fibroblasts to migrate to the area of injury, which causes 
fibroblasts to proliferate, to produce matrix proteins and 
to contract tissues. Fibroblasts are the main effector cells 
in the fibrotic response, and most of the information 
regarding growth factors for fibroblasts relates to alveolar 
macrophage secretory products. These growth factors 
(see below) include platelet-derived growth factor 

(PDGF), fibronectin, insulin-like growth factor (IGF), 
TGFB and basic fibroblast growth factor (bFGF; Rennard 
et al., 1981; Takemura and Werb, 1984; Martinet etal . ,  
1987; Nathan, 1987; Raghow et al., 1987; Rom et al., 
1988; Kelly 1990; Nagaoka et al., 1990; Shaw et al., 
1991). Competence factors such as PDGF render fibrob- 
lasts competent to progress around the cell cycle. 
Progression factors such as IGFs promote progression 
around the cell cycle. TGFB has little effect on fibroblast 
proliferation but stimulates collagen and other matrix 
protein production. 

3 .2 .2  Lymphocytes 
In the inflammation of the lower respiratory tract in con- 
ditions such as fibrosing alveolitis, lymphocytes have 
been shown to be a prominent cellular component of the 
BAL fluid (Crystal et al., 1984; Campbell et al., 1985). 
Lymphocytes have also been implicated in diseases that 
predominantly affect the airways, such as asthma and 
bronchiectasis (Lapa et al., 1989; Azzawi et al., 1990). 
Lymphocytes can be broadly subdivided into T cells and 
B cells. T cells are responsible for a range o f  immune 
responses including delayed hypersensitivity. B cells are 
mainly responsible for antibody-mediated immune 
responses. T cells also play a central role in the early 
development of immune granuloma. Pulmonary 
immune granuloma may be initiated by infectious agents, 
inorganic agents and organic particulates. Early fibrotic 
changes, including the presence of fibroblasts and col- 
lagen, may be seen at the periphery of the granuloma 
(Scadding and Mitchell, 1985). Recognition of antigen 
by T cells is the first step in a highly complex process that 
results in the generation of cytokines, inflammatory cell 
chemotaxis and activation, a s  well as ultimately the 
release of soluble mediators responsible for inflammation. 
Soluble markers of T cell activation such as IL-2 and 
soluble CD8 have been identified in the serum of patients 
with fibrosing alveolitis. Expression oflL-2 receptor indi- 
cates that T cell activation is occurring within the lungs 
(Haslam, 1990). Activated T cells produce interferon 3' 
(IFN3") which is also present in lavage fluid from patients 
with fibrosing alveolitis (Robinson and Rose, 1990). 
IFN3" is an activator of macrophages and T cells, as well 
as stimulating the expression of ICAM-1 and HLA-DR 
on macrophages and endothelial cells (Kradin et al., 
1986). T lymphocytes have been found to influence col- 
lagen deposition in animal models of pulmonary fibrosis 
(Schrier and Phan, 1984). IL-1, TNF, IFN3" and IL-2 
increase the adherence ofT lymphocytes to fibroblasts in 
a dose- and time-dependent manner (Hampson et al., 
1989). In animal models two functional subpopulations 
of CD4 + cells, distinguished by their patterns of cytokine 
production, contribute to the antigenic responses. TH1 
cells mediate delayed-type hypersensitivity (DTH) 
through secretion of IFN3" and IL-2 (Cher and 
Mossman, 1987) and TH2 cells enhance antibody syn- 
thesis through production of IL-4, IL-5 and IL-10 



TRANSITION BETWEEN INFLAMMATION AND FIBROSIS IN THE LUNG 213 

(Haanen et al., 1991). It is not known which type ofT 
cell is important in human lung fibrosis although the 
identification of IFNqr suggests that TrI1 cells are 
involved. 

Studies oflavage fluid and peripheral blood suggest that 
B cell stimulation, as evidenced by increased concen- 
tration of immunoglobulins, especially IgG, also has a 
role in the pathogenesis of fibrosing alveolitis (Wein- 
berger et al., 1978). Furthermore, lavage cells from 
patients with fibrosing alveolitis secrete more B cell 
growth factor compared to controls, suggesting a role in 
this disease (Emura et al., 1990). 

3.2.3 Neutrophils 
In the normal lung, neutrophils are present but in low 
numbers, about 1-2% of the inflammatory cells on the 
epithelial surface (Hunninghake et al., 1979). In con- 
trast, in CFA neutrophils represent 5-20% of the inflam- 
matory cells (Weinberger et al., 1978; Haslam et al., 
1980a; Brook et al., 1990). Infiltration of the lungs by 
neutrophils is an early event in animal models of lung 
injury by bleomycin and asbestos (McCullough and 
Collin, 1978). Neutrophils migrate to tissues after 
adhering to endothelial cells by expressing cell surface 
adhesion molecules CD18/CD11b, a ligand for ICAM-1. 
The cytokines IFN% TNF~, and IL-1 are known to 
enhance production of endothelial leucocyte adhesion 
molecule-1 (ELAM-1) which serves to bind neutrophils 
(Pober, 1988). Neutrophils are known to release highly 
reactive oxygen radicals such as hydrogen peroxide, 
superoxide anions and hydroxyl radicals, which can cause 
epithelial cell injury (Weiss, 1989; Ward, 1991). Raised 
concentrations of proteases and collagenases, which are 
probably of neutrophil origin, are seen in lavage fluid 
from patients with fibrosing alveolitis, indicating neu- 
trophil involvement (Gadek et al., 1979b). Increased 
concentrations of hyaluronic acid have been found in 
bleomycin-induced injury in animals, further demon- 
strating that neutrophil-mediated damage occurs in 
fibrosing alveolitis (Nettlebladt et al., 1989). 

3 .2 .4  Eosinophils  
An increase in eosinophils in lung interstitium of patients 
with fibrosing alveolitis has been shown, and eosinophils 
may comprise up to 20% of the cells in lavage fluid 
(Allan et al., 1991). Increased concentrations of 
eosinophil-derived eosinophil cationic protein (ECP) 
have been observed in CFA epithelial lining fluid and in 
lavage fluid samples from patients with fibrosing alveo- 
litis, which also suggests that in some patients eosinophils 
may contribute to the damage of lung parenchyma 
(Haslam et al., 1981b; Hallgren et al., 1989; Hoidal, 
1990). 

3.2.5 Mast Cells 

There is evidence for the involvement of mast cells in 
fibrosing alveolitis. In patients with fibrosing alveolitis 

mast cells are found in lung biopsy material (Haslam et 
al., 1981a,b; Walls et al., 1991). The largest population 
of mast cells in CFA compared with non-fibrotic patients 
are present in the interstitium (Fortoul and Barrios, 
1990). In  vitro studies have shown that mast cells in cul- 
ture cause multiplication of fibroblasts and increased col- 
lagen production (Dayton et al., 1989). Furthermore, H 
causes proliferation of cultured fibroblast in a dose depen- 
dent manner (Jordana et al., 1988a). Similarly heparin 
from mast cells is mitogenic for fibroblasts (Roche, 1985). 
Moreover, mast cell-derived TGF~3 also stimulates lung 
fibroblast collagen production (Fine and Goldstein, 
1987). These studies all indicate that an increase in mast 
cells in lungs could increase inflammation and induce 
collagen deposition. 

3.3 C H E M I C A L  F A C T O R S  A N D  

A D H E S I O N  M O L E C U L E S  

3.3.1 Nitr ic Oxide 

Involvement of nitric oxide (NO) in the regulation of 
pulmonary function and diseases has been recently sug- 
gested (Barnes, 1993; Jorens et al., 1993). The source of 
NO is not certain but it may be derived from macro- 
phages, or alveolar or airway epithelium. Endogenous 
NO may have a dual role: when produced in small 
amounts, it may be beneficial in relaxing airway smooth 
muscle, but in high concentrations it may have cytotoxic 
effects in the airway. Inhibition of NO production signifi- 
cantly reduces plasma exudation and inflammation in 
airways (Kuo et al., 1992). Inhalation of ozone stimulates 
NO production by alveolar and interstitial macrophages 
and could have a damaging effect on airway epithelial cells 
(Pendino et al., 1992). Recently, an increase in NO in 
exhaled air of asthmatic patients has been observed. This 
increase was reduced by inhalation of the specific nitric 
oxide synthase (NOS) inhibitor. Asthmatic patients 
receiving inhaled corticosteroids had levels similar to con- 
trols (Kharitonov et al., 1994). If this is the case in 
asthma it should be possible to use similar approaches to 
define the role of NO in fibrosing alveolitis. 

3 .3 .2  Role o f  Adhes ion  Molecules in 
Cel l -Cel l  In te rac t ion  

Various cell adhesion molecules have been recently iden- 
tified as being important in the inflammatory response. 
Investigators have begun to address the role of adhesion 
molecules in airway inflammation in acute and chronic 
lung injury. The marked alterations of proteoglycans 
during development of fibrosis suggest that they have a 
regulating role in this process (Westergren-Thorsson et 
al., 1993). In recent years, families of adhesion molecules 
important in different sites and situations have been dis- 
covered. These molecules can be grouped into distinct 
families on the basis of their molecular structure. They 
include integrins, members of immunoglobulin 
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supergene family and selectins. Integrins include lympho- IL-1 receptor antagonist (IL-1Ra), a 22 kDa polypeptide 
cyte function-associated antigen-1 (LFA-1; CD11a/ having 40% homology with IL-1~3 (Carter et al., 1990; 
CD18). T cells stimulated byan antigen have a higher Eisenberg et al., 1990; Hannum et al., 1990; Dinarello, 
LFA-1 expression than unstimulated cells and thus 1991). Alveolar macrophages produce large amounts of 
adhere more readily to other cells and make them suited IL-1Ra spontaneously in culture (Janson et al., 1993). 
for binding to endothelium and able to migrate to sites IL-1Ra has been shown to inhibit IL-l-induced neu- 
of inflammation (Shaw, 1990). The members of the 
immunoglobulin supergene family function as cell-cell 
adhesion molecules and are especially important in 
leucocyte-endothelial cell interaction. ICAM-1 belongs 
to this family. In areas of cellular infiltration, especially 
involving T lymphocytes, there is usually strong ICAM-1 
expression on vascular endothelial cells (Dustin et al., 
1988). The expression of ICAM-1 can be up-regulated by 
IFN% IL-1 and TNFc~ on human dermal fibroblasts 
(Pober et al., 1986; Dustin et al., 1988). Up-regulation 
enhances the adhesive properties of endothelial and 
epithelial cells to eosinophils and lymphocytes. Selectins, 
especially E- and P-selectin, have been shown to mediate 
neutrophilic inflammation in lung parenchyma in animal 
models of acute lung injury (Mulligan et al., 1991, 
1992). Administration of antibodies to E- and P-selectins 
reduced neutrophil influx and lung injury, implicating 
their role. In the bronchial mucosa of chronic bronchitis 
with airway obstruction, there is an increased expression 
of E-selectin on vessels and of ICAM-1 on basal epithelial 
cells, suggesting the role of these adhesion molecules in 
the pathogenesis of the disease (Stefano et al., 1994). 

3.3.3 In f l ammatory  Cytokines  

The influx and activation of inflammatory cells is 
accompanied by the production of an array of inflamma- 
tory cytokines. BAL fluid from patients with CFA has 
been shown to contain increased concentrations of IL-8 
(Carre et al., 1991) and IL-1 (Nagai et al., 1991) and 
alveolar macrophages encode increased amounts of IL-8 
mRNA (Carre et al., 1991). Similarly, in sarcoidosis BAL 
fluid contains increased concentrations of IL-1 
(Yamaguchi et al., 1988) and TNF (Homolka and 
Muller, 1993). The most compelling evidence for the 
importance of these cytokines comes from animal models 
of lung fibrosis in which the prior administration of anti- 
bodies to TNFc~ prevented the development of lung 
fibrosis in response to either of the two highly fibrogenic 
agents bleomycin or silica (Piguet et al., 1989, 1990). 

3. 3. 3.1 I n t e r l e u k i n - 1  
There is evidence that the cytokine IL-1 is produced by 
alveolar macrophages derived from patients with intersti- 
tial lung diseases (Nagai et al., 1991). IL-1 is a major T 
cell growth factor, promoting the proliferation and 
release of lymphokines. At the site of local inflammation 
IL-1 is important as an early response mediator in cellular 
interaction leading to tissue repair. However, increased 
release of IL-1 results in multi organ injury to the host 
(Girardin et al., 1988; Shalaby et al., 1991). Investiga- 
tions of an IL-1 inhibitor have led to identification of an 

trophil adhesion to endothelial cells in in vitro experi- 
ments (Carter et al., 1990; Arend, 1991; Dinarello, 
1991). IL-1Ra has been found to attenuate the neu- 
trophilic alveolitis (Ulich et al., 1991) and to modulate 
the influence of IL-l-dependent inflammation. Produc- 
tion of IL-1Ra in the lungs may play a part in suppression 
of aeute lung injury, since IL-1 is known to up-regulate 
the expression of ICAM-1 and enhance pathogenesis of 
lung disease (Arnaout, 1990; Springer, 1990). There is 
recent evidence of enhanced production of IL-1Ra by 
alveolar macrophages from non-smoking interstitial lung 
disease patients when compared to smoking control sub- 
jects and interstitial lung disease patients who smoke 
(Janson et al., 1993). It has been suggested that alveolar 
macrophages may be primed in vivo to produce aug- 
mented levels of this cytokine. 

3. 3. 3.2 Turnout Necrosis Fac tor  
TNF is another cytokine produced by macrophages in 
the early stages of inflammation, and its exaggerated sys- 
temic release can lead to organ injury and increased host 
morbidity and mortality (Cerami, 1992). Ingestion of 
particles opsonized with anti-albumin IgG markedly 
increases the release of TNF by alveolar macrophages 
(Kobzik etal.,  1993). One of the central features of TNF- 
dependent acute inflammation in the lung appears to be 
the sequestration of the neutrophils and neutrophil- 
dependent lung injury (Sauder et al., 1984). Other func- 
tions include the up-regulation of ICAM-1 and E- 
selectin adhesion molecules (Stoolman, 1989). TNFc~ 
can have an autocrine stimulatory effect on macrophages 
and can also influence other inflammatory cells such as 
lymphocytes (Schollmeier, 1990). During the acute 
phases of inflammation, TNFc~ plays an important role 
and acts as a mild stimulant of fibroblast mitogenesis 
(Elias et al., 1987). In bleomycin-induced pulmonary 
fibrosis, significant increases in TNF~ have been observed 
(Piguet et al., 1989; Phan and Kunkel, 1992). Further- 
more, antibodies to TNF~ given prior to the injury pre- 
vent lung fibrosis following silica-, bleomycin- or 
antigen-induced allergic alveolitis in animal models 
(Piguet et al., 1989, 1990; Denis et al., 1991). 

3 . 3 . 3 . 3  I n t e r l e u k i n - 8  
IL-8, an 8.0 kDa polypeptide, is a potent chemoattrac- 
tant and activating cytokine for neutrophils (Baggiolini et 
al., 1989; Matsushima and Oppenheim, 1989). In addi- 
tion, it causes up-regulation of neutrophil-derived /52 
integrins which in turn, with ICAM-1, result in neu- 
trophil adhesion. The source of IL-8 is monocytes and 
several cellular constituents of the alveolar capillary wall 
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including endothelial cells, fibroblasts epithelial cells, 
alveolar macrophages and neutrophils (Strieter et al., 
1989, 1990, 1992; Standiford et al., 1990; Rolfe et al., 
1991). TNFc~ and IL-1/3 are known to stimulate 
endothelial cells, alveolar macrophages and neutrophils 
to induce IL-8 gene expression (Standiford et al., 1990; 
Strieter et al., 1990a). The level of IL-8 mRNA and pro- 
tein in alveolar macrophages was found to be significantly 
elevated in individuals with CFA or lung fibrosis com- 
pared to normal healthy controls (Carre et al., 1991). 
These data suggest that IL-8 derived from alveolar macro- 
phages may significantly contribute to neutrophil 
involvement in the pathogenesis of CFA. Elevated con- 
centrations of IL-8 in the BAL fluid of patients with CFA 
and pulmonary sarcoidosis are thought to contribute to 
the influx of neutrophils into the pulmonary alveolus and 
interstitium (Car et al., 1994). Recently, a supergene 
family of chemotactic and activating cytokines has been 
described which includes macrophage inflammatory 
protein-1, (MIP-1,) MIP-lce is expressed in increased 
amounts within the airspace and interstitium of patients 
with sarcoidosis and CFA, and this cytokine may be an 
important mediator of the macrophage activation and 
recruitment that characterizes these disease states (Stan- 
diford et al., 1993). 

3.3.4  Growth Factors  

Two main growth factors have been the source of most 
study in the setting of lung fibrosis. PDGF containing the 
B subunit is an exquisitely potent mitogen for fibroblasts 
and is produced by macrophages. This probably occurs as 
circulating monocytes enter inflammed tissue and 
differentiate into macrophages (Shaw et al., 1990). 
TGF~3, rather than stimulating fibroblast proliferation, 
causes fibroblasts to produce collagen and other matrix 
proteins. TGF/3 is a product of many cells including mac- 
rophages. Other growth factors include IGF-1 and bFGF. 

3. 3. 4.1 Platelet-de~ved Growth Factor-B 
Human PDGF, a potent mitogen and chemoattractant 
for connective tissue cells, was originally identified and 
purified from human platelets (Raines et al., 1990). It is 
a 32 kDa peptide comprising two subunits joined by dis- 
ulphide bonds. It exists as a homo- or heterodimer of 
two chains, PDGF-A or-B. PDGF-B is encoded by the 
c-sis proto-oncogene localized on chromosome 22 and 
PDGF-A is encoded by a gene on chromosome 7 
(Antoniades etal. ,  1990). PDGF-B is thought to be more 
important with respect to lung fibrosis (Bonner et al., 
1991). The main role played by PDGF is as a proliferation 
factor, particularly for fibroblasts and smooth muscle cells 
(Larson et al., 1989; Marinelli et al., 1991). This potent 
mitogenic cytokine is produced mainly by alveolar mac- 
rophages in the lungs. Other cells producing PDGF-B 
include activated fibroblasts, and smooth muscle 
endothelial and epithelial cells (Sariban et al., 1988; Fabi- 
siak et al., 1990; Fabisiak and Kelly, 1992). PDGF-B 

mRNA is expressed in human alveolar macrophages, 
macrophages derived from cultured monocytes (Mornex 
et al., 1986; Shaw et al., 1990) and macrophages derived 
from differentiation of human monocytic cells (Pantazis 
et al., 1986). There is increasing evidence for the import- 
ance of PDGF-B in human lung fibrosis. In patients with 
pulmonary fibrosis, there is an increased abundance of 
PDGF-B mRNA (Nagoaka et al., 1990; Shaw et al., 
1991), increased transcription (Nagoaka et al., 1990) and 
spontaneous release of PDGF protein (Martinet et al., 
1987) in alveolar macrophages. The use of immuno- 
histochemistry and in situ hybridization on lung sections 
showed that in established CFA, the alveolar macro- 
phages and epithelial cells were the main source of 
PDGF-B (Antoniades etal. ,  1990). Furthermore, PDGF- 
B was shown to be prominent in interstitial macrophages 
in lung fibrosis even in areas with little fibrosis, suggesting 
PDGF accumulation might precede fibrosis (Vignaud et 
al., 1991). 

The role of PDGF-B is modulated by other cells present 
in lungs. Lymphocytes are one of the other dominant cell 
types in chronic inflammatory diseases and may influence 
PDGF-B production by macrophages (see below). Phys- 
ical stimuli such as adherence are also known to cause 
gene activation including an increase in PDGF-B 
mRNA in monocytes (Shaw et al., 1990). Similar events 
may occur while in contact with large particles such as 
asbestos fibres or silica, since they are known to induce 
PDGF-B secretion by macrophages (Schapira etal. ,  1991; 
Bonner et al., 1991). Immune complexes are also known 
to increase production of PDGF-B protein by alveolar 
macrophages (Martinet et al., 1987), which may con- 
tribute to the initiation of fibrotic responses in certain 
autoimmune disorders. 

3 . 3 . 4 . 2  T r a n ~ C o r m i n g  G r o w t h  Fac to r  
TGFB is a 25 kDa homodimer that is a multifunctional 
regulator of cell growth and differentiation (Roberts and 
Sporn, 1990). It is produced in an inactive form as part 
of a larger molecule which requires either acid treatment 
or enzymatic action to cleave the active TGF/5. 
It is present in a wid~ variety of tissues and interacts with 
specific cell membrane receptors (Massague and Like 
1985). The major storage sites for TGFB are platelets 
(Assoian et al., 1983) and these platelets release the pep- 
tide at sites of injury (Assoian and Sporn, 1986). Acti- 
vated macrophages also contain TGF~ mRNA and 
secrete TGF~ protein (Assoian et al., 1987). Like several 
other growth factors TGF~ has been found to exist in 
multiple isoforms which are approximately 64-82% 
homologous to each other (Roberts and Sporn, 1990). 
There are five known subtypes but only three are known 
to be present in mammalian cells and tissues, and of these 
TGFB1 is the most prominent. TGF~ has several actions 
that potentially have a role in the repair process of 
fibrosis. It can stimulate fibroblasts to synthesize col- 
lagen, fibronectin and other proteoglycans, and directly 
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affects the gene expression of extracellular matrix 
molecules in stromal cells so as to induce collagen syn- 
thesis (Ignotz and Massague, 1986; Roberts and Sporn, 
1990; Kahari etal. ,  1991). TGF/3 is a chemoattractant for 
monocytes and macrophages and induces transcription of 
IL-1, PDGF, FGF, TNFt~ and TGF# itself (McCartney- 
Francis et al., 1990; Wahl et al., 1987). TGF~ can also 
establish an apparent state of autocrine stimulation in 
fibroblasts, resulting in chronic activation, such as occurs 
in progressive tissue fibrosis (Pelton and Moses, 1990; 
Roberts and Sporn, 1990). 

TGF/3 has been detected in a number of animal models. 
In the mouse bleomycin model, there is an increase in 
total lung TGF/5 mRNA (Hoyt and Lazo, 1988; Phan 
and Kunkel, 1992; Westergren-Thorsson et al., 1993) 
and TGF~ production occurs (Khalil et al., 1989) prior 
to the increase in collagen I and III gerie expression and 
protein production. Raghow et al. (1989), using ham- 
sters, showed a significant increase in the steady-state 
expression of TGFB about 1 week after intratracheal 
injection of bleomycin. In vitro experiments with 
endothelial cells and fibroblasts have shown bleomycin to 
induce TGF~ mRNA and protein synthesis in these cells 
(Phan et al,, 1991; Breen et al., 1992). 

TGF/5 has been detected in human idiopathic pulmo- 
nary fibrosis tissue and fluids during the active phase 
of the disease. In lung biopsies from patients with 
idiopathic pulmonary fibrosis intracellular TGF~ was 
seen predominantly in bronchiolar epithelial cells as well 
as in epithelial cells of honeycomb cysts and in hyper- 
plastic type II pneumocytes with a lower abundance in 
macrophages (Khalil et al., 1991). In areas of dense 
fibrosis, extracellular TGF~ was localized in the lamina 
propria of bronchioles and in subepithelial regions of 
honeycomb cysts. The relationship between TGF~ 
expression and collagen gene activation in tissues from 
CFA has been shown by combining immunochemistry 
for TGF/5 expression and in situ hybridization for 
collagen gene expression (Broekelmann et al., 1991). In 
the areas of fibrotic tissue involvement, these two 
activities were co-expressed suggesting a role for 
TGFB in promoting collagen synthesis. In sarcoidosis, a 
chronic inflammatory disease of unknown aetiology, 
enhanced tissue localization of TGF~I and related 
extracellular matrix proteins has also been described 
(Limper et al., 1994). This may modulate the fibrotic 
repair process accompanying granuloma healing in 
sarcoidosis. In our study measuring TGF~ mRNA in 
alveolar macrophages, constitutive expression was found 
in patients with a range of interstitial lung diseases 
as well as in normal subjects (Shaw et al., 1991). 
Thus it is currently unclear whether the increase in 
TGF~ in human pulmonary fibrosis is mainly of 
macrophage or epithelial origin. The factors which result 
in increased TGF~ production are currently not 
known. 

3. 3. 4 .3  I n s u l i n - l i k e  G r o w t h  Factor-1 
The IGFs are peptide growth factors which are struc- 
turally related, to pro-insulin. Macrophages produce 
IGF-1, which was originally described as alveolar 
macrophage-derived growth factor. Alveolar macro- 
phages express IGF-1 mRNA and spontaneously 
release molecules with IGF-l-like growth factor activity 
(Rom et al., 1988). There is evidence that IGF-1 pro- 
duction by macrophages may be increased during embryo 
development. There is also evidence of increased IGF-1 

' mRNA in skin wounds (Rappolee et al., 1988) and in 
alveolar macrophages in fibrotic lung disorders such as 
cryptogenic fibrosing alveolitis, systemic sclerosis and 
asbestosis (Bitterman et al., 1983; Rossi et al., 1985; 
Rom et al., 1988). IGF-1 also promotes fibroblast pro- 
liferation and may also contribute to the stimulus for 
macrophage replication in the lungs (Rom and Paakko, 
1991). 

3.3.  4. 4 Fibronec t in  
Fibronectin is an attachment protein found in extracel- 
lular matrix. It has a MW of approximately 500 000 and 
binds to a variety of molecules including collagens, pro- 
teoglycans and fbrin. The main source of fibronectin in 
adults is the liver, which synthesizes plasma fibronectin. 
Fibronectin can also be produced by alveolar macro- 
phages. Fibronectin acts as a stimulant and as a 
chemotactic agent for fibroblasts (Bitterman et al., 1983). 
In the healthy lungs, interstitial fibronectin is likely to be 
of plasma origin, whereas during injury, fibronectin is 
increased in basal lamina, interstitium and smaller air 
spaces (Torikata et al., 1985). In patients with serious 
bronchial inflammation levels of plasma fibronectin are 
elevated (Nagy et al., 1988). In animal models of acute 
lung injury caused by instillation of agents such as 
bleomycin, there are increased levels of mRNA for 
fibronectin, as well as accumulation of fibronectin, as 
observed by immunocytochemistry, accompanying the 
fibroproliferative response (Raghow et al., 1985; Bray et 
al., 1986). Alveolar macrophages from lungs of rats with 
bleomycin-induced fibrosis release a monocyte 
chemotactic factor which is inactivated by anti- 
fibronectin antibodies (Denholm et al., 1989). In 
experimental animals exposed to silica or titanium oxide, 
there is a relationship between alveolar macrophage 
production of fibronectin and development of fibrosis 
(Driscoll et al., 1992). There is evidence that fibronectins 
are found in alveolar lining fluid in patients with 
fibrotic lung disease (Rennard and Crystal, 1982) and 
sarcoidosis (O'Connor et al., 1988). These studies sug- 
gest that the increase in fibronectin in lungs can at least 
in part be attributed to alveolar macrophages and phago- 
cytic cells which are activated by injury and respond by 
secreting increased amounts of fibronectin and other 
cytokines. 
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3.4 T H E  D E V E L O P M E N T  OF T H E  

F I B R O T I C  PROCESS 

3. 4.1 L i n k  B e t w e e n  Chron ic  I n f l a m m a t i o n  a n d  
G r o w t h  Factor  Produc t ion  

How is chronic inflammation linked to the production of 
growth factors? Many pro-inflammatory stimuli may 
stimulate the production of growth factors. Using the clin- 
ical model of tuberculosis we and others have provided 
data suggesting that lymphocytes may influence macro- 
phage production of PDGF-B. IFN~/is thought to be a 
prominent product of the T lymphocytes of the TH1 sub- 
type (Robinson and Rose, 1990). In patients with pulmo- 
nary tuberculosis we and others have shown that IFN~/ 
mRNA is present in CD4 + cells (Barnes e ta / . ,  1993; 
Robinson et al., 1994), and IFN~/ mRNA has been 
documented to be present in skin biopsies of positive 
tuberculin heaf tests (Tsicopolous et al., 1992). IFN~, is 
known to increase the mRNA abundance of the potent 
fibroblast mitogen PDGF-B in alveolar macrophages (Shaw 
et al., 1991) and we have recently shown that IFN~, der- 
ived in vitro from purified protein derivative (PPD)- 
stimulated lymphocytes also increases PDGF-B mRNA in 
alveolar macrophages (Wangoo et al., 1993). Thus, this 
study suggests that persisting antigen causes TH1 lympho- 
cyte activation and release of IFN~,. This in turn stimulates 
macrophages to produce PDGF-B and thus initiates a 
fibrotic response. There is also evidence in the setting of 
acute lung injury in the adult respiratory distress syndrome 
and obliterative bronchiolitis post-transplantation, that 
molecules with PDGF-B-like activity can be found in BAL 
(Snyder etal., 1991; Hertz etal., 1992). To dissect further 
the relationship between chronic inflammation and fibrosis 
we have studied profibrotic growth factor production and 
new collagen production in a human in vivo model of 
DTH which progresses to fibrosis. We used the tuberculin 
Heaf test in individuals previously inoculated with BCG 
and obtained biopsies at different time points after the 
test. Within 5 days of the test there was a large influx of 
lymphocytes and inflammatory cells. On day 5 following 
the tuberculin Heaf test, there was a marked increase in 
TGFB staining in the tissue matrix (Wangoo et al., 1994). 
Immunohistochemical analysis of skin biopsies showed 
extensive type I procollagen staining in the biopsies as early 
as 5 days, which was maximal in biopsies obtained on Day 
13 (Wangoo et al., 1994). There was also an increased 
abundance of pro-collagen mRNA located in the area of 
cellular infiltration in these biopsies. This study thus 
provided in vivo evidence of a link between chronic inflam- 
mation as seen in a delayed hypersensitivity response, 
growth factors and new collagen production, the first stage 
of a fibrotic response. 

3.4.2 Fibroblast Activation and Collagens 
Fibroblasts are the effector cells of the fibrotic response. 

They migrate to the site of injury, proliferate and 
produce collagen as well as other matrix proteins. Inter- 
stitial collagens are vital in the maintenance of the struc- 
tural properties of lung tissue while allowing gas exchange 
to proceed freely across alveoli. Collagens account for 
15-20% of the dry weight of normal lung. The most 
abundant are type I and III collagens. These are widely 
distributed in both airways and parenchymal structures. 
Fibrosis associated with CFA is characterized by excessive 
deposition of type I and III collagens (Madri and Furth- 
mayr, 1980; Kirk et al., 1984, 1986). In bleomycin- 
induced fibrosis using in vitro and in vivo techniques, sev- 
eral groups have reported increased rates of collagen syn- 
thesis in the lung (Clark et al., 1980; Laurent and 
McAnulty, 1983). Recently, enhanced type III collagen 
gene expression during bleomycin-induced lung fibrosis 
has been reported (Shahzeidi et al., 1993). However, 
determining the collagen content of the lung is not a 
reliable guide to disease activity because lung collagen 
may accumulate slowly or rapidly, and the balance 
between collagen production and degradation is critical 
to the ultimate abundance of collagen (Bateman et al., 
1983; Kirk et al., 1986). 

Newly synthesized collagen can be identified by 
immunostaining using antibodies directed at the N or C 
terminal peptides of procollagen, since these peptides 
are cleaved and degraded when procollagen converts 
to mature tissue collagen (McDonald et al., 1986). 
Similarly, in situ hybridization for mRNA of type I 
procollagen can be used to identify cells actively syn- 
thesizing collagen (Peltonen et al., 1991). There is 
evidence in patients with CFA of increased type I pro- 
collagen in biopsies and increased type III procollagen in 
BAL fluid and serum (Bateman et al., 1981, 1983; 
Kirk et al., 1983, 1984, 1986; Low et al., 1983, 1992; 
McDonald et al., 1986; Cantin, 1988; Bjermer et al., 
1989; Last et al., 1990). This also indicates that there is 
persistent fibroblast activation in established disease. 
Certain matrix molecules such as fibronectin may also 
stimulate fibroblasts to make collagen in CFA (Rennard 
et al., 1981; Bitterman et al., 1983). Increased amounts 
of mRNA coding for procollagen I and III have been 
reported in experimental models of bleomycin-induced 
interstitial pulmonary fibrosis (Raghow et al., 1985; 
Hoyt and Lazo, 1988). This suggests that there is 
enhanced expression of procollagen genes in lung paren- 
chymal cells. 

There is also some evidence that, once a sufficient 
stimulus has been provided for fibroblast proliferation 
and activation, this will continue even if the stimulus has 
been removed. Thus, dermal fibroblasts from keloid scars 
exhibit resistance to exogenous down-regulation (Russell 
et al., 1978, 1989; Myles et al., 1992), skin fibroblasts 
from scleroderma patients proliferate more rapidly than 
control fibroblasts even following several generations 
in vitro (Bordin et al., 1984), and cloned fibroblasts from 
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patients with CFA exhibit an increased proliferation rate 
in vitro (Jordana et al., 1988b). 

3.4.3 Structural Damage 
Immunocytochemistry studies examining the fate of the 
basement membrane in lung samples from patients with 
CFA have revealed that in areas of fibrosis, the alveolar 
architecture has been irreversibly deranged. It has been 
postulated (Kuhn et al., 1989) that initial injury causes 
alveolar epithelial damage. This results in an exudate 
forming over the denuded basement membrane. Inflam- 
matory cells and fibroblasts migrate into this exudate. 
Type II cells in the alveoli proliferate and generate a new 
epithelium but on the luminal side of the organizing exu- 
date, thus leading to irreversibly thickened alveolar walls. 
In addition to this process, damage to the alveolus causes 
it to physically collapse. The fibrotic process then seals 
the alveolus in this collapsed state (Burkhardt, 1989). 
This process of structural collapse is probably exacerbated 
by alteration in the surface tension characteristics of the 
alveolar lining fluid, since there are also well recognized 
changes in the surfactant produced by type II cells in 
CFA (Low, 1989; McCormack et al., 1991). 

4. Therapeutic Approaches 
Examining each phase of the fibrotic response allows pos- 
sible therapeutic interventions to be assessed. The first 
approach is to remove the inflammatory cells from the 
lungs. Corticosteroids are likely to exert their major 
action via this process, and indeed patients with greater 
degrees of inflammation have a better clinical response to 
corticosteroids (Fulmer et al., 1979; Watters et al., 
1987). Similarly cyclophosphamide, which has been 
shown to be useful in the treatment of some patients 
with CFA (Johnson et al., 1989), has also been shown to 
cause a reduction in BAL neutrophils (O'Donell et al., 
1987). Preventing inflammatory cells entering areas of 
inflammation may prove to be possible. Antibodies to 
the adhesion molecule CD11, even if given after the 
injury, prevented lung fibrosis in bleomycin-treated mice 
(Piguet et al., 1993). 

Selective inhibition of inflammatory cytokines is also an 
attractive approach. In animal models, antibodies to 
TNFc~ prevent lung fibrosis when given prior to injury 
from silica, bleomycin or antigen-induced extrinsic 
allergic alveolitis (Piguet et al., 1989, 1990; Denis et al., 
1991). This approach may be an option in humans since 
TNF~ antibodies have been used successfully as a therapy 
in patients with rheumatoid arthritis (Elliot et al., 1993). 

Inhibition of increased release of IL-1 may be equally 
useful in preventing lung damage (Girardin et al., 1988; 
Shalaby et al., 1991). The identification ofIL-1Ra (Eisen- 
berg et al., 1990; Dinarello, 1991) raises the possibility 
that this may have therapeutic benefit. 

Administration of cytokines which antagonize a TH1- 

mediated inflammatory process may be beneficial. IL-4 
administration partially abrogates the disease process in 
murine hypersensitivity pneumonitis. IL-4 partially 
blocked the appearance of the fibrosis and also decreased 
cell numbers in BAL (Ghadirian and Denise et al., 1992). 
Such an approach has not been tested in humans. 

Relatively non-specific T cell immunosuppression has 
been successful in animal models. Treatment of hyper- 
sensitivity pneumonitis in mice with cyclosporin A led to 
improvement of the disease as seen by an abrogation of 
the increase in lung index, lack of IL-1 and TNFc~ release 
in BAL (Denis et al., 1992). However, this drug has not 
proven to be useful in clinical lung fibrosis in humans. 

To date, few studies have been carried out specifically 
to inhibit growth factors. Of interest, drugs with anti- 
inflammatory actions such as corticosteroids and colchi- 
cine increase rather than decrease the abundance of 
PDGF-B mRNA in alveolar macrophages (Haynes and 
Shaw, 1992; Wangoo et al., 1992). Furthermore, 
alveolar macrophage secretion of TGFB is not inhibited 
by the presence of high concentrations of corticosteroids 
(Khalil et al., 1993). Suramin, a polyanionic anti- 
trypanosomal and anti-filarial drug, binds to and inhibits 
PDGF as well as TGFB and other cationic fibrogenic 
cytokines (Hosang, 1985). However, clinical benefit in 
pulmonary fibrosis has yet to be confirmed. 

Decorin is a natural inhibitor of TGF~ (Border et al., 
1992) which is present in reduced amounts in areas of 
fibrosis (Westergren-Thorsson et al., 1993). This natural 
inhibition of TGF/3 has been shown to protect animals 
against scarring in experimental kidney disease (Border et 
al., 1992). The therapeutic application of this molecule 
in lung fibrosis has yet to be determined. Recently anti- 
bodies to TGF/5 in bleomycin-induced accumulation of 
lung collagen in mice showed that neutralization of 
TGF~ was possible following systemic administration, 
suggesting that this may be useful in treating lung fibrosis 
(Giri et al., 1993). 

Other suggested approaches to prevent the progression 
of lung inflammation to fibrosis have included the inter- 
feron inducer, bropirimine, which has been found to 
reduce the bleomycin-induced accumulation of collagen 
in the lung as measured by hydroxyproline content (Zia 
et al., 1992). The angiotensin-converting enzyme 
inhibitior captopril also reduces collagen and mast cell 
accumulation in the pathogenesis of radiation fibrosis 
(Ward et al., 1990). 

The protective effects of liposome-entrapped 
superoxide dismutase and catalase have also been studied 
on bleomycin-induced collagen deposition in the lungs of 
mice (Ledwozyn, 1991). It has been suggested that lipo- 
somes might be good vectors for drugs in the treatment 
of bleomycin-induced fibrosis. 

Oral N-acetylcysteine has been employed in the treat- 
ment of acute lung injury and was found to reduce 
bleomycin-induced collagen deposition in the lungs of 
mice (Shahzeidi et al., 1991). 
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Finally, a direct approach to inhibit fibroblasts has been 
considered. However, clinical trials with agents such as 
colchicine and penicillamine, which have some ability to 
suppress fibroblast collagen production, have not been 
successful (Cegla et al . ,  1975; Goodman and Turner- 
Warwick, 1978; Meier-Sydow et a l . ,  1979; Liebetrau et 

al . ,  1982). 

5. Conclusion 
By the time the patient presents with lung fbrosis, the 
disease is already established. Many areas of the lung have 
already been irreversibly damaged by the inflammatory 
and fibrotic processes. We need to develop means of 
identifying these patients early in the natural history 
before inflammation has progressed to fibrosis and 
irreversible structural damage. We now have many 
insights into the components of both the inflammatory 
and fibrotic processes and the link between them. The 
challenge is to develop new therapies which break the 
link so that inflammation can subside without the 
development of lung fibrosis. 
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I. Introduction 
In recent years it has become clear that the inflammatory 
response is centrally involved in the pathogenesis of a 
wide range of diseases afflicting developed societies. Many 
of these are associated with a heavy burden of morbidity 
and untimely deaths. Important inflammatory lung dis- 
eases include asthma, chronic bronchitis and 
emphysema, respiratory distress syndromes of the adult 
and the neonate, the pneumoconioses and a variety of 
other chronic inflammatory/scarring conditions. Exten- 
sive lists of analogous conditions can be drawn up for 
other organs. Most of these diseases are characterized by 
the persistent accumulation of inflammatory cells, 
associated with chronic tissue injury and the develop- 
ment of a scarring response, which in organs with delicate 
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exchange membranes such as the lung and kidney, can 
result in catastrophic deterioration of organ function. 

However, the central paradox in our consideration of 
inflammatory disease is that the inflammatory response 
evolved as a highly effective component of the innate 
immune response of the body to infection or injury. 
Indeed, until the last two or three decades, inflammation 
was perceived as an entirely beneficial host response to 
injury or infection. Elias Metchnikoff, the father of 
modern inflammatory cell biology, emphasized this con- 
cept in his work. Neutrophil and eosinophil granulocytes 
play key defensive roles in infections such as lobar strep- 
tococcal pneumonia and in parasitic infestations such as 
schistosomiasis. The acute inflammatory response in 
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lobar streptococcal pneumonia represents one of the 
most dramatic examples of the effectiveness of a rapidly 
mounted inflammatory response in host antibacterial 
defences. In the pre-antibiotic era, streptococcal infec- 
tion was highly prevalent and responsible for more than 
90% of pneumonias, yet the inflammatory response was 
effective enough to save the lives of most of the affected 
individuals. It is also remarkable that despite what we 
now know of the potential of neutrophils and activated 
macrophages to injure tissue and to promote scarring, the 
massive accumulation of inflammatory cells in lobar 
pneumonia cleared completely in more than 95% of cases 
with less than 2.5% progressing to fibrosis (Robertson 
and Uhley, 1938). 

By contrast with initiation and amplification 
mechanisms, little research has been directed at the 
processes responsible for termination of inflammation. 
Yet, it is just as reasonable to suppose that understanding 
how inflammation normally resolves will not only pro- 
vide important insights into the circumstances leading to 
the persistent inflammation which characterizes most 
inflammatory diseases but will also suggest novel thera- 
pies directed at promoting resolution mechanisms rather 
than those favouring amplification and persistence of 
inflammation. In his treatise on acute inflammation, 
Hurley (1983) considered that the acute inflammatory 
response might terminate by development of chronic 
inflammation, suppuration, scarring or by resolution. All 
the alternatives to resolution are potentially detrimental 
and could contribute to disease processes, particularly in 
organs whose function depends on the integrity of deli- 
cate exchange membranes. However, until recently there 
has been little information about the cellular and mol- 
ecular mechanisms underlying the normal resolution 
processes of inflammation. The remainder of this chapter 
therefore represents somewhat incomplete and hypothet- 
ical consideration of some of the processes which are 
likely to be necessary for inflammation to resolve, and 
speculation concerning how a better understanding of 
these mechanisms will help elucidate the pathogenesis of 
inflammatory disease and suggest novel anti- 
inflammatory therapy. 

In order for tissues to return to normal during the res- 
olution of inflammation, all of the processes occurring 
during the establishment of the inflamed state must be 
reversed. Thus in the simplest model of a self-limited 
inflammatory response, such as might occur in response 
to the instillation of bacteria into the alveolar airspace, 
these would include: removal of the inciting stimulus and 
dissipation of the mediators so generated; cessation of 
granulocyte emigration from blood vessels; restoration of 
normal microvascular permeability; limitation ofgranulo- 
cyte secretion of potentially histotoxic and pro- 
inflammatory agents; cessation of the emigration of 
monocytes from blood vessels and their maturation into 
inflammatory macrophages; and, finally, removal of 
extravasated fluid, proteins, bacterial and cellular debris, 

granulocytes and macrophages. Whilst in vitro experi- 
ments demonstrate that neutrophils and monocytes are 
able to emigrate between endothelial cell and epithelial 
cell monolayers without necessarily causing injury to 
these "barrier cells", it is clear that even at sites of 
"beneficial" inflammation such as streptococcal pneu- 
monia there may be quite extensive endothelial and 
epithelial injury, but the capacity of streptococcal pneu- 
monia to resolve implies that this injury must not be 
sufficient in degree or extent to prevent effective repair 
mecl~anisms. With the completion of resolution and 
repair events, the stage should be set for full recovery of 
normal tissue architecture and function. 

Each of these events will be considered in the following 
discussion, but factors relevant to the behaviour of neu- 
trophil and eosinophil granulocytes in the resolution of 
inflammation will receive most attention. The neutrophil 
is the archetypal acute inflammatory cell. It is essential for 
host defence, but it is also implicated in the pathogenesis 
of  a wide range of inflammatory diseases (Malech and 
Gallin, 1988). It is usually the first cell to arrive at the 
scene of tissue perturbation, and a number of key inflam- 
matory events including monocyte emigration (Doherty 
et al., 1988) and the generation of inflammatory oedema 
(Wedmore and Williams, 1981) appear to depend upon 
the initial accumulation of neutrophils. Neutrophils con- 
tain a variety of agents with the capacity not only to 
injure tissues (Weiss, 1989), but also to cleave matrix 
proteins into chemotactic fragments (Vartio et al., 1981) 
with the potential to amplify inflammation by attracting 
more cells, and they have recently been shown to contain 
a granule component CAP37 (Spitznagel, 1990) which is 
a specific monocyte chemotaxin. Eosinophils also play an 
important role in host defence, particularly against para- 
sites, yet paradoxically they are also specifically implicated 
in the pathogenesis of allergic diseases such as bronchial 
asthma, and the presence of large numbers of eosinophils 
in tissue is often associated with a local fibrogenic 
response. Termination of granulocyte emigration from 
blood vessels and their subsequent clearance from 
inflamed sites are obvious prerequisites for inflammation 
to resolve, and are important events to consider in the 
control of inflammatory tissue injury generally. 
Moreover, understanding the mechanisms controlling 
these events may suggest new therapeutic opportunities 
for manipulating inflammation and promoting 
mechanisms which favour resolution rather than the per- 
sistence of inflammation. 

2. Mediator Dissipation 
During the resolution of inflammation the powerful 
mediators initiating the response must somehow be 
removed, inactivated or otherwise rendered impotent. 
This aspect of mediator biology has received much less 
attention than mechanisms involved in their initial 
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generation, and it is likely that different mechanisms may 
be utilized for different mediators. For example throm- 
boxane A2 (TXA2) and endothelial-derived relaxing 
factor (nitric oxide) are labile factors which are spontane- 
ously unstable. Platelet-activating factor (PAF) and C5a 
are inhibited in vitro by an inactivating enzyme (Beren- 
berg and Ward, 1973), and some chemotactic cytokines 
such as interleukin-8 (IL-8) are thought to become inac- 
tivated by binding to other cells, e.g. erythrocytes. 
Reduction of mediator efficacy might occur by local 
reduction of their concentration consequent upon dilu- 
tion during the generation of inflammatory oedema. 
Mediator efficacy may also be reduced by attenuation of 
target cell responsiveness, for example in the down- 
regulation of receptors which occurs during desensitiza- 
tion of neutrophils to high concentrations of a variety of 
inflammatory mediators (Henson et al., 1981). Locally 
generated factors which can exert opposing influences 
must also be considered; for example neutrophil 
immobilizing factor would tend to counteract the 
chemotactic effects of locally generated chemotactic pep- 
tides. In cytokine biology, much attention has been paid 
to agents which initiate or amplify inflammation, but, by 
analogy with the proteins involved in the blood coagu- 
lation cascade, the whole system must be kept under 
close control by very effective inhibitors and other nega- 
tive influences. Some such agents have been discovered, 
e.g. the IL-1 receptor antagonist (IL-1Ra), yet the inhibi- 
tory "partners" of the most newly described cytokines 
and chemotactic peptides have yet to be described. The 
final requirement for the success of most of the above 
mechanisms is that the production of mediators at the 
site must cease. 

It is thus likely that control of a single, complex func- 
tion such as neutrophil chemotaxis in response to a 
chemotactic peptide, e.g. C5a or IL-8, is influenced at a 
number of points and by a number of factors, including 
the concentration of mediators, the concentration of 
their inhibitors or inactivators, possible desensitizing 
mechanisms, and the effects of other locally generated 
agents with negative influences on chemotaxis. The 
redundancy of the inflammatory response in vivo must 
also be taken into consideration. Not only may single 
mediators exert multiple effects under different circum- 
stances, but important events may be provoked by agents 
from different mediator families. For example C5a, leu- 
kotriene B4 (LTB4), IL-8, ENA-78, and probably many 
more factors are likely to exert neutrophil chemotactic 
effects in vivo. In order to gain a dynamic perspective of 
the resolution of inflammation, it will therefore be neces- 
sary to consider how a variety of important mediators 
may act in concert at the inflamed site and seek to 
appreciate the integrated impact of negative and positive 
stimuli on dynamic events in situ. Thus, the overall 
propensity for inflammation to persist would be expected 
to cease when the balance of mediator effects tips towards 
the inhibitory rather than the stimulatory, presumably as 

a result of the combination of at least some of the pos- 
sible mechanisms considered above. 

3. Cessation of Granulocyte and 
Monocyte Emigration 

Until quite recently it was considered that the differential 
rate of emigration of granulocytes and monocytes at the 
inflamed site was mainly due to a slower responsiveness 
of monocytes to "common" chemotactic factors, e.g. 
C5a. However, in the light of new discoveries in 
chemokine and adhesive molecule biology, it is likely that 
the emigration through microvascular endothelium of 
specific leucocytes in different pathological circumstances 
is caused by the combined effects of the local release of 
cell-specific chemokines and the utilization of different 
components of the adhesive molecule repertoire that 
control inflammatory cell endothelial cell adhesion. For 
example, IL-8 is a specific neutrophil chemotaxin, and 
transcapillary neutrophil migration is likely to be medi- 
ated by the adhesive interaction between the leucocyte 
integrins on the neutrophil surface and adhesive 
molecules such as intercellular adhesion molecule-1 
(ICAM-1) on the endothelial surface; whereas specific 
chemotactic peptides such as monocyte chemotactic 
protein-1 (MCP-1) and the use of an alternative adhesive 
molecule interaction between e.g. very late activation 
antigen 4 (VLA4) on the monocyte surface and vascular 
cell adhesion molecule-1 (VCAM-1) on the endothelium 
may be utilized to achieve specific monocyte emigration. 
Since VCAM-1 tends to be expressed later than E- 
selectin by stimulated endothelial cells, sequential emi- 
gration of leucocytes may also be influenced by the time 
course of endothelial adhesin molecular expression. 
Experiments in vitro suggest that eosinophils may also 
have the capacity to use the VCAM-1/VLA4 adhesive 
axis but PAF, RANTES and IL-5 are important in their 
initial attraction and stimulation. 

The factors controlling cessation of inflammatory cell 
emigration remain obscure. The evolution and resolution 
of inflammation are dynamic processes, and simple histo- 
logical techniques do not represent these events. Because 
poorly understood factors such as cell removal rates may 
also exert major influences on the number of cells 
observed in "static" histological sections, the study of 
neutrophil emigration kinetics requires the careful 
monitoring of labelled populations of cells. When 
intravenous pulses of radiolabelled neutrophils were used 
to define the emigration profiles of neutrophils from 
blood into acutely inflamed skin (Colditz and Movat, 
1984), joints (Haslett et al., 1989a) or lung (Clark et al., 
1989), it was found that neutrophil influx ceased remark- 
ably early, by contrast with the greatly prolonged influx 
which occurred in an inflammatory model which 
progressed to chronic tissue injury and scarring (Haslett 
et al., 1989b). Indeed in experimental streptococcal 
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pneumonia, in which the lung tissues are massively 
infiltrated by neutrophils and inflammatory macrophages 
for several days before resolution occurs, neutrophil emi- 
gration to the site ceases within 24 h of the initiation of 
pneumonia (Plate IV). These data are supported by 
human studies in lobar pneumonia in which 
intravenously delivered radiolabelled neutrophils fail to 
emigrate to the pneumonic lung by the time the patients 
are admitted to hospital (Saverymuttu etal., 1985). Cess- 
ation of granulocyte emigration occurring so soon in the 
evolution of acute inflammation may therefore represent 
one of the earliest resolution events, and a number of 
hypothetical mechanisms could be responsible. 

(1) Locally generated chemotactic factor inhibitors 
could inactivate neutrophil chemotactic factors. 
Agents with the capacity to inactive C5a activity 
in vitro have been isolated in plasma (Berenberg and 
Ward, 1973), but these factors have not been 
characterized and quantified at inflamed sites, and a 
plasma-derived inactivator is unlikely to account for 
cessation of neutrophil emigration in situations 
where extravascular protein leakage is minimal or 
absent. 

(2) "Deactivation" or desensitization of neutrophils to 
high concentrations of inflammatory mediators may 
lead to extravasated neutrophils becoming 
unresponsive to further chemotactic factor stimu- 
lation (Ward and Becker, 1967). This might be 
expected to occur at the centre of an inflamed site 
where the concentration of chemotaxins would be 
expected to be highest, but it seems unlikely that 
this mechanism could be involved in the cessation of 
neutrophils entering the site. 

(3) A negative feedback loop might operate whereby 
neutrophils which have already accumulated exert 
an influence that prevents more neutrophils entering 
from the bloodstream. 

(4) Cessation of neutrophil emigration may simply 
occur as a result of dissipation or removal of 
chemotactic factors from the inflamed site. 

(5) The layers of endothelial and epithelial cells which 
normally permit neutrophils to emigrate during the 
initiation of inflammation could alter to form a "bar- 
rier" to further neutrophil emigration. It is well 
recognized that neutrophils can migrate between 
endothelial cells (Hurley, 1963) and epithelial cells 
(Milks and Cramer, 1984) without causing obvious 
injury. This process, known as "diapedesis" or 
"transmigration", involves complex intercellular 
adhesive mechanisms together with the opening of 
intercellular endothelial and endothelial junctions 
by mechanisms which are presently obscure. 

Which of these hypothetical events are important 
in vivo is by no means clear. In a skin model of inflamma- 
tion it appeared that desensitization (Colditz and Movat, 
1984) was important operating in some forms of human 

disease involving persistent inflammation there have been 
suggestions that chemotactic factor inhibitory agents may 
be defective. However, in experimental arthritis we 
found no evidence for a desensitization mechanism or for 
a chemotactic factor inhibitory mechanism (Haslett et al., 
1989a). Cessation of neutrophil emigration into the joint 
coincided with loss of chemoattractants from the joint 
space. Loss of chemoattractants was not dependent upon 
cellular accumulation at the site, an observation 
providing evidence against a simple negative feedback 
mechanism (Haslett et al., 1989a). Although the mech- 
anism responsible for the loss of chemotaxin was not 
identified, these observations suggest that the local gener- 
ation and removal of chemoattractants are likely to be 
centrally important in the persistence and cessation of 
neutrophil emigration. 

Neutrophil surface adhesive molecules become rapidly 
up-regulated upon neutrophil exposure to chemotaxins 
such as C5a and IL-8. It is now thought that L-selectin 
on the surface of the neutrophil is important in the initial 
interaction with endothelial cells under the conditions of 
shear stress which exist in v/v0, whereas the leucocyte 
integrins, e.g. CD11b/CD18 (Mac-l), are particularly 
important in the second phase of"t ight" adhesion neces- 
sary for capillary transmigration. Neutrophil adhesive 
molecules must then uncouple to permit the next stage 
of migration to proceed. Molecular mechanisms con- 
trolling the "turn-on" and "turn-off" signals of the inte- 
grins and other surface molecules are now the subject of 
detailed scrutiny. The endothelium plays an active role in 
these events. Neutrophil adhesins interact with counter- 
receptors on the endothelium, e.g. E-selectin, ICAM-1, 
ICAM-2 and P-selectin. It appears that endothelial P- 
selectin and E-selectin are involved in the initial neu- 
trophil adhesion (P-selectin and E-selectin), whereas the 
link between ICAM-1 on the endothelium and MAC-1 
(CD11b]CD18) integrin on the neutrophil surface is 
likely to be important in the second stage of 
adhesion and transmigration. Endothelial adhesive 
molecules are markedly up-regulated by factors such as 
IL-1 and tumour necrosis factor (TNF) which are gener- 
ated by local cells, particularly macrophages, during the 
initiation of inflammation. There has been no detailed 
in vivo research on changes of adhesion molecule expres- 
sion during the termination of neutrophil emigration, 
but in experimental arthritis it is clear that the inflamed 
site will permit a further wave of neutrophil emigration 
in response to a second inflammatory stimulus (Haslett et 
al., 1989a). Therefore any "barriers" to cell adhesion or 
transmigration existing at the time of cessation of neu- 
trophil emigration must be readily reversible, presumably 
by the further action of newly generated inflammatory 
cytokines which in time induce renewed expression] 
activation of endothelial surface adhesive molecules and 
exert parallel effects on neutrophil locomotion and the 
expression/activation of neutrophil surface adhesive 
molecules. Thus it is clear that the detailed identification 
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of mechanisms controlling the local generation and dissi- 
pation of agents which promote chemotaxis and up- 
regulation and activation of adhesive molecules is essen- 
tial for our understanding of the processes of termination 
or persistence of neutrophil emigration at inflamed sites. 

Much less is understood of the control of eosinophil 
and monocyte emigration in situ, although similar prin- 
ciples would be applicable to the identification of 
mechanisms involved in the cessation of their emigration. 

4. Restoration of Normal Microvascular 
Permeability 

In some experimental models of lung inflammation there 
may be no detectable leak of plasma proteins from the 
microvessels, and from classical ultrastructural studies it is 
apparent that neutrophil migration to inflamed sites is 
not necessarily associated with overt endothelial or 
epithelial injury (Majno and Palade, 1961). Nevertheless, 
in "real" acute inflammation, such as experimental pneu- 
mococcal pneumonia (Larsen et al., 1980), there is clear 
morphological evidence of endothelial injury ranging 
from cytoplasmic vacuolation to areas of complete denu- 
dation and fluid leakage into alveolar spaces. However, 
the sheets of endothelial and epithelial cells must retain 
the capacity for complete repair as the pneumonia 
resolves. Since many inflammatory diseases, e.g. the adult 
respiratory distress syndrome (ARDS), are characterized 
by severe and persistent endothelial and epithelial injury 
and there is evidence of at least a degree of inevitable 
endothelial and epithelial injury in examples of "benefi- 
cial inflammation", this may represent a pivotal point at 
which the loss of the normal controls of tissue injury and 
repair might represent a major mechanism in the 
development of inflammatory disease. Although the 
underlying processes are poorly understood, repair is 
likely to occur by a combination of local cell proliferation 
to bridge gaps and the recovery of some cells from 
sublethal injury. Little is known of how endothelial cells 
recover from sublethal injury, but epithelial cells (Parsons 
et al., 1987) in vitro appear to be able to recover from 
hydrogen peroxide-induced injury by a mechanism 
which requires new protein synthesis. Such cytoprotec- 
tive mechanisms have received little study. Similarly it is 
known that endothelial monolayers, deliberately 
"wounded" in vitro, have a remarkable capacity to 
reform, yet little is known of the underlying mechanisms 
(Haudenschild and Schwartz, 1979). 

the limitation of inflammatory tissue injury and is neces- 
sary for resolution to occur. Although there has been 
much recent study of the initiation and up-regulation of 
phagocyte secretion in vitro (Henson et al., 1988), little 
is understood of how secretion is down-regulated or how 
these processes are controlled in vivo. Phagocyte secretion 
in situ is likely to be modulated by the balance between 
stimulatory and inhibitory mediators. The simplest 
mechanism for termination of secretion, i.e. the cell 
exhausting its secretory potential, is unlikely since cells 
removed from inflamed sites retain significant residual 
capacity for further secretion upon stimulation ex vivo 
(Zimmerli et al., 1986). Other factors which may con- 
tribute to down-regulation or termination of secretion 
are the exhaustion of internal energy supplies, receptor 
down-regulation, dissipation of stimuli and finally death 
or removal of the cell itself. 

In a short-lived, terminally differentiated cell like the 
neutrophil granulocyte, which normally has a blood half- 
life of about 6 h, the ultimate demise of the cell could 
itself represent an important mechanism in the irrever- 
sible down-regulation of its secretory function. We have 
recently observed that ageing neutrophils and eosinophils 
undergo programmed cell death or apoptosis (see below). 
During apoptosis the neutrophil retains its granule 
enzyme and membrane function, including the ability to 
exclude vital dyes, but loses the ability to secrete granule 
contents in response to external stimulation with inflam- 
matory mediators (Whyte et al., 1993a). The apoptotic 
neutrophil undergoes surface changes by which it 
becomes recognized as "senescent self" by inflammatory 
macrophages which phagocytose the intact senescent cell. 
Apoptosis therefore provides a mechanism which renders 
the neutrophil inert and. functionally isolated from 
inflammatory mediators in its microenvironment, thus 
greatly limiting the destructive potential of the neu- 
trophil before it is removed by local phagocytes. 

6. The Clearance Phase of 
Inflammation 

Once extravasated inflammatory cells have completed 
their defence tasks for the host, and inciting agents, e.g. 
bacteria, have been removed, the site must then be 
cleared of fluid, proteins, antibodies and debris. Finally, 
the key cellular players of inflammation - granulocytes 
and inflammatory macrophages - must be removed 
before the tissues can return to normality. 

Q Control of Inflammatory Cell 
Secretion 

Tight control, and ultimately cessation of neutrophil 
secretion of granule enzymes is likely to be important in 

6 . 1  C L E A R A N C E  OF F L U I D ,  P R O T E I N S  

A N D  D E B R I S  

Most fluid is probably removed via the lymphatic vessels, 
although reconstitution of normal haemodynamics may 
contribute by restoring the balance of hydrostatic and 
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osmotic forces in favour of net fluid absorption at the 
venous end of the capillary. Proteolytic enzymes in 
plasma exudate and inflammatory cell secretions are likely 
to break down any fibrin clot at the inflamed site, and 
products of this digestion are likely to be drained by the 
lymphatics which become widely distended as the 
removal of fluid and proteins increases. 

The macrophage may also play a role in this phase. It 
can remove fluids (which might contain a variety of pro- 
teins) by pinocytosis. In activated inflammatory macro- 
phages, pinocytosis can occur at a rate such that 25% of 
the cell surface is reused each minute (Steinmann et al., 
1976). Inflammatory macrophages also possess a greatly 
increased phagocytic potential. They can recognize 
opsonized and non-opsonized particles and they express 
cell surface receptors for a wide variety of altered and 
damaged cells and proteins. The critical role of macro- 
phages in the clearance phase of inflammation was first 
recognized by Metchnikoff more than a century ago, and 
we are now just beginning to elucidate the molecular 
mechanisms of some of his seminal light microscopical 
observations. 

6.2 T H E  C L E A R A N C E  OF 

E X T R A V A S A T E D  G R A N U L O C Y T E S  

Although for some time we have been aware of the histo- 
toxic potential of a wide variety of neutrophil contents, 
the fate of this cell in situ has not received much attention 
until very recently. There is no evidence that extravasated 
neutrophils return to the bloodstream or that lymphatic 
drainage provides an important disposal route, and it is 
generally agreed that the bulk of neutrophils meet their 
fate at the inflamed site. It was widely assumed that the 
majority of neutrophils as a rule disintegrate at the 
inflamed site before their fragments are removed by local 
macrophages (Hurley, 1983). However, if this was the 
rule, healthy tissues would inevitably be exposed to large 
quantities of potentially damaging neutrophil contents. 
Although a number of pathological descriptions have 
favoured neutrophil necrosis as a major mechanism oper- 
ating in inflammation, many of these examples have der- 
ived from histological observations on diseased tissues 
rather than from examples of more "benign", self-limited 
inflammation. Furthermore, since the classical observa- 
tions of Elias Metchnikoff (1891) there has been evidence 
for over a century of an alternative fate for extravasated 
neutrophils. Metchnikoff was the first to catalogue the 
cellular events of the evolution and resolution of acute 
inflammation in vital preparations. Rather than neu- 
trophil necrosis as the major mechanism, he described an 
alternative process whereby intact senescent neutrophils 
were removed by local macrophages. 

Over the ensuing decades there have been a number of 
sporadic reports, in both health and disease, of macro- 
phage phagocytosis of neutrophils, and of particular 
relevance to the resolution of inflammation is the clinical 

phenomenon of "Reiter's cells" - neutrophil-containing 
macrophages which have been described in cytology of 
synovial fluid from the inflamed joints of patients with 
Reiter's disease and other forms of acute arthritis (Pekin 
etal. ,  1967; Spriggs etal. ,  1978). In experimental perito- 
nitis, where it is possible to sample the inflammatory exu- 
date with ease, it appears that macrophage ingestion of 
apparently intact neutrophils is the dominant mode of 
neutrophil removal from the inflamed site (Chapes and 
Haskill, 1983). The mechanisms underlying these in vivo 
observations have only recently been addressed in vitro. 
Newman et al. (1982) showed that human neutrophils 
harvested from peripheral blood and "aged" overnight 
were recognized and ingested by inflammatory macro- 
phages (but not by monocytes) whereas freshly isolated 
neutrophils were not ingested. This suggested that, 
during ageing, a time-related process must have been 
associated with changes in the neutrophil surface leading 
to its recognition as "non-self' or "senescent self". The 
development of improved methods for harvesting and 
culturing human neutrophils with minimal activation 
and avoiding cell losses caused by aggregration and 
clumping allowed us to study in detail the changes occur- 
ring in cultured neutrophils. We have found that ageing 
granulocytes constitutively undergo apoptosis (pro- 
grammed cell death) and that this process is responsible 
for the recognition of intact senescent neutrophils by 
macrophages (Savill et al., 1989a). 

This is an appropriate point at which to consider what 
is known of the processes of apoptosis and necrosis in 
other cellular systems, how this terminology evolved, 
and the possible relevance of these alternative neutrophil 
fates for our understanding of the control of 
inflammation. 

6.3 NECROSIS VERSUS APOPTOSIS 
From the work of Wyllie and his colleagues it is now 
recognized that the death of nucleated cells can be classi- 
fied into at least two distinct types: necrosis or accidental 
death, and apoptosis (programmed cell death; Kerr et al., 
1972; Wyllie et al., 1980). 

Necrosis can be observed where tissues are exposed to 
gross insults such as high concentrations of toxins or 
hypoxia. It is characterized by rapid loss of membrane 
function and abnormal permeability of the cell mem- 
brane which can be recognized by failure to exclude vital 
dyes such as trypan blue. There is early disruption of 
organelles including liposomal disintegration and irrever- 
sible damage to mitochondria. The stimuli inducing 
necrosis usually affect large numbers of contiguous cells 
and the resultant widespread release of liposomal con- 
tents may obviously be associated with local tissue injury 
and the initiation or amplification of a local inflammatory 
response. By contrast, apoptosis occurs in situations 
where death is controlled, or physiological, such as the 
removal of unwanted cells during embryological 



CELL BIOLOGY OF THE RESOLUTION OF INFLAMMATION 233 

remodelling, or where cell turnover is rapid, e.g. crypt 
cells in the gut epithelium. Recognizing the widespread 
importance of this process in tissue kinetics, Wyllie and 
his colleagues named it "apoptosis", meaning the "the 
falling off, as of leaves from a tree" in ancient Greek. This 
had an appealing analogy with leaf fall during Autumn; 
a carefully programmed and regulated event in which the 
loss of individual leaves occurs in a random fashion and 
where the overall process is not detrimental to the host. 

In the many physiological and pathophysiological situa- 
tions where apoptosis is now recognized, the process 
occurs with remarkably reproducible structural changes, 
implying a common underlying series of molecular 
mechanisms (Wyllie, 1981). During apoptosis, cells 
shrink and there are major changes in the cell surface, 
which becomes featureless with the loss of microvilli and 
with the development of deep invaginations in the sur- 
face. However, the membrane remains intact and con- 
tinues to exclude vital dyes, and organelles such ~s 
mitochondria and lysosomes remain intact until very late 
in the process, although the endoplasmic reticulum 
appears to undergo characteristic, marked dilatation 
which, on light microscopy, may give the appearance of 
vacuoles in the cytoplasm. The ultrastructural changes in 

the nucleus are most characteristic, with condensation of 
chromatin into dense crescent-shaped aggregates and 
prominence of the nucleolus (Fig. 12.1). Apoptotic cells 
are very swiftly ingested by phagocytes in vivo such that in 
tissue sections of the remodelling embryo apoptotic cells 
are usually seen contained within other cells. Usually 
macrophages are responsible for their ingestion, but 
other "semi-professional" phagocytes, e.g. epithelia and 
fibroblast-like cells, can also participate. The speed and 
efficiency of clearance of cells undergoing apoptosis 
together with the fact that it occurs in cells at random 
within the population renders this mode of cell death 
much less conspicious than necrosis in histological sec- 
tions. It is remarkable that in embryological remodelling 
or during thymus involution whole tracts of tissue can be 
removed by this process over a few hours without causing 
local tissue injury or inciting an inflammatory response. 

A prominent biochemical feature of apoptosis is inter- 
nucleosomal cleavage of chromatin in a pattern indicative 
of endogenous endonuclease activation (Wyllie, 1981). 
This creates low molecular-sized fragments of chromatin 
which are integers of the 180 base pairs of DNA 
associated with a nucleosome. When DNA extracted 
from apoptotic cells is subjected to agarose gel elec- 

Figure 12.1 Electron micrograph of an apoptotic human neutrophil showing the characteristic chromatin 
aggregation, prominent nucleolus and dilated cytoplasmic vacuoles. Note that the cell membrane is intact and 

the granule structure appears normal. (EM taken by Jan Henson). (x 11 000). 
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trophoresis this results in a characteristic "ladder" pattern 
of DNA fragments (Fig. 12.2). Over the past decade a 
number of laboratories have been pursuing the 
endonuclease(s) responsible for this particular feature of 
apoptosis. Activities have been isolated which cleave 
DNA in a characteristic fashion. Final characterization 
has remained elusive and while a number of candidates 
have been put forward (Shi et al., 1992; Pietsch et al., 
1993), there is as yet no agreement on the molecular 
nature of the endonuclease concerned. Recent work in 
our laboratory (Nunn et al., 1995) suggests that the neu- 
trophil possesses a single endonuclease which has the bio- 
chemical characteristics of DNAase II. 

It is now recognized that the process of apoptosis can 
be influenced by external mediators which are to some 
extent cell lineage restricted, but can also be modulated 
by internal genetic influences. However, the biochemical 
processes integrating the external influences, the genetic 
influences and how they relate to the nuclease responsible 
for chromatin cleavage and the cell surface changes 

Figure 12.2 The characteristic "ladder" pattern on 
agarose gel electophoresis of DNA extracted from 
apoptotic neutrophils. This cleavage of fragments 

which are integers of 180 kb is indicative of 
internucleosomal cleavage. 

responsible for cell removal represent major "black 
boxes". 

6 . 4  A P O P T O S I S  I N  A G E I N G  

G R A N U L O C Y T E S  L E A D S  T O  T H E I R  

P H A G O C Y T O S I S  BY 

M A C R O P H A G E S  

Neutrophils harvested from blood or from acutely 
inflamed human joints remain intact and continue to 
exclude trypan blue for up to 24 h "ageing" in culture 
(Savill et al., 1989a). With time in culture there is a 
progressive increase in the proportion of cells exhibiting 
the light microscopical features of apoptosis, confirmed 
by electron microscopy and by the chromatin cleavage 
ladder pattern indicative of endogenous endonuclease 
activation (Savill-:et al., 1989a). Macrophage recognition 
was directly related to the apoptotic cells in the ageing 
neutrophil population (Savill et al., 1989a). Neutrophil 
apoptosis is obvious at 2-3 h in culture and by 10 h up 
to 50% of the cells would be expected to show apoptotic 
morphology. By 24 h in culture the majority of neu- 
trophils display features of apoptosis, but there is 
minimal (usually less than 3%) evidence of cell necrosis or 
spontaneous release of the granule enzyme markers such 
as myeloperoxidase (Savill et al., 1989a). Apoptotic neu- 
trophils are not indestructible. Beyond 24 h in culture 
there is a progressive increase in the percentage of cells 
that fail to exclude trypan blue and spontaneous release 
of granule enzymes occurs. However, when neutrophils 
are cultured beyond 24 h in the presence of macro- 
phages, the removal of apoptotic cells is so effective that 
no trypan blue-positive cells are seen and there is no 
release of granule enzyme markers into the surrounding 
medium (Kar et al., 1995). 

We have recently carried out similar experiments with 
human eosinophilic granulocytes purified from the 
peripheral blood of healthy individuals. In the absence of 
external stimuli, cultured eosinophils undergo apoptosis 
at a much slower apparent constitutive rate than neu- 
trophils, with the first apoptotic cells being obvious at 
about 72 h and maximum percentage apoptosis by about 
96 h (Stern etal . ,  1992). Up to 96 h there is minimal evi- 
dence of eosinophil necrosis assessed by trypan blue 
exclusion, but thereafter the percentage of necrotic cells 
steadily increases. However, the time difference between 
onset of apoptosis and onset of necrosis suggests that the 
bulk of apoptotic eosinophils can exist in culture for up 
to 2 or 3 days before undergoing necrosis and ultimate 
disintegration. As in the neutrophil, eosinophil apoptosis 
is responsible for macrophage recognition of the intact 
senescent eosinophil (Stern et al., 1992). 

The speed with which monocyte-derived macrophages 
recognize, ingest and destroy apoptotic neutrophils 
in vitro is quite remarkable. Individual macrophages can 
ingest several neutrophils (see Fig. 12.3), and once 
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Figure 12.3 Macrophages which in vitro have ingested large numbers of neutrophils. 

ingested there is extremely rapid degradation of the neu- 
trophils such that in electron microscopic studies it is 
necessary to fix macrophages within minutes of the initial 
interaction between apoptotic cells and the macrophage 
in order to demonstrate recognizable neutrophils within 
the phagocytes. Thereafter, ingested cells are no longer 
recognizable. This may represent part of the explanation 
why the dynamic contribution of this process to cell and 
tissue kinetics has not been fully appreciated until 

recently. However, there are now several examples dem- 
onstrating clear histological evidence of a role for apop- 
tosis in the in vivo removal of granulocytes in acute 
inflammation. These include acute arthritides (Savill et 
al., 1989a), neonatal acute lung injury (Grigg et al., 
1991) and experimental pneumococcal pneumonia 
during its resolution phase (Fig. 12.4). Histological 
evidence of eosinophil apoptosis and ingestion by local 
macrophages has also been described in dexamethasone- 

Figure 12.4 An electron micrograph of resolving experimental streptococcal pneumonia showing a macrophage 
which contains an apoptotic neutrophil. 
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treated experimental eosinophilic jejunitis (Meagher et 
al., 1992). 

Given the pro-inflammatory potential of neutrophils 
and their contents, there are now several lines of in vitro 
experimental evidence to support the hypothesis that 
apoptosis provides an injury-limiting neutrophil clear- 
ance mechanism in tissues which would tend to promote 
resolution rather than persistence of inflammation. 

(1) During the process of neutrophil apoptosis there is 
marked loss of a number of neutrophil functions, 
including chemotaxis, superoxide production and 
stimulated granule enzyme secretion. These data 
suggest that apoptosis may lead to "shutting off" of 
neutrophil functions resulting in it becoming func- 
tionally isolated from external stimuli which would 
otherwise trigger responses which could damage 
tissue (Whyte et al., 1993a). This mechanism could 
be important if fully mature and competent phago- 
cytes are not immediately available in the vicinity of 
the neutrophil undergoing apoptosis. 

(2) Neutrophils undergoing apoptosis are very rapidly 
phagocytosed by macrophages, and in these model 
systems apoptotic neutrophils retain their enzyme 
contents and are ingested while still intact, thus 
preventing the leakage of granule enzymes which 
would occur should the cell disintegrate before or 
during uptake by macrophage. This is emphasized 
by preliminary in vitro data of a simple model in 
which macrophages and neutrophils are co-cultured. 
If macrophage uptake of apoptotic neutrophils is 
blocked (with colchicine for example; Kar et al., 
1995), rather than being ingested the apoptotic cells 
then disintegrate and release toxic contents such as 
myeloperoxidase and elastase before their cellular 
fragments are taken up by macrophages. 

(3) The usual response of macrophages to the ingestion 
of particles in vitro is to release pro-inflammatory 
mediators such as thromboxane, enzymes and pro- 
inflammatory cytokines. However, it has been 
found that even maximal uptake of apoptotic neu- 
trophils failed to stimulate the release of pro- 
inflammatory mediators (Meagher et al., 1992). This 
was not simply the result of a toxic or inhibitory 
effect of the apoptotic neutrophil on the macro- 
phage since phagocytes which had ingested apop- 
totic cells were able to generate maximum release of 
potential mediators when subsequently stimulated 
by opsonized zymozan. Moreover, when apoptotic 
neutrophils were deliberately opsonized prior to 
ingestion, macrophages did respond by the release of 
thromboxane (Meagher et al., 1992). Furthermore, 
when granulocytes are cultured beyond apoptosis to 
a point at which they fail to exclude trypan blue 
their ingestion by macrophages induces the release of 
pro-inflammatory mediators. From these experi- 
ments it was concluded that it is recognition of the 

senescent granulocyte in the apoptotic morphology 
rather than the necrotic morphology which deter- 
mines the lack of macrophage pro-inflammatory 
response, and secondly, this lack of macrophage 
response is not a function of the apoptotic particle 
itself, but relates to the mechanism by which the 
apoptotic cell is normally ingested. These observa- 
tions provided considerable impetus for our work on 
the molecular mechanisms by which macrophages 
recognize and ingest apoptotic cells. 

6.5 MECHANISMS WHEREBY 
MACROPHAGES RECOGNIZE 
APOPTOTIC NEUTROPHILS 

Early work by Duval et al. (1985) using various sugars to 
inhibit the interactions between macrophages had sug- 
gested that phagocytes possess a lectin mechanism 
capable of recognizing sugar residues on the apoptotic 
thymocyte surface exposed by loss of sialic acid. This 
mechanism does not appear to be involved in the macro- 
phage recognition of apoptotic granulocytes but these 
findings stimulated our early work demonstrating that 
recognition of apoptotic neutrophils occurred by a 
"charge-sensitive" mechanism, inhibitable by cationic 
molecules such as amino sugars and amino acids and 
directly influenced by minor changes of pH, in a fashion 
suggesting involvement of negatively charged residues on 
the apoptotic neutrophil surface (Savill et al., 1989b). As 
well as drawing attention to analogous recognition 
systems inhibited by amino sugars (which ultimately 
turned out to be of relevance to macrophage]apoptotic 
cell recognition), these data implied that low pH and the 
presence of cationic molecules might be expected to 
adversely influence the clearance of apoptotic cells at 
inflamed sites. This was of particular interest, since a 
number of granulocyte-derived products such as elastase, 
myeloperoxidase and eosinophil-derived major basic pro- 
tein from eosinophils are known to be highly cationic and 
have been detected in significant amounts in the tissues. 
Furthermore, in situations where inflammation is chronic 
or where there is abscess formation, interstitial pH may 
be very low. 

The amino sugar inhibition pattern suggested two new 
lines of inquiry which led to the definition of macrophage 
cell surface molecules involved in the clearance of apop- 
totic neutrophils. 

(1) Since amino sugars are known to inhibit the func- 
tions of certain members of the integrin family, this 
led to a detailed series of investigations using a range 
of monoclonal antibodies directed against candidate 
integrins in the/32 and ~33 family leading to the impli- 
cation of macrophage surface e~ v/33 in the recogni- 
tion of apoptotic neutrophils and also apoptotic 
lymphocytes (Savill et al., 1990). 
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(2) This amino sugar inhibition pattern was previously 
described in platelet-platelet interactions occurring 
via thrombospondin and thrombospondin receptors 
on their surfaces. This led to work which now impli- 
cates CD36 on the macrophage surface (Savill et al., 
1992a), and it is thought that thrombospondin itself 
may serve as an intracellular bridging molecule 
between the macrophage and the apoptotic cell sur- 
face. The present model of this recognition mech- 
anism so far is depicted in Fig. 12.5. The moiety on 
the surface of the apoptotic cell which is responsible 
for apoptotic cell recognition in this system has not 
yet been identified. 

Recent studies from others have focused on the puta- 
tive ionic sites on the apoptotic cell surface that might be 
involved in macrophage recognition. Initially working in 
a system utilizing murine macrophage recognition of 
murine thymocytes which had been induced to undergo 
apoptosis with glucocorticoids, Fadok et al. (1992a) 
showed that (as yet uncharacterized) receptors on macro- 
phages can recognize exposed phosphatidlyserine 
residues on the surface of apoptotic cells. These normally 
reside on the inner leaflet of the membrane lipid bilayer, 
but during apoptosis it is hypothesized that there is "flip- 
ping" of this layer in a fashion which may be analogous 
to that occurring during the sickling of erythrocytes. It 
appears that the main difference between these two 
recognition systems relates to the utilization of alterna- 
tive recognition mechanisms by different subpopulations 
of macrophages (Fadok et al.,  1992b). The in vivo sig- 
nificance of these observations is as yet uncertain. 

The defnition of cell surface molecules involved in 
macrophage uptake of apoptotic neutrophils suggests 
mechanisms by which this function might be regulated. 
We have recently found that agents which modulate 
cAMP can greatly influence the rate of apoptotic neu- 
trophil ingestion by macrophages, possibly through 

clustering of a v/33. Moreover, a number of cytokines, 
including granulocyte-macrophage colony-stimulating 
factor (GM-CSF), IL-1/3, TNFc~, and interferon 3' 
(IFN3'), promote macrophage uptake of apoptotic neu- 
trophils (Ren and Savill, 1995). 

6.6 C L E A R A N C E  OF A P O P T O T I C  

G R A N U L O C Y T E S  BY C E L L S  

O T H E R  T H A N  M A C R O P H A G E S  

In embryonic remodelling and in thymus involution 
apoptotic cells are usually taken up by local macrophages, 
but they may also be seen within epithelial cells or 
fibroblast-like cells. We therefore compared the ability of 
monolayers of fibroblasts, endothelial cells and epithelial 
cells from a variety of sources to recognize apoptotic neu- 
trophils in vitro. In these experiments only the fibroblast 
appeared to recognize and ingest apoptotic neutrophils 
(Hall et al.,  1990). The fibroblast has long been recog- 
nized as a "semi-professional" phagocyte capable of 
ingesting latex beads, dye particles and mast cell granules. 
The significance of fibroblast phagocytosis of senescent 
neutrophils is uncertain, but the fibroblast appears to 
employ recognition mechanisms differing from the mac- 
rophage in that fibroblasts appear to utilize a sugar-lectin 
recognition mechanism in addition to the integrin mech- 
anism described in the macrophage-neutrophil system 
(Hall et al., 1994). More recently, Savill et al. (1992b) 
have shown that renal mesangial cells, also recognized as 
"semi-professional" phagocytes, have the capacity to take 
up large numbers of apoptotic neutrophils. 

The significance of these observations is uncertain. It is 
possible that uptake of apoptotic neutrophils by resident 
cells, including fibroblasts, serves as a clearance mech- 
anism before extravasated monocytes have fully matured 
into inflammatory macrophages capable of recognizing 
and ingesting apoptotic cells. Alternatively, it may 

Figure 12.5 A model of possible surface mechanisms by which macrophages recognize apoptotic cells. 
(Reproduced from Savill et al., 1993.) 
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represent a "back up" mechanism should the macro- 
phage disposal mechanism be overwhelmed by waves of 
neutrophil apoptosis. However, since the fibroblast is 
responsible for scar tissue matrix protein secretion, it is 
possible that this clearance route is an "undesirable" 
alternative, particularly if the uptake of apoptotic neu- 
trophils should cause fibroblast replication and secretion 
of collagen. 

6.7 REGULATION OF GRANULOCYTE 
APOPTOSIS BY EXTERNAL 
M E D I A T O R S -  A C O N T R O L  

P O I N T  F O R  G R A N U L O C Y T E  

T I S S U E  L O N G E V I T Y ?  

Recent histological observations of resolving pulmonary 
inflammation suggested that extravasated neutrophils 
undergo apoptosis at a slower rate than neutrophils der- 
ived from peripheral blood. In experimental pneumonia, 
at 48 h large numbers of neutrophils without any signifi- 
cant evidence of apoptosis are seen. The use of radi- 
olabelled pulses of neutrophils delivered intravenously 
during the evolution of this model suggested that neu- 
trophil emigration from the blood to the inflamed lung 
had largely ceased by 16 h (Plate IV). This implied that 
the bulk of neutrophils observed at 48 h had been 
present for at least 24 h, yet the half-life of neutr0phils in 
blood is about 4,5 h. These observations suggested that 
factors present at the inflamed site might have delayed the 
constitutive rate of neutrophil apoptosis. We have now 
shown that the rate neutrophil apoptosis in vitro is 
inhibited by a variety of inflammatory mediators (Lee 
et al., 1993) including endotoxic lipopolysaccharide, C5a 
and GM-CSF (which is particularly potent at inhibiting 
the rate of neutrophil apoptosis). If, as seems likely, 
apoptosis, by leading to macrophage removal of 
unwanted cells, controls the tissue longevity of neu- 
trophils these might represent important mechanisms 
controlling the "tissue load" of inflammatory cells in situ. 
Experiments with eosinophils in vitro show that GM-CSF 
inhibits eosinophil apoptosis, but IL-5 is also extremely 
potent in this regard, whereas it has no effect on neu- 
trophil longevity. 

Intracellular mechanisms governing apoptosis are as yet 
poorly understood. However, there are indications that 
internal controls in granulocytes may differ from lym- 
phoid cells. In thymocytes, elevation of intracellular cal- 
cium concentration ([Ca2+] i) by calcium ionophores 
induces apoptosis, and apoptosis induced by other 
stimuli, such as glucocorticoids, is associated with rises in 
[Ca2+]i (McConkey et al., 1989). However, in neu- 
trophils spontaneously undergoing apoptosis, there were 
no such rises in [Ca2+ ]i, and agents increasing [CaZ + ] i 
caused dramatic slowing of neutrophil apoptosis without 

inducing necrosis (Whyte et al., 1993b). Furthermore, 
treatment of ageing neutrophils with MAPTAM and 
BAPTA, which bind intracellular calcium, is associated 
with an increase in the rate of neutrophil apoptosis 
(Whyte et al., 1993b). Rises in intracellular calcium are 
known to occur when neutrophils are primed or acti- 
vated in vitro, and this is likely to represent at least part 
of the mechanism underlying the retardation of neu- 
trophil apoptosis observed after external stimulation with 
inflammatory mediators. Further, when neutrophils are 
aged in the presence of inhibitors of protein synthesis, 
e.g. cycloheximide, there is an acceleration of the constit- 
utive rate of apoptosis. This is in marked contrast to 
corticosteroid-induced thymocyte apoptosis which is 
inhibited by cycloheximide. These observations suggest 
the existence of a protein synthesis-dependent, apoptosis 
inhibitory factor in neutrophils. It is hypothesized that 
external inflammatory mediators inhibit the rate of neu- 
trophil apoptosis by causing a rise in intracellular calcium 
which subsequently acts on downstream processes, 
including mRNA and protein synthesis of this putative 
inhibitory factor(s). 

It is now clear that apoptosis in a variety of cell types 
can be influenced by proto-oncogene expression. 
The best worked out system is bcl-2 (Vaux et al., 1992; 
Fanidi et al., 1992), the expression of which is associated 
with inhibition of apoptosis in a variety of cell types, 
but its significance in the neutrophil is uncertain, c-myc 
expression in fibroblasts and lymphoid cells appears to 
induce apoptosis (Evan et al., 1992), and more recently 
p53 and Rb-1 have also been implicated. It remains 
to be established whether the products of these genes 
are relevant for the control of inflammatory cell 
apoptosis, and it is presently unclear how the genetic 
controls are linked with second messenger controls 
and the final effector events including endonuclease 
activation, down-regulation of cell  function and 
cell surface changes responsible for phagocyte 
recognition. 

Clearly, we are only just beginning to scratch at the 
surface of the internal mechanisms of apoptosis, but 
ultimately it may be possible to regulate granulocyte 
apoptosis for therapeutic benefit. It is intriguing that 
two such closely related cells as the neutrophil and 
eosinophil granulocyte should appear to possess different 
inherent rates of apoptosis which are further influenced 
by different external mediators. Furthermore, recent 
experiments show that apoptosis in neutrophils is 
influenced very differently by corticosteroids, as com- 
pared with eosinophils (Meagher et al., 1995). These 
observations suggest that in the future it may be possible 
to specifically induce eosinophil apoptosis without 
influencing neutrophil apoptosis. This would presumably 
result in the tissue clearance of eosinophils by the non- 
phlogistic mechanisms "which nature intended" and yet 
leave other inflammatory cells available for host defence 
purposes. 
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6.8 A R O L E  F O R  G R A N U L O C Y T E  

A P O P T O S I S  I N  T H E  C O N T R O L  O F  

I N F L A M M A T I O N ?  

Granulocyte apoptosis could play at least two important 
roles in the control of inflammation. By controlling the 
functional longevity and tissue removal of unwanted 
granulocytes and providing a pivotal point at which 
inflammatory cytokines and growth factors exert their 
controls on inflammatory cell longevity, it is likely that 
(together with neutrophil influx) neutrophil apoptosis is 
a critical determinant of the overall tissue load of inflam- 
matory cells (see Fig. 12.6). Secondly, it is reasonable to 
suggest that whether neutrophil fate occurs by apoptosis 
or by necrosis is an important factor in the control of 
inflammation. Inflammatory disease is widely considered 
to result from a quantitative imbalance between poten- 
tially damaging inflammatory influences and their tissue 
protective mechanisms, as exemplified by the proteinase/ 
antiproteinase theory of emphysema. Whether neu- 
trophils meet their fate by a mechanism which involves 
removal of the whole cell or whether they meet their fate 
via a mechanism which results in disintegration and dis- 
gorgement of their potentially histotoxic and pro- 
inflammatory contents is likely to impinge on such an 
equation. We have given detailed consideration to the 

observations that apoptosis may serve to keep potentially 
injurious granule contents within the cell membrane 
while at the same time the cell becomes unable to 
respond by degranulation in response to external stimuli 
and finally, the intact cell is removed by a novel phago- 
cytic recognition mechanism which determines that mac- 
rophages fail to release pro-inflammatory mediators 
during macrophage recognition and phagocytosis. This is 
not to suggest that apoptosis is the only mechanism for 
removal of neutrophils at an inflamed site. While in all 
the spontaneously resolving examples of inflammation 
we have examined in humans and in experimental 
models, the removal of whole granulocytes by apoptosis 
appears to be a major mechanism, examples of neutrophil 
necrosis are also seen, particularly in some inflammatory 
diseases such as systemic vasculitis, where light 
microscopical features of neutrophil necrosis and disinte- 
gration have been described in tissues close to inflamed 
vessels and called "leucocytoclastic vasculitis". It is pos- 
sible therefore that the balance between the degree of 
neutrophil apoptosis and the degree of neutrophil 
necrosis at an inflamed site may represent a pivotal point 
in the control of tissue injury and in the propensity of an 
inflamed site to resolve or to progress. 

At the present time the proper in vivo validation of this 
hypothesis presents a number of problems. It is difficult 
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to make even semi-quantitative estimates of the degree of 
apoptosis and necrosis at inflamed sites, since we do not 
have specific surface markers to enable us to develop tools 
for quantifying with confidence the rates of these 
processes in situ. This difficulty is compounded by the 
rapidity with which apoptotic cells are known to be 
recognized and ingested in vitro and degraded to the 
point at which the cell of origin is no longer easily recog- 
nizable. Moreover, at the present time we can only 
speculate what the actual consequences of neutrophil dis- 
integration in situ would be. Attention has been drawn 
to the enormous histotoxic potential of a wide variety of 
granulocyte contents which would inevitably by dis- 
gorged during granulocyte necrosis. It is also recognized 
that there are tissue defence mechanisms including 
antioxidants and antiproteinases which normally serve to 
protect tissues from the effects of these toxic agents. 
However, there is also evidence that these tissue protec- 
tive mechanisms can be overcome, e.g. in the intercel- 
lular microenvironment between cells adherent to matrix 
or other cells, wherein very high localized concentrations 
of the damaging agent can be generated. Furthermore, 
potent antiproteinases can be rendered ineffective in the 
presence of oxidants generated locally by inflammatory 
cells. Moreover, a variety of toxic neutrophil and 
eosinophil contents do not have obvious tissue inhibitors 
or regulators, such as the non-enzymatic, cationic 
antimicrobial proteins of neutrophils and the major basic 
protein and eosinophil cationic protein content of 
eosinophils. Neutrophil enzymes can cleave chemotactic 
fragments from complement and from matrix proteins 
such as fibronectin, while the granule protein CAP37 also 
has monocyte-specific chemoattractant properties. Thus 
neutrophil contents have the capacity to recruit more 
leucocytes to an inflamed site, amplifying and prolonging 
the response. 

Therefore, it is reasonable to hypothesize that granulo- 
cyte necrosis at inflamed sites can be regarded as a 
deleterious and undesirable mode of clearance which, by 
contrast with apoptosis, is likely to favour persistence of 
inflammatory tissue injury rather than resolution of 
inflammation. 

7. The Fate of Macrophages 
Although monocytes appear to undergo apoptosis spon- 
taneously in vitro (Mangan and Wahl, 1991), as they 
mature into macrophages they have a very low constitu- 
tive rate of apoptosis (Bellingan et al., 1994), but can be 
induced to undergo apoptosis with a number of toxic 
stimuli (Bellingan et al., 1995a) including cycloheximide 
(although higher concentrations of cycloheximide are 
required to induce macrophage apoptosis compared with 
those which promote neutrophil apoptosis). Further- 
more, during the resolution of experimental strep- 
tococcal pneumonia, whilst there is clear evidence of 

neutrophil apoptosis and ingestion by macrophages, 
there is no histological clue as to the local fate of inflam- 
matory macrophages (Haslett, unpublished observa- 
tions). These observations suggest that macrophages 
might leave the inflamed tissue and meet their fate at a 
distal site. We have recently carried out studies of the fate 
of inflammatory macrophages during the resolution of 
experimental murine peritonitis and have found that 
inflammatory macrophages have a short tissue resistance 
time, compared with resident macrophages, and that 
they exit the inflamed peritoneum, to be cleared in the 
draining lymph nodes (Bellingan et al., 1995b). Whether 
their final demise involves apoptosis and clearance by 
specialized local phagocytes is as yet uncertain. 

7 . 1  R E S O L U T I O N  M E C H A N I S M S  A N D  

T H E  C O N T R O L  OF 

I N F L A M M A T I O N  

On preliminary evidence a speculative scheme can be pro- 
posed whereby a stereotyped sequence of inflammatory 
events results in the resolution of inflammation. Injury to 
endothelial and epithelial cell "barriers" is minimized, 
but is associated with leak of fluid and protein; reconsti- 
tution of normal microvascular permeability occurs by 
the re-forming of cell junctions and the regeneration of 
cell layers; neutrophil influx ceases early in the evolution 
of acute inflammation and relates to cessation of local 
chemoattractant generation and their dissipation; mono- 
cytes mature into inflammatory macrophages to remove 
proteins and other debris; neutrophil secretion is res- 
tricted and the aged cell undergoes apoptosis which con- 
trols neutrophil longevity and determines the 
macrophage removal of the intact senescent cell without 
stimulating macrophage release of pro-inflammatory 
mediators; excess tissue macrophages leave the inflamed 
site and migrate to the local lymph nodes where they are 
removed by unknown processes. 

There are several steps in the above scheme which 
could go awry and lead to circumstances favouring the 
development of persistent inflammation. For example, if 
the macrophage fails to develop the appropriate receptors 
for removing apoptotic cells, neutrophils would eventu- 
ally become necrotic and disgorge their damaging con- 
tents, or alternatively they may be taken up by local 
fibroblasts, possibly with a pro-fibrotic response. Once a 
chronic inflammatory state begins to develop there is evi- 
dence that the local pH falls. This would tend to inhibit 
macrophage recognition of apoptotic neutrophils, as 
would the continued accumulation of inflammatory cell 
cationic products such as elastase, major basic protein 
etc., which would contribute to the inhibition of macro- 
phage clearance of apoptotic neutrophils. 

Hurley recognized that there were several mechanisms 
other than resolution whereby acute inflammation could 
terminate. These include chronic inflammation, scarring 
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and abscess formation. By comparison with resolution, 
all of these termination events clearly must be regarded as 
detrimental to organ function. As we begin to learn more 
about the mechanisms involved in the resolution of 
inflammation it may be possible to "divert" inflamma- 
tory processes down resolution pathways rather than one 
of the other less desirable pathways. More specifically, 
with increasing knowledge of apoptosis and its internal 
mechanisms, it may be possible to use this "controlled" 
process of cell suicide or programmed cell death to 
remove specific inflammatory cells at particular 
pathogenetic stages when they are critical to the disease 
process. In this regard it is interesting that the two very 
closely related cells, the neutrophil and eosinophil 
granulocytes, appear to have different constitutive rates 
of  apoptosis and be under the control of different 
external mediators. In the future it may be possible to 
utilize these differences to specifically induce eosinophil 
apoptosis, for example, thereby clearing these cells from 
tissues by the "mechanism" which nature intended to 
remove cells in a fashion Which would neither injure local 
tissues nor promote inflammatory mechanisms. 

8. Acknowledgments 
This work was supported by the Medical Research 
Council of Great Britain in the form of a programme 
grant and a number of preceeding project grants and fel- 
lowships. Further support was obtained from the 
National Asthma Campaign and the British Lung Foun- 
dation. Thanks are due to close colleagues who were 
responsible for much of the work and who were a cons- 
tant source of stimulation. These include John Savill in 
particular, Moira Whyte, Laura Meagher and Ian Drans- 
field. The manuscript was typed by Mrs J. McMahon. 

9. References 
Bellingan, G.J., Dransfield, I. and Haslett, C. (1994). Charac- 

terisation of apoptosis in the human macrophage. Clin. Sci. 
Bellingan, G.J., Dransfield, I. and Haslett, C. (1995a). Resist- 

ance of the human macrophage to the induction of apoptosis; 
the role of the oncogenes bcl-2 and c-myc. In preparation. 

Bellingan, G.J., Caldwell, H., Howie, S.E.M., Dransfield, I. 
and Haslett, C. (1995b). In vivo fate of the inflammatory mac- 
rophage during the resolution of inflammation: inflammatory 
macrophages do not die locally but emigrate to the draining 
lymph nodes. Submitted. 

Berenberg, J.L. and Ward, P.A. (1973). Chemotactic factor of 
inactivator in normal human serum. J. Clin. Invest. 52, 
1200-1207. 

Chapes, S.K. and Haskill, S. (1983). Evidence for granulocyte- 
mediated macrophage activation after C. parvum immuniza- 
tion. Cell Immunol. 75, 367-377. 

Clark, R.J., Jones, H.A., Rhodes, C.G. and Haslett, C. (1989). 
Non-invasive assessment in self-limited pulmonary inflamma- 

tion by external scintigraphy of l~llndium-labelled neutrophil 
influx and by measurement of the local metabolic response 
with positron emission tomography. Am. Rev. Respir. Dis. 
139, A58. 

Colditz, I.G. and Movat, H.Z. (1984). Desensitisation of acute 
inflammatory lesions to chemotaxins and endotoxin. J. 
Immunol. 133, 2163-2168. 

Doherty, D.E., Downey, G.P., Worthen, G.S., Haslett, C. and 
Henson, P.M. (1988). Monocyte retention and migration in 
pulmonary inflammation. Lab. Invest. 59, 200-213. 

Duvall, E., WyUie, A.H. and Morris, R.G. (1985). Macrophage 
recognition of cells undergoing programmed cell death. 
Immunology 56, 351-358. 

Evan, G.I., Wyllie, A.H., Gilbert, G.S., Littlewood, T.D., 
Land, H., Brooks, M., Waters, C.M., Penn, L.Z. and Han- 
cock, D.C. (1992). Induction of apoptosis in fibroblasts by c- 
myc protein. Cell 69, 119-128. 

Fadok, V.A., Voelker, D.R., Campbell, P.A., Cohen, J.J., 
Bratton, D.L. and Henson, P.M. (1992a). Exposure ofphos- 
phatidyserine on the surface of apoptotic lymphocytes triggers 
specific recognition and removal by macrophages. J. 
Immunol. 148, 2207-2216. 

Fadok, V., Savill, J.S., Haslett, C., Bratton, D.L., Doherty, 
D.E., Campbell, P.A. and Henson, P.M. (1992b). Different 
populations of macrophages use either the vitronectin 
receptor or the phosphatidylserine receptor to recognise and 
remove apoptotic cells. J. Immunol. 149, 4029-4035. 

Fanidi, A., Harrington, E.A. and Evan, G.I. (1992). Co- 
operative interaction between c-myc and bcl-2 proto- 
oncogenes. Nature 359, 554-556. 

Grigg, J.M., Savill, J.S., Sarraf, C., Haslett, C. and Silverman, 
M. Neutrophil apoptosis and clearance from neonatal lungs. 
Lancet 338, 720-722. 

Hall, S.E., Savill, J.S. and Haslett, C. (1990). Fibroblast recog- 
nition of aged neutrophils is mediated by the RGD adhesion 
signal and is modulated by charged particles [Abstract]. Clin. 
Sci. 78, 17p. 

Hall, S.E., Savill, J.S., Henson, P.M. and Haslett, C. (1994). 
Apoptotic neutrophils are phagocytosed by fibroblasts with 
participation of the fibroblast vitronectin receptor and 
involvement of a mannose]fucose-specific lectin. J. Immunol. 
153, 3218-3227. 

Haslett, C., Jose, P.J., Giclas, P.C., Williams, T.J. and Henson, 
P.M. (1989a). Cessation of neutrophil influx in C5a-induced 
acute experimental arthritis is associated with loss of chemoat- 
tractant activity from joint spaces. J. Immunol. 142, 
3510-3517. 

Haslett, C., Shen, A.S., Feldsien, D.C., Allen, D., Henson, 
P.M. and Cherniack, R.M. (1989b). 111Indium-labelled neu- 
trophil flux into the lungs of bleomycin-treated rabbits 
assessed non-invasively by external scintigraphy. Am. Rev. 
Respir. Dis. 140, 756-763. 

Haudenschild, C.L. and Schwartz, S.M. (1979). Endothelial 
regeneration. II. Restitution of endothelial continuity. Lab. 
Invest. 41,407-418. 

Henson, P.M., Schwartzmann, N.A. and Zanolari, B. (1981). 
Intracellular control of human neutrophil secretion. II. 
Stimulus specificity of desensitisation induced by six different 
soluble and particulate stimuli. J. Immunol. 127, 754-759. 

Henson, P.M., Henson, J.E., Fittschen, C., Kimani, G., 
Bratton, D.L. and Riches, D.H.W. (1988). Phagocytic cells: 
degranulation and secretion. In "Inflammation, Basic 



242 C. HASLETF 

Principles and Clinical Correlates" (ed.  J.I. Gallin), 
pp. 363-390. Raven Press, New York. 

Hurley, J.V. (1963). An electron microscopic study of leuko- 
cyte emigration and vascular permeability in rat skin. Aust. J. 
Exp. Biol. Med. Sci. 41, 171-179. 

Hurley, J.V. (1983). Termination of acute inflammation. I. Res- 
olution. In "Acute Inflammation," 2nd edn., pp. 109-117. 
Churchill Livingstone, London. 

Kar, S., Ren, Y., Savill, J.S. and Haslett, C. (1995). Inhibition 
of macrophage phagocytosis in vitro of aged neutrophils 
increases release of neutrophil contents [Abstract]. Clin. Sci., 
in press. 

Kerr, J.F.tL, Wyllie, A.H. and Currie, A.IL (1972). Apoptosis: 
a basic biological phenomenon with wide-ranging implica- 
tions in tissue kinetics. Br. J. Cancer 26, 239-257. 

Larsen, G.L., McCarthy, K., Webster, tLO., Henson, J.E. and 
Henson, P.M. (1980). A differential effect of C5a and C5a des 
arg in the induction of pulmonary inflammation. Am. J. 
Pathol. 100, 179-192. 

Lee, A., Whyte, M.B.K. and Haslett, C. (1993). Prolonged 
in vitro lifespan and functional longevity of neutrophils 
induced by inflammatory mediators acting through inhibition 
of apoptosis. J. Leuk. Biol. 54, 283-288. 

Majno, E. and Palade, G.E. (1961). Studies on inflammation. I. 
The effect of histamine and serotonin on vascular permea- 
bility, an electron microscopic study. J. Biol. Phys. Biochem. 
Cytol. 11, 571-605. 

Malech, H.D. and Gallin, J.I. (1988). Neutrophils in human 
diseases. N. Engl. Med. J. 37, 687-694. 

Mangan, D.F. and Wahl, S.M. (1991). Differential regulation of 
human monocytes in programmed cell death (apoptosis) by 
chemotactic factors and pro-inflammatory cytokines. J. 
Immunol. 147, 3408-3412. 

McConkey, D.J., Nicotera, P., Hartzell, P., Bellomo, G., 
Wyllie, A.H. and Orrenius, S. (1989). Glucocorticoids acti- 
vate a suicide process in thymocytes through an elevation of 
cytosolic Ca2+ concentration. Arch. Biochem. Biophys. 269, 
365-370. 

McCutcheon, J., Haslett, C. and Dransfield, I. (1995). Regu- 
lation of macrophage recognition of apoptotic cells by acti- 
vation of protein kinases, redistribution of the integrin c~ v ~3. 
Submitted. 

Meagher, L.C., Savill, J.S., Baker, A., Fuller, tLW. and Haslett, 
C. (1992). Phagocytosis of apoptotic neutrophils does not 
induce macrophage release of thromboxane B2. J. Leuk. Biol. 
52, 269-273. 

Meagher, L., Seckl, J.tL and Haslett, C. (1995). Opposing 
effects of glucocorticoids on neutrophil and eosinophil apop- 
tosis. Submitted. 

Metchnikoff, E. (1891). Lectures on the comparative pathology 
of inflammation. Lecture VII. Delivered at the Pasteur Insti- 
tute in 1891 (transl. Starling, F.A. and Starling, E.H. (1968). 
Dover, New York). 

Milks, L. and Cramer, E. (1984). Transepithelial electrical resist- 
ance studies during in vitro neutrophil migration. Fed. Proc. 
43, 477. 

Newman, S.L., Henson, J.E. and Henson, P.M, (1982). 
Phagocytosis of senescent neutrophils by human monocyte- 
derived macrophages and rabbit inflammatory macrophages. 
J. Exp. Med. 156, 430-442. 

Nunn, A.V.W., Turner, N., Savill, J.S., Wyllie, A.H. and Has- 
lett, C. (1995). A single acid nuclease in neutrophils with 

similarities to DNase II; a candidate apoptotic endonuclease. 
Submitted. 

Parsons, P.E., Sugahara, K., Cott, G.tL, Mason, ILJ. and 
Henson, P.M. (1987). The effect ofneutrophil migration and 
prolonged neutrophil contact on epithelial permeability. Am. 
J. Pathol. 129, 302-312. 

Pekin, T., Malinin, T.I. and Zwaifler, IL (1967). Unusual syn- 
ovial fluid findings in Reiter's syndrome. Ann. Intern. Med. 
66, 677-684. 

Pietsch, M.C., Polzar, B., Stephan, H., Crompton, T., Mac- 
Donald, H.R., Mannherz, H.G. and Tschopp, J. (1993). 
Characterisation of the endogenous deoxyribonuclease 
involved in nuclear DNA degradation during apoptosis 
(programmed cell death). EMBO J. 12, 371-377. 

Ren, Y. and Savill, J.S. (1995). Increased macrophage secretion 
of thrombospondin is a mechanism by which cytokines 
potentiate phagocytosis of neutrophils undergoing apoptosis. 
In Press. 

Robertson, O.H. and Uhley, C.G. (1938). Changes occurring in 
the macrophage system of the lungs in pneumococcus lobar 
pneumonia. J. Clin. Invest. 15, 115-130. 

Saverymuttu, S.H., Phillips, G., Peters, A.M. and Lavender, 
J.P. (1985). Indium-III autologous leucocyte scanning in 
lobar pneumonia and lung abscesses. Thorax 40, 925-930. 

Savill, J.S., Wyllie, A.H., Henson, J.E., Henson, P.M. and 
Haslett, C. (1989a). Macrophage phagocytosis of aging 
neutrophils in inflammation - programmed cell death leads 
to its recognition by macrophages. J. Clin. Invest. 83, 
865-875. 

Savill, J.S., Henson, P.M. and Haslett, C. (1989b). Phagocy- 
tosis of aged human neutrophils by macrophages is mediated 
by a novel "charge sensitive" recognition mechanism. J. Clin. 
Invest. 84, 1518-1527. 

Savill, J.S., Dransfield, I., Hogg, N. and Haslett, C. (1990). 
Macrophage recognition of "senescent self". The vitronectin 
receptor mediates phagocytosis of cells undergoing apoptosis. 
Nature 342, 170-173. 

Savill, J.S., Hogg, N. and Haslett, C. (1992a). Throm- 
bospondin co-operates with CD36 and the vitronectin 
receptor macrophage in recognition of aged neutrophils. J. 
Clin. Invest. 90, 1513-1529. 

Savill, J.S., Smith, J., Sarraf, C., Ren, Y., Abbott, F. and Rees, 
A. (1992b). Glomerular mesangial cells and inflammatory 
macrophages ingest neutrophils undergoing apoptosis. 
Kidney Int. 42, 924-936. 

Savill, J. et al. (1993). Immunol. Today 14, 131-136. 
Shi, Y., Glynn, J.M., Guilbert, L.J., Cotter, T.G., Bissonnette, 

tLP. and Green, D.IL (1992). Role for c-myc in activation- 
induced cell death in T cell hybridomas. Science 257, 
212-215. 

Spitznagel, J.K. (1990). Antibiotic proteins of neutrophils. J. 
Clin. Invest. 86, 1851-1854. 

Spriggs, ILS., Boddington, M.M. and Mowat, A.G. (1978). 
Joint fluid cytology in Reiter's syndrome. Ann. Rheum. Dis. 
37, 557-560. 

Steinmann, ILM., Brodie, S.E. and Cohn, Z.A. (1976). Mem- 
brane flow during pinocytosis - a sterological analysis. J. Cell. 
Biol. 68, 665-687. 

Stern, M., Meagher, L., Savill, J. and Haslett, C. (1992). Apop- 
tosis in human eosinophils. Programmed cell death in the 
eosinophil leads to phagocytosis by macrophages and is modu- 
lated by IL-5. J. Immunol. 148, 3543-3549. 



CELL BIOLOGY OF THE RESOLUTION OF INFLAMMATION 243 

Vartio, T., Seppa, H. and Vaheri, A. (1981). Susceptibility of 
soluble and matrix fibronectin to degradation by tissue pro- 
teinases, mast cell chymase and cathepsin G. J. Biol. Chem. 
256, 471-477. 

Vaux, D.L., Cory, S. and Adams, J.M. (1992). Bcl-2 gene pro- 
motes haemopoitic cell survival and cooperates with c-myc to 
immortalise pre-B cells. Nature 335, 440-442. 

Ward, P.A. and Becker, E.L. (1967). The deactivation of rabbit 
neutrophils by chemotactic factor and the nature of the 
activatable esterase. J. Exp. Med. 127, 693-709. 

Wedmore, C.V. and Williams, T.J. (1989). Control of vascular 
permeability by polymorphonuclear leukocytes in inflamma- 
tion. Nature 289, 646-650. 

Weiss, S.J. (1989). Tissue destruction by neutrophils. N. Engl. 
Med. J. 320, 365-376. 

Whyte, M.K.B., Meagher, L.C., MacDermott, J. and Haslett, 
C. (1993a). Down-regulation of neutrophil function by 

apoptosis: A mechanism for functional isolation of neu- 
trophils from inflammatory mediator stimulation. J. 
Immunol. 150, 5124-5134. 

Whyte, M.K.B., Meagher, L.C., Hardwick, S.J., Savill, J.S. and 
Haslett, C. (1993b). Transient elevations of cytosolic free cal- 
cium retard subsequent apoptosis in neutrophils in vitro. J. 
Clin. Invest. 92, 446-455. 

Wyllie, A.H. (1981). Glucocorticoid-induced thymocyte apop- 
tosis is associated with endogenous endonuclease activation. 
Nature 284, 555-558. 

Wyllie, A.H., Kerr, J.F.tL and Currie, A.tL (1980). Cell death: 
the significance of apoptosis. Int. Rev. Cytol. 68, 251. 

Zimmerli, W., Seligmann, B. and GaUin, J.I. (1986). Exudation 
primes human and guinea-pig neutrophils for subsequent 
responsiveness to the chemotactive peptide N-formyl 
methionyl leucyl phenylamine and increases complement 
C3bi receptor expression. J. Clin. Invest. 77, 925-933. 



This Page Intentionally Left Blank



Glossary 

Note: This glossary is up to date for the current volume only and will be supplemented with each subsequent volume. 

al, ~2 receptors Adrenoceptor 
subtypes 
~rACT c~-Antichymotrypsin 
a r A P  cq-antiproteinase also known as 
a~-antitrypsin and a~-proteinase 
inhibitor 
~rAT c~-Antitrypsin inhibitor also 

as a~-antiproteinase and a~- 
proteinase inhibitor 
~I-PI cq-Proteinase inhibitor also 
known as ~-antitrypsin and 
a~-antiproteinase 
a2-M e~2-macroglobulin 
A Absorbance 
AI, AII Angiotensin I, II 
A Angstrom 
AA Arachidonic acid 
aa Amino acids 
AAb Autoantibody 
ABAP 2',2'-azobis-2-amidino 
propane 
Ab Antibody 
A b l  Idiotype antibody 
Ab2 Anti-idiotype antibody 
Ab2a Anti-idiotype antibody which 
binds outside the antigen binding 
region 
Ab2fl Anti-idiotype antibody which 
binds to the antigen binding region 
Ab3 Anti-anti-idiotype antibody 
Abcc Antibody dependent cellular 
cytotoxicity 
ABA-L-GAT Arsanilic acid 
conjugated with the synthetic 
polypeptide L-GAT 
AC Adenylate cyclase 
ACAT Acyl-co-enzyme-A 
acyltransferase 
ACAID Anterior chamber-associated 
immune deviation 
ACE Angiotensin-converting enzyme 
ACh Acetylcholine 
ACTH Adrenocorticotrophin 
hormone 
ADH Alcohol dehydrogenase 
Ado Adenosine 
ADP Adenosine diphosphate 
ADPRT Adenosine diphosphate 
ribosyl transferase 
AES Anti-eosinophil serum 

Ag Antigen 
AGE Advanced glycosylation 
end-product 
AGEPC 1-O-alkyl-2-acetyl-sn- 
glyceryl-3-phosphocholine; also known 
as PAF and APRL 
AH Acetylhydrolase 
AID Autoimmune disease 
AIDS Acquired immune deficiency 
syndrome 
A/J A Jackson inbred mouse strain 
ALP Anti-leukoprotease 
ALS Amyotrophic lateral sclerosis 
cAMP Cyclic adenosine 
monophosphate also known as 
adenosine 3', 5'-phosphate 
AM Alveolar macrophage 
AML Acute myelogenous leukaemia 
AMP Adenosine monophosphate 
AMVN 2,2'-azobis (2,4- 
dimethylvaleronitrile) 
ANAb Anti-nuclear antibodies 
ANCA Anti-neutrophil cytoplasmic 
auto antibodies 
cANCA Cytoplasmic ANCA 
pANCA Perinuclear ANCA 
AND Anaphylactic degranulation 
ANF Atrial natriuretic factor 
ANP Atrial natriuretic peptide 
Anti-I-A, Anti-I-E Antibody against 
class II MHC molecule encoded by 
I-A locus, I-E locus 
anti-Ig Antibody against an 
immunoglobulin 
anti-RTE Anti-tubular epithelium 
AP-1 Activator protein-1 
APA B-azaprostanoic acid 
APAS Antiplatelet antiserum 
APC Antigen-presenting cell 
APD Action potential duration 
apo-B Apolipoprotein B 
APRL Anti-hypertensive polar renal 
lipid also known as PAF 
APUD Amine precursor uptake and 
decarboxylation 
AR Aldose reductase 
ARoCGD Autosomal recessive form 
of chronic granulomatous disease 
ARDS Adult respiratory distress 
syndrome 

AS Ankylosing spondylitis 
ASA Acetylsalicylic acid also known as 
aspirin 
4-ASA, 5-ASA 4-, 5-aminosalicylic 
acid 
ATHERO-ELAM A monocyte 
adhesion molecule 
ATL Adult T cell leukaemia 
ATP Adenosine triphosphate 
ATPase Adenosine triphosphatase 
ATP~,s Adenosine 3' 
thiotriphosphate 
AITP Autoimmune 
thrombocytopenic purpura 
AUC Area under curve 
AVP Arginine vasopressin 

ill, f12 receptors Adrenoceptor 
subtypes 
f12 (CD18) A leucocyte integrin 
fl2M fl2-Microglobulin 
fl-TG fl-Thromboglobulin 
BT/BB1 Known to be expressed on B 
cell blasts and immunostimulatory 
dendritic cells 
BAF Basophil-activating factor 
BAL Bronchoalveolar lavage 
BALF Bronchoalveolar lavage fluid 
BALT Bronchus-associated lymphoid 
tissue 
B cell Bone marrow-derived 
lymphocyte 
BCF Basophil chemotactic factor 
B-CFC Basophil colony-forming cell 
BCG Bacillus Calmette-Gu~rin 
BCNU 1,3-bis(2- 
chloroethyl)- 1-nitrosourea 
bFGF Basic fibroblast growth factor 
Bg Birbeck granules 
BHR Bronchial hyperresponsiveness 
BHT Butylated hydroxytoluene 
b.i.d. Bis in die (twice a day) 
Bk Bradykinin 
Bkl, Bk2 receptors Bradykinin 
receptor subtypes also known as B1 
and B2 receptors 
Bk2 receptor Bradykinin receptor 
subtype 
BI-CFC Blast colony-forming 
cells 
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B-lymphocyte Bursa-derived 
lymphocyte 
BM Bone marrow 
BMCMC Bone marrow cultured 
mast cell 
BMMC Bone marrow mast cell 
BOC-FMLP Butoxycarbonyl-FMLP 
bp Base pair 
BPB Para-bromophenacyl bromide 
BPI Bacterial permeability-increasing 
protein 
BSA Bovine serum albumin 
BSS Bernard-Soulier Syndrome 

SlCr Chromium sl 
C1, C2...C9 The 9 main 
components of complement 
C1 inhibitor A serine protease 
inhibitor which inactivates Clr]Cls 
C lq  Complement fragment lq 
C l q R  Receptor for Clw; facilitates 
attachment of immune complexes to 
mononuclear leucocytes and 
endothelium 
C3a Complement fragment 3a 
(anaphylatoxin) 
C3an_77 A synthetic carboxyterminal 
peptide C3a analogue 
C3aR Receptor for anaphylatoxins, 
C3a, C4a, C5a 
C3b Complement fragment 3b 
(anaphylatoxin) 
C3bi Inactivated form of C3b 
fragment of complement 
C4b Complement fragment 4b 
(anaphylatoxin) 
CABP C4 binding protein; plasma 
protein which acts as co-factor to 
factor I inactivate C3 convertase 
CSa Complement fragment 5a 
(anaphylatoxin) 
C5aR Receptor for anaphylatoxins 
C3a, C4a and C5a 
CSb Complement fragment 5b 
(anaphylatoxin) 
C~2, C~3, C,4 Heavy chain of 
immunoglobulin E: domains 2, 3 
and 4 
Ca The chemical symbol for calcium 
[Ca2+]i Intracellular free calcium 
concentration 
CAH Chronic active hepatitis 
CALLA Common lymphoblastic 
leukaemia antigen 
CALT Conjunctival associated 
lymphoid tissue 
CaM Calmodulin 
cAMP Cyclic adenosine 
monophosphate also known as 
adenosine 3', 5'-phosphate 
CAM Cell adhesion molecule 
CAP57 Cationic protein from 
neutrophils 
CAT Catalase 
CatG Cathepsin G 

CB Cytochalasin B 
CBH Cutaneous basophil 
hypersensitivity 
CBP Cromolyn-binding protein 
CCK Cholecystokinin 
CCR Creatinine clearance rate 
CD Cluster of differentiation (a 
system of nomenclature for surface 
molecules on cells of the immune 
system); cluster determinant 
CD1 Cluster of differentiation 1 also 
known as MHC class I-like surface 
glycoprotein 
CDla  Isoform a also known as non- 
classical MHC class I-like surface 
antigen; present on thymocytes and 
dendritic cells 
CDlb  Known to be present on 
thymocytes and dendritic cells 
CDlc  Isoform c also known as non- 
classical MHC class I-like surface 
antigen; present on thymocytes 
CD2 Defines T cells involved in 
antigen non-specific cell activation 
CD3 Also known as T cell receptor- 
associated surface 
glycoprotein on T cells 
CD4 Defines MHC class II-restricted 
T cell subsets 
CD5 Known to be present on T cells 
and a subset of B cells; also known as 
Lyt 1 in mouse 
CD7 Cluster of differentiation 7; 
present on most T cells and NK 
cells 
CD8 Defines MHC class I-restricted 
T cell subset; present on NK cells 
CD10 Known to be common acute 
leukaemia antigen 
CD11a Known to be an cx chain of 
LFA-1 (leucocyte function antigen-i) 
present on several types of leucocyte 
and which mediates adhesion 
CD11c Known to be a complement 
receptor 4 cx chain. 
CD13 Aminopeptidase N; present on 
myeloid cells 
CD14 Known to be a lipid-anchored 
glycoprotein; present on monocytes 
CD15 Known to be Lewis X, fucosyl- 
N-acetyllactosamine 
CD16 Known to be Fc~r receptor III 
CD16-1, CD16-2 Isoforms of CD16 
CD19 Recognizes B cells and 
follicular dendritic cells 
CD20 Known to be a pan B cell 
CD21 C3d receptor 
CD23 Low affinity FceR 
CD25 Low affinity receptor for 
interleukin-2 
CD27 Present on T cells and plasma 
cells 
CD28 Present on resting and 
activated T cells and plasma 
cells 

CD30 Present on activated B and T 
cells 
CD31 Known to be on platelets, 
monocytes, macrophages, 
granulocytes, B-cells and endothelial 
cells; also known as PECAM 
CD32 Fc3r receptor II 
CD33 § Known to be a monocyte and 
stem cell marker 
CD34- Known to be a stem cell 
marker 
CD35 C3b receptor 
CD36 Known to be a macrophage 
thrombospondin receptor 
CD40 Present on B cells and 
follicular dendritic cells 
CD41 Known to be a platelet 
glycoprotein 
CD44 Known to be a leucocyte 
adhesion molecule; also known as 
hyaluronic acid cell adhesion 
molecule (H-CAM), Hermes antigen, 
extracellular matrix receptor III 
(ECMIII); present on 
polymorphonuclear leucocytes 
CD45 Known to be a pan leucocyte 
marker 
CD45RO Known to be the isoform of 
leukosialin present on memory T cells 
CD46 Known to be a membrane 
cofactor protein 
CD49 Cluster of differentiation 49 
CD51 Known to be vitronectin 
receptor alpha chain 
CD54 Known to be Intercellular 
adhesion molecule-1 also known as 
ICAM-1 
CD57 Present on T cells and NK 
subsets 
CD58 A leucocyte function- 
associated antigen-3, also known to be 
as a member of the fl-2 integrin 
family of cell adhesion molecules 
CD59 Known to be a low molecular 
weight HRf present to many 
haematopoetic and non- 
haematopoetic cells 
CD62 Known to be present on activated 
platelets and endothelial cells; also 
known as P-selectin 
CD64 Known to be Fc-y receptor I 
CD65 Known to be fucoganglioside 
CD68 Present on macrophages 
CD69 Known to be an activation 
inducer molecule; present on 
activated lymphocytes 
CD72 Present on B-lineage cells 
CD74 An invariant chain of class II 
B cells 
CDC Complement-dependent 
cytotoxicity 
eDNA Complementary DNA 
CDP Choline diphosphate 
CDR Complementary-determining 
region 



CD~ Common determinant xx 
CEA Carcinoembryonic antigen 
CETAF Corneal epithelial T cell acti- 
vating factor 
CF Cystic fibrosis 
Cf Cationized ferritin 
CFA Complete Freund's adjuvant 
CFC Colony-forming cell 
CFU Colony-forming unit 
CFU-Mk Megakaryocyte progenitors 
CFU-S Colony-forming unit, spleen 
CGD Chronic granulomatous disease 
cGMP Cyclic guanosine 
monophosphate also known as 
guanosine 3', 5'-phosphate 
CGRP Calcitonin gene-related 
peptide 
CH2 Hinge region of human 
immunoglobulin 
CHO Chinese hamster ovary 
CI Chemical ionization 
CIBD Chronic inflammatory bowel 
disease 
CK Creatine phosphokinase 
CKMB The myocardial-specific 
isoenzyme of creatine phosphokinase 
CI The chemical symbol for chloride 
CL Chemiluminescent 
CLA Cutaneous lymphocyte antigen 
CL1816 Anti-ICAM-1 monoclonal 
antibody 
CLC Charcot-Leyden crystal 
CMC Critical micellar concentration 
CMI Cell mediated immunity 
CML Chronic myeloid leukaemia 
CMV Cytomegalovirus 
CNS Central nervous system 
CO Cyclooxygenase 
CoA Coenzyme A 
CoA-IT Coenzyme A - independent 
transacylase 
Con A Concanavalin A 
COPD Chronic obstructive 
pulmonary disease 
COS Fibroblast-like kidney cell line 
established from simian cells 
CoVF Cobra venom 
CP Creatine phosphate 
Cp Caeruloplasmin 
c.p.m. Counts per minute 
CPJ Cartilagelpannus junction 
Cr The chemical symbol for chromium 
CR Complement receptor 
CR1, CR2 & CR4 Complement 
receptor types 1, 2 and 4 
CR3-t~ Complement receptor type 
3-ct 
CRF Corticotrophin-releasing 
factor 
CRH Corticotrophin-releasing 
hormone 
CRI Cross-reactive idiotype 
CRP C-reactive protein 
CSA Cyclosporin A 
CSF Colony-stimulating factor 

CSS Churg-Strauss syndrome 
CT Computed tomography 
CTAP-III Connective tissue- 
activating peptide 
CTD Connective tissue diseases 
C terminus Carboxy terminus of 
peptide 
CThp Cytotoxic T lymphocyte 
precursors 
CTL Cytotoxic T lymphocyte 
CTLA-4 Known to be co-expressed 
with CD20 on activated T cells 
CTMC Connective tissue mast cell 
CVF Cobra venom factor 

2D Second derivative 
Da Dalton (the unit of relative mol- 
ecular mass) 
DAF Decay-accelerating factor 
DAG Diacylglycerol 
DAO Diamine oxidase 
D-Arg D-Arginine 
DArg- [Hypa,DPhe 7] -BK A 
bradykinin B2 receptor antagonist. 
Peptide derivative of bradykinin 
D Arg- [Hyp s, ThiS,DTic 7 , Tic s ] -B K 
A bradykinin B2 receptor antagonist. 
Peptide derivative of bradykinin 
DBNBS 3,5-dibromo-4-nitroso- 
benzenesulphonate 
DC Dendritic cell 
DCF Oxidized DCFH 
DCFH 2',7'-dichlorofluorescin 
DEC Diethylcarbamazine 
DEM Diethylmaleate 
desArgg-BK Carboxypeptidase N 
product of bradykinin 
desArgl~ Carboxypeptidase N 
product of kallidin 
DETAPAC 
Diethylenetriaminepentaacetic acid 
DFMO c~-Difluoromethyl ornithine 
DFP Diisopropyl fluorophosphate 
DFX Desferrioxamine 
DGLA Dihomo-y-linolenic acid 
DH Delayed hypersensitivity 
DHA Docosahexaenoic acid 
DHBA Dihydroxybenzoic acid 
DHR Delayed hypersensitivity 
reaction 
DIC Disseminated intravascular 
coagulation 
DL-CFU Dendritic cell/Langerhans 
cell colony forming 
DLE Discoid lupus erythematosus 
DMARD Disease-modifying anti- 
rheumatic drug 
DMF N, N-dimethylformamide 
DMPO 5,5-dimethyl-l-pyrroline 
N-oxide 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
D-NAME D-Nitroarginine methyl 
ester 
DNase Deoxyribonuclease 
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DNCB Dinitrochlorobenzene 
DNP Dinitrophenol 
Dpt4 Dermatophagoides pteronyssinus 
allergen 4 
DGW2, DR3, DR7 HLA 
phenotypes 
DREG-56 (Antigen) L-selectin 
DREG-200 A monoclonal antibody 
against L-selectin 
ds Double-stranded 
DSCG Disodium cromoglycate 
DST Donor-specific transfusion 
DTH Delayed-type hypersensitivity 
DTPA Diethylenetriamine 
pentaacetate 
DTT Dithiothreitol 
dv/dt Rate of change of voltage 
within time 

e Molar absorption coefficient 
EA Egg albumin 
EACA Epsilon-amino-caproic acid 
EAE Experimental autoimmune 
encephalomyelitis 
EAF Eosinophil-activating factor 
EAR Early phase asthmatic reaction 
EAT Experimental autoimmune 
thyroiditis 
EBV Epstein-Barr virus 
EC Endothelial cell 
ECD Electron capture detector 
ECE Endothelin-converting enzyme 
E-CEF Eosinophil cytotoxicity 
enhancing factor 
ECF-A Eosinophil chemotactic factor 
of anaphylaxis 
ECG Electrocardiogram 
ECGF Endothelial cell growth factor 
ECGS Endothelial cell growth 
supplement 
E. coli Escherichia coli 
ECP Eosinophil cationic protein 
EC-SOD Extracellular superoxide 
dismutase 
EC-SOD C Extracellular superoxide 
dismutase C 
EDss Effective dose producing 35% 
maximum response 
EDs0 Effective dose producing 50% 
maximum response 
EDF Eosinophil differentiation factor 
EDL Extensor digitorum longus 
EDN Eosinophil-derived neurotoxin 
EDRF Endothelium-derived relaxing 
factor 
EDTA Ethylenediamine tetraacetic 
acid also known as etidronic acid 
EE Eosinophilic eosinophils 
EEG Electroencephalogram 
EET Epoxyeicosatrienoic acid 
EFA Essential fatty acid 
EFS Electrical field stimulation 
EG1 Monoclonal antibody specific 
for the cleaved form of 
eosinophil cationic peptide 
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EGF Epidermal growth factor 
EGTA Ethylene glycol-bis(/3- 
aminoethyl ether) N , N , N ' , N ' -  
tetraacetic acid 
EHNA Erythro-9-(2- 
hydroxy-3-nonyl)-adenine 
EI Electron impact 
EIB Exercise-induced 
bronchoconstriction 
eIFo2 Subunit of protein synthesis 
initiation factor 
ELAM-1 Endothelial leucocyte 
adhesion molecule-1 
ELF Respiratory epithelium lung 
fluid 
ELISA Enzyme-linked 
immunosorbent assay 
EMS Eosinophilia-myalgia syndrome 
ENS Enteric nervous system 
EO Eosinophil 
EO-CFC Eosinophil colony-forming 
cell 
EOR Early onset reaction also known 
as EAR 
EPA Eicosapentaenoic acid 
EpDIF Epithelial-derived inhibitory 
factor also known as epithelium- 
derived relaxant factor 
EPO Eosinophil peroxidase 
EPOR Erythropoietin receptor 
EPR Effector cell protease 
EPX Eosinophil protein X 
ER Endoplasmic reticulum 
ERCP Endoscopic retrograde 
cholangiopancreatography 
Eoselectin Endothelial selectin 
formerly known as endothelial 
leucocyte adhesion molecule-1 
(ELAM-1) 
ESP Eosinophil stimulation promoter 
ESR Erythrocyte sedimentation rate 
e.s.r. Electron spin resonance 
ET, ET-1 Endothelin,-1 
ETYA Eicosatetraynoic acid 

FA Fatty acid 
FAB Fast-electron bombardment 
Fab Antigen biridiiag fragment 
F(ab')2 Fragment of an 
immunoglobulin produced pepsin 
treatment 
FACS Flow activated cell sorter 
factor B Serine protease in the C3 
converting enzyme of the alternative 
pathway 
factor D Serine protease which 
cleaves factor B 
factor H Plasma protein which acts 
as a co-factor to factor I 
factor I Hydrolyses C3 converting 
enzymes with the help of factor 
H 
FAD Flavine adenine dinucleotide 
FapyAde 5-formamido-4,6- 
diamino-pyrimidine 

FapyGua 2,6-diamino-4-hydroxy-5- 
formamidopyrimidine 
FBR Fluorescence photobleaching 
recovery 
Fc Crystallizable fraction of 
immunoglobulin molecule 
Fcv Receptor for Fc portion of IgG 
Fc~,RI Ig Fc receptor I also known as 
CD64 
FctRII  Ig Fc receptor II also known 
as CD32 
FcvRIII Ig Fc receptor III also known 
as CD16 
Fc~RI High affinity receptor for IgE 
Fc~RII Low affinity receptor for IgE 
FcR Receptor for Fc region of 
antibody 
FCS Foetal calf (bovine) serum 
FEV1 Forced expiratory volume in 1 
second 
Fe-TPAA Fe(III)-tris [N-(2- 
pyridylmethyl)-2-aminoethyl] amine 
Fe-TPEN Fe(II) - te trakis-N,N,N' ,N'-  
(2-pyridyl methyl-2-aminoethyl)amine 
FFA Free fatty acids 
FGF Fibroblast growth factor 
FID Flame ionization detector 
FITC Fluorescein isothiocyanate 
FKBP FK506-binding protein 
FLAP 5-1ipoxygenase-activating 
protein 
FMLP N-Formyl-methionyl- 
leucyl-phenylalanine 
FNLP Formyl-nodeucyl- 
leucyl-phenylalanine 
FOC Follicular dendritic cell 
FPLC Fast protein liquid 
chromatography 
FPR Formyl peptide receptor 
FS cell Folliculo-stellate cell 
FSG Focal sequential 
glomerulosclerosis 
FSH Follicle stimulating hormone 
FX Ferrioxamine 
5~ 5-fluorouracil 

Ga G-protein 
G6PD Glucose 6-phosphate 
dehydrogenase 
GABA -y-Aminobutyric acid 
GAG Glycosaminoglycan 
GALT Gut-associated lymphoid 
tissue 
GAP GTPase-activating protein 
GBM Glomerular basement 
membrane 
GC Guanylate cyclase 
GCoMS Gas chromatography mass 
spectroscopy 
G-CSF Granulocyte colony- 
stimulating factor 
GDP Guanosine 5'-diphosphate 
GEC Glomerular epithelial cell 
GF-1 An insulin-like growth factor 
GFR Glomerular filtration rate 

GH Growth hormone 
GH-RF Growth hormone-releasing 
factor 
Gi Family of pertussis toxin sensitive 
G-proteins 
GI Gastrointestinal 
GIP Granulocyte inhibitory protein 
GlyCam-1 Glycosylation-dependent 
cell adhesion molecule-1 
GMC Gastric mast cell 
GM-CFC Granulocyte-macrophage 
colony-forming cell 
GM-CSF Granulocyte-macrophage 
colony-stimulating factor 
GMP Guanosine monophosphate 
(guanosine 5'-phosphate) 
Go Family of pertussis toxin sensitive 
G-proteins 
GP Glycoprotein 
g1~5-70 Membrane co-factor protein 
gpg0 MF'L 90 kD glycoprotein 
recognized by monoclonal antibody 
MEL-14; also known as L-selectin 
GPIIb-IIIa Glycoprotein IIb-IIIa 
known to be a platelet membrane 
antigen 
GppCH2P Guanyl-methylene 
diphosphanate also known as a stable 
GTP analogue 
GppNHp Guanylyl- 
imidiodiphosphate also known as a 
stable GTP analogue 
GRGDSP 
Glycine-arginine-glycine-aspartic 
acid serine-proline 
Gro Growth-related oncogene 
GRP Gastrin-related peptide 
Gs Stimulatory G protein 
GSH Glutathione (reduced) 
GSHPx Glutathione peroxidase 
GSSG Glutathione (oxidized) 
GT Glanzmann Thrombasthenia 
GTP Guanosine triphosphate 
GTP-?-S Guanarine 5'O-(3- 
thiotriphosphate) 
GTPase Guanidine triphosphatase 
GVHD Graft-versus-host-disease 
GVHR Graft-versus-host-reaction 

H Histamine 
H1, H2, Hs Histamine receptor types 
1, 2and 3 
H202 The chemical symbol for 
hydrogen peroxide 
Hag Haemagglutinin 
Hag-l, Hago2 Cleaved 
haemagglutinin subunits-1, -2 
H & E Haematoxylin and eosin 
hIL Human interleukin 
Hb Haemoglobin 
HBBS Hank's balanced salt solution 
HCA Hypertonic citrate 
H-CAM Hyaluronic acid cell 
adhesion molecule 
HDC Histidine decarboxylase 
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HDL High-density lipoprotein 
HEL Hen egg white lysozyme 
HEPE Hydroxyeicosapentanoic acid 
HEPES N-2- 
Hydroxylethylpiperazine-N'-2-ethane 
sulphonic acid 
HES Hypereosinophilic syndrome 
HETE 5,8,9,11,12 and 15 
Hydroxyeicosatetraenoic acid 
5(S)HETE A stereo isomer of 
5-HETE 
HETrE Hydroxyeicosatrienoic acid 
HEV High endothelial venule 
HFN Human fibronectin 
HGF Hepatocyte growth factor 
HHTrE 12(S)-Hydroxy-5,8,10- 
heptadecatrienoic acid 
HIV Human immunodeficiency virus 
HL60 Human promyelocytic 
leukaemia cell line 
HLA Human leucocyte antigen 
HLA-DR2 Human 
histocompatability antigen class II 
HMG CoA Hydroxylmethylglutaryl 
coenzyme A 
HMW High molecular weight 
HMT Histidine methyltransferase 
HMVEC Human microvascular 
endothelial cell 
HNC Human neutrophil collagenase 
(MMP-8) 
HNE Human neutrophil elastase 
HNG Human neutrophil gelatinase 
(MMP-9) 
HODE Hydroxyoctadecanoic acid 
HO.  Hydroxyl radical 
HO2" Perhydroxyl radical 
HPETE, 5-HPETE & 15-HPETE 
5 and 15 
Hydroperoxyeicosatetraenoic acid 
HPETrE Hydroperoxytrienoic 
acid 
HPODE Hydroperoxyoctadecanoic 
acid 
HPLC High-performance liquid 
chromatography 
HRA Histamine-releasing activity 
HRAN Neutrophil-derived 
histamine-releasing activity 
HRf Homologous-restriction factor 
HRF Histamine-releasing factor 
HRP Horseradish peroxidase 
HSA Human serum albumin 
HSP Heat-shock protein 
HS-PG Heparan sulphate 
proteoglycan 
HSV, HSV-1 Herpes simplex 
virus, -1 
SHTdR Tritiated thymidine 
5-HT 5-Hydroxytryptamine als0 
known as Serotonin 
HTLV-1 Human T-cell leukaemia 
virus-1 
HUVEC Human umbilical vein 
endothelial cell 

[HypS]-BK Hydroxyproline deriva- 
tive of bradykinin 
[Hyp4]-KD Hydroxyproline deriva- 
tive of kallidin 

XnIn Indium ill 
Ia Immune reaction-associated 
antigen 
Ia+ Murine class II major 
histocompatibility complex antigen 
IB4 Anti-CD18 monoclonal antibody 
IBD Inflammatory bowel disease 
IBMX 3-isobutyl- 1-methylxanthine 
IBS Inflammatory bowel syndrome 
iC3 Inactivated C3 
iC4 Inactivated C4 
ICs0 Concentration producing 50% 
inhibition 
ICAM Intercellular adhesion 
molecules 
ICAM-1, ICAM-2, ICAM-3 
Intercellular adhesion molecules-l, 
-2, -3 
cICAM-1 Circulating form of 
ICAM-1 
ICE IL-lB-converting enzyme 
i.d. Intradermal 
IDC Interdigitating cell 
IDD Insulin-dependent (type 1) 
diabetes 
IEL Intraepithelial leucocyte 
IELym Intraepithelial lymphocytes 
IFA Incomplete Freund's adjuvant 
IFN Interferon 
IFNa, IFNB, IFN-r Interferons ce, 
B,y 
Ig Immunoglobulin 
IgA, IgE, IgG, IgM 
Immunoglobulins A, E, G, M 
IgG1 Immunoglobulin G class 1 
IgG2a Immunoglobulin G class 2a 
IGF-1 Insulin-like growth factor 
Ig-SF Immunoglobulin supergene 
family 
IGSS Immuno-gold silver stain 
IHC Immunohistochemistry 
IHES Idiopathic hypereosinophilic 
syndrome 
IxB NFxB inhibitor protein 
IL Interleukin 
IL-1, II-2...IL-8 Interleukins-1, 
2...-8 
IL-loe, IL-1B Interleukin-lc~,-1B 
ILR Interleukin receptor 
IL-1R, IL-2R; IL-3R-IL-6R 
Interleukin-l-6 receptors 
IL-1Ra Interleukin-1 receptor 
antagonist 
IL-2RB Interleukin-2 receptor f3 
IMF Integrin modulating factor 
IMMC Intestinal mucosal mast cell 
i.p. Intraperitoneally 
IP1 Inositol monophosphate 
IP2 Inositol biphosphate 
IPa Inositol 1,4,5-trisphosphate 

IP4 Inositol tetrakisphosphate 
IPF Idiopathic pulmonary fibrosis 
IPO Intestinal peroxidase 
IpOCOCq Isopropylidene OCOCq 
I/R Ischaemia-reperfusion 
IRAP IL-1 receptor antagonist protein 
IRF-1 Interferon regulatory factor 1 
Isc Short-circuit current 
ISCOM Immune-stimulating 
complexes 
ISGF3 Interferon-stimulated gene 
Factor 3 
ISGF3a, ISGF3r c~, 7 subunits of 
ISGF3 
IT Immunotherapy 
ITP Idiopathic thrombocytopenic 
purpura 
i.v. Intravenous 

K The chemical symbol for potassium 
I~ Association constant 
kb Kilobase 
20KDHRF A homologous 
restriction factor; binds to C8 
65KDHRF A homologous restriction 
factor, also known as C8 binding 
protein; interferes with cell membrane 
pore-formation by C5b-C8 complex 
Kcat Catalytic constant; a measure of 
the catalytic potential of an enzyme 
Ka Equilibrium dissociation constant 
kD Kilodalton 
KD Dissociation constant 
KD Kallidin 
Ki Antagonist binding affinity 
K/67 Nuclear membrane antigen 
KLH Keyhole limpet haemocyanin 
Km Michaelis constant 
KOS KOS strain of herpes simplex 
virus 

)kmax Wavelength of maximum 
absorbance 
LAD Leucocyte adhesion cteficiency 
LAK Lymphocyte-activated killer (cell) 
LAM, LAM-1 Leucocyte adhesion 
molecule, -1 
LAR Late-phase asthmatic reaction 
L-Arg L-Arginine 
LBP LPS binding protein 
LC Langerhans cell 
LCF Lymphocyte chemoattractant 
factor 
LCR Locus control region 
LDH Lactate dehydrogenase 
LDL Low-density lipoprotein 
LDV Laser Doppler velocimetry 
LeX(Lewis X) Leucocyte ligand for 
selectin 
LFA Leucocyte function-associated 
antigen 
LFA-1 Leucocyte function-associated 
antigen-I; also known to be a member 
of the B-2 integrin family of cell 
adhesion molecules 
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LG fl-Lactoglobulin 
LGL Large granular lymphocyte 
LH Luteinizing hormone 
LHRH Luteinizing hormone- 
releasing hormone 
LI Labelling index 
LIS Lateral intercellular spaces 
LMP Low molecular mass 
polypeptide 
LMW Low molecular weight 
L-NOARG L-Nitroarginine 
LO Lipoxygenase 
5-LO, 12-LO, 15-LO 5-, 12-, 
15-Lipoxygenases 
LP(a) Lipoprotein(a) 
LPS Lipopolysaccharide 
L-selectin Leucocte selectin, formerly 
known as monoclonal antibody that 
recognizes murine L-selectin 
(MEL-14 antigen), leucocyte cell 
adhesion molecule-1 (LeuCAM-1), 
lectin cell adhesion molecule-1 
(LeCAM-1 or LecCAM-1), leucocyte 
adhesion molecule- 1 (LAM- 1) 
LT Leukotriene 
LTA4, LTB4, LTC4, LTD4, LTE4 
Leukotrienes A4, B4, C4, D4 and E, 
Ly-1 + (Cell line) 
LX Lipoxin 
LXA4, LXB4, LXC4, LXD4, LXE4 
Lipoxins A4, B4, C4, D4 and E, 

M Monocyte 
M3 Receptor Muscarinic receptor 
subtype 3 
M-540 Merocyanine-540 
mAb Monoclonal antibody 
mAb IB4, mAb PB1.3, mAb R 
3.1, mAb R 3.3, mAb 6.5, mAb 
60.3 Monoclonal antibodies IB4, 
PB1.3, R 3.1, R 3.3, 6.5, 60.3 
MABP Mean arterial blood pressure 
MAC Membrane attack molecule 
Mac Macrophage (also abbreviated to 
M~) 
Mac-1 Macrophage-1 antigen; a 
member of the fl-2 integrin family of 
cell adhesion molecules (also 
abbreviated to McI,1), also known as 
monocyte antigen-1 (M-l), 
complement receptor-3 (CR3), 
CD11b/CD18 
MAF Macrophage-activating factor 
MAO Monoamine oxidase 
MAP Monophasic action 
potential 
MAPTAM An intracellular Ca 2§ 
chelator 
MARCKS Myristolated, alanine-rich 
C kinase substrate; specific protein 
kinase C substrate 
MBP Major basic protein 
MBSA Methylated bovine serum 
albumin 
MC Mesangial cells 

MCAO Middle cerebral artery 
occlusion 
M cell Microfold or membranous cell 
of Peyer's patch epithelium 
MCP Membrane co-factor protein 
MCP-1 Monocyte chemotactic 
protein-1 
M-CSF Monocyte/macrophage 
colony-stimulating factor 
MCT Tryptase-containing mast cell 
MCTc Tryptase- and chymase- 
containing mast cell 
MDA Malondialdehyde 
MDGF Macrophage-derived growth 
factor 
MDP Muramyl dipeptide 
MEA Mast cell growth-enhancing 
activity 
MEL Metabolic equivalent level 
MEM Minimal essential medium 
MG Myasthenia gravis 
MGSA Melanoma-growth- 
stimulatory activity 
MHC Major histocompatibility 
complex 
MI Myocardial ischaemia 
MIF Migration inhibition factor 
mIL Mouse interleukin 
MI/R Myocardial 
ischaemia/reperfusion 
MIRL Membrane inhibitor of 
reactive lysis 
mix-CFC Colony-forming cell mix 
Mk Megakaryocyte 
MLC Mixed lymphocyte culture 
MLymR Mixed lymphocyte reaction 
MLR Mixed leucocyte reaction 
mmLDL Minimally modified low- 
density lipoprotein 
MMC Mucosal mast cell 
MMCP Mouse mast cell protease 
MMP, MMP1 Matrix 
metalloproteinase, -1 
MNA 6-Methoxy-2-napthylacetic 
acid 
MNC Mononuclear cells 
M,I, Macrophage (also abbreviated to 
Mac) 
MPG N-(2- 
mercaptopropionyl)-glycine 
MPO Myeloperoxidase 
MPSS Methyl prednisolone 
MPTP N-methyl-4-phenyl- 1,2,3,6- 
tetrahydropyridine 
MRI Magnetic resonance imaging 
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 
MSS Methylprednisolone sodium 
succinate 
MT Malignant tumour 
MW Molecular weight 

Na The chemical symbol for sodium 
NA Noradrenaline also known as 
norepinephrine 

NAAb Natural autoantibody 
NAb Natural antibody 
NAC N-acetylcysteine 
NADH Reduced nicotinamide 
adenine dinucleotide 
NADP Nicotinamide adenine 
diphosphate 
NADPH Reduced nicotinamide 
adenine dinucleotide phosphate 
NAF Neutrophil activating factor 
r-NAME L-Nitroarginine methyl 
ester 
NANC Non-adrenergic, 
non-cholinergic 
NAP Neutrophil-activating peptide 
NAPQI N-acetyl-p-benzoquinone 
imine 
NAP-I, NAP-2 Neutrophil- 
activating peptides -1 and -2 
NBT Nitro-blue tetrazolium 
NC1 Non-collagen 1 
N-CAM Neural cell adhesion 
molecule 
NCEH Neutral cholesteryl ester 
hydrolase 
NCF Neutrophil chemotactic factor 
NDGA Nordihydroguaretic acid 
NDP Nucleoside diphosphate 
Neca 5'-(N-ethyl 
carboxamido)-adenosine 
NED Nedocromil sodium 
NEP Neutral endopeptidase (EC 
3.4.24.11) 
NF-AT Nuclear factor of activated T 
lymphocytes 
NF-xB Nuclear factor-xB 
NgCAM Neural-glial cell adhesion 
molecule 
NGF Nerve growth factor 
NGPS Normal guinea-pig serum 
NIH 3T3 (fibroblasts) National 
Institute of Health 3T3-Swiss albino 
mouse fibroblast 
NIMA Non-inherited maternal 
antigens 
NIRS Near infrared spectroscopy 
Nk Neurokinin 
NK Natural killer 
Nk-1, Nk-2, NK-3 Neurokinin 
receptor subtypes 1,2 and 3 
NkA Neurokinin A 
NkB Neurokinin B 
NLS Nuclear location sequence 
NMDA N-methyl-D-aspartic acid 
L-NMMA L-Nitromonomethyl 
arginine 
NMR Nuclear magnetic resonance 
NO The chemical symbol for nitric 
oxide 
NOD Non-obese diabetic 
NOS Nitric oxide synthase 
c-NOS Ca2+-dependent constitutive 
form of NOS 
i-NOS Inducible form of NOS 
NPK Neuropeptide K 
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NPY Neuropeptide Y 
NRS Normal rabbit serum 
NSAID Non-steroidal anti- 
inflammatory drug 
NSE Nerve-specific enolase 
NT Neurotensin 
N terminus Amino terminus of 
peptide 

1AO2 Singlet Oxygen (Delta form) 
11202 Singlet Oxygen (Sigma form) 
Oi-  The chemical symbol for the 
superoxide anion radical 
OA Osteoarthritis 
OAG Oleoyl acetyl glycerol 
OD Optical density 
ODC Ornithine decarboxylase 
ODFR Oxygen-derived free radical 
ODS Octadecylsilyl 
OH- The chemical symbol for hydroxyl 
ion 
�9 OH The chemical symbol for hydroxyl 
radical 
8-OH-Ade 8-Hydroxyadenine 
6-OHDA 6-Hydroxyguanine 
8-OH-dG 8-Hydroxydeoxyguanosine 
also known as 7,8-dihydro-8- 
oxo-2 '-deoxyguanosine 
8-OH-Gua 8-Hydroxyguanine 
OHNE Hydroxynonenal 
4-OHNE 4-Hydroxynonenal 
OT Oxytocin 
OVA Ovalbumin 
ox-LDL Oxidized low-density 
lipoprotein 

~a Apical membrane potential 
P Probability 
P Phosphate 
PaO2 Arterial oxygen pressure 
Pi Inorganic phosphate 
p150,95 A member of the ~-2- 
integrin family of cell adhesion 
molecules; also known as CD 1 lc 
PA Phosphatidic acid 
pA, Negative logarithm of the antag- 
onist dissociation constant 
PAF Platelet-activating factor also 

as APRL and AGEPC 
PAGE Polyacrylamide gel 
electrophoresis 
PAI Plasminogen activator inhibitor 
PA-IgG Platelet associated 
immunoglobulin G 
PAM Pulmonary alveolar 
macrophages 
PAS Periodic acid-Schiff reagent 
PBA Polyclonal B cell activators 
PBC Primary biliary cirrhosis 
PBL Peripheral blood lymphocytes 
PBMC Peripheral blood 
mononuclear cells 
PBN N-tert-butyl-o~-phenylnitrone 
PBS Phosphate-buffered saline 
PC Phosphatidylcholine 

PCA Passive cutaneous anaphylaxis 
pCDM8 Eukaryotic expression vector 
PCNA Proliferating cell nuclear 
antigen 
PCR Polymerase chain reaction 
PCT Porphyria cutanea tarda 
p.d. Potential difference 
PDBu 4o~-Phorbol 12,13-dibutyrate 
PDE Phosphodiesterase 
PDGF Platelet-derived growth 
factor 
PDGFR Platelet-derived growth 
factor receptor 
PE Phosphatidylethanolamine 
PECAM-1 Platelet endothelial cell 
adhesion molecule-I; also known as 
CD31 
PEG Polyethylene glycol 
PET Positron emission tomography 
PEt Phosphatidylethanolamine 
PF4 Platelet factor 4 
PG Prostaglandin 
PGAS Polyglandular autoimmune 
syndrome 
PGD2 Prostaglandin D2 
PGE1, PGE2, PGF2, PGF2~, PGG2, 
PGH2 Prostaglandins El, E2, F2, F2~, 
F2, H2 
PGF, PGH Prostaglandins F and H 
PGI2 Prostaglandin I2 also known as 
prostacyclin 
PaO2 Arterial oxygen pressure 
PGP Protein gene-related peptide 
Ph 1 Philadelphia (chromosome) 
PHA Phytohaemagglutinin 
PHD PHD [8(1-hydroxy-3-oxo- 
propyl)-9,12-dihydroxy-5,10 
heptadecadienic acid] 
PHI Peptide histidine isoleucine 
PHM Peptide histidine methionine 
Pi Inorganic phosphate 
PI Phosphatidylinositol 
PI-3,4-P2 Phosphatidylinositol 3, 
4-biphosphate 
PI-3,4,5-P3 Phosphatidylinositol 3, 
4, 5-trisphosphate 
PI-3-kinase 
Phosphatidylinositol-3-kinase 
PI-4-kinase 
Phosphatidylinositol-4-kinase 
PI-3-P 
Phosphatidylinositol-3-phosphate 
PI-4-P 
Phosphatidylinositol-4-phosphate 
PI-4,5-P2 Phosphatidylinositol 
4,5-biphosphate 
PIP Phosphatidylinositol 
monophosphate 
PIP2 Phosphatidylinositol 
biphosphate 
PK Protein kinase 
PKA, PKC Protein kinases A and C 
PKG cGMP-dependent protein 
kinase, protein kinase G 
PL Phospholipase 

PLA, PLA2, PLC, PLD 
Phospholipases A, A2, C and D 
PLN Peripheral lymph node 
PLNHEV Peripheral lymph node 
HEV 
PLP Proteolipid protein 
PLT Primed lymphocyte typing 
PMA Phorbol myristate acetate 
PMC Peritoneal mast cell 
PMN Polymorphonuclear 
neutrophil 
PMSF Phenylmethylsulphonyl 
fluoride 
PNAd Peripheral lymph node 
vascular addressin 
PNH Paroxysmal nocturnal 
hemoglobinuria 
PNU Protein nitrogen unit 
p.o. Per os (by mouth) 
POBN c~-4-Pyridyl-oxide-N-t-butyl 
nitrone 
PPD Purified protein derivative 
PPME Polymeric polysaccharide rich 
in mannose-6-phosphate moieties 
PRA Percentage reactive activity 
PRD, PRDII Positive regulatory 
domain, -II 
PR3 Proteinase-3 
PRBC Parasitized red blood cell 
proET-1 Proendothelin-1 
PRL Prolactin 
PRP Platelet-rich plasma 
PS Phosphatidylserine 
P-selectin Platelet selectin formerly 
known as platelet activation- 
dependent granule external 
membrane protein (PADGEM), 
granule membrane protein of MW 
140 kD (GMP-140) 
PT Pertussis toxin 
PTCA Percutaneous transluminal 
coronary angioplasty 
PTCR Percutaneous transluminal 
coronary recanalization 
Pte-H4 Tetrahydropteridine 
PUFA Polyunsaturated fatty acid 
PUMP-1 Punctuated 
metalloproteinase also known as 
matrilysin 
PWM Pokeweed mitogen 
Pyran Divinylether maleic acid 

q.i.d. Quater in die (four times a day) 
QRS Segment of electrocardiogram 

�9 R Free radical 
R15.7 Anti-CD18 monoclonal 
antibody 
RA Rheumatoid arthritis 
RANTES A member of the IL8 
supergene family (Regulated on acti- 
vation, normal T expressed and 
secreted) 
RAST Radioallergosorbent test 
RBC Red blood cell 
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RBF Renal blood flow 
RBL Rat basophilic leukaemia 
RC Respiratory chain 
RE RE strain of herpes simplex virus 
type 1 
REA Reactive arthritis 
REM Relative electrophoretic 
mobility 
RER Rough endoplasmic reticulum 
RF Rheumatoid factor 
RFL-6 Rat foetal lung-6 
RFLP Restriction fragment length 
polymorphism 
RGD Arginine-glycine-asparagine 
rh- Recombinant human - (prefix 
usually referring to peptides) 
RIA Radioimmunoassay 
RMCP, RMCPII Rat mast cell 
protease, -II 
RNA Ribonucleic acid 
RNase Ribonuclease 
RNHCI N-Chloramine 
RNL Regional lymph nodes 
ROM Reactive oxygen metabolite 
RO" The chemical symbol for alkoxyl 
radical 
ROO. The chemical symbol for peroxy 
radical 
ROP Retinopathy of prematurity 
ROS Reactive oxygen species 
R-PIA R-(1-methyl-1- 
phenyltheyl)-adenosine 
RPMI 1640 Roswell Park Memorial 
Institute 1640 medium 
RS Reiter's syndrome 
RSV Rous sarcoma virus 
RTE Rabbit tubular epithelium 
RTE-a-5 Rat tubular epithelium 
antigen a-5 
r-tPA Recombinant tissue-type 
plasminogen activator 
RW Ragweed 

S Svedberg (unit of sedimentation 
density) 
SALT Skin-associated lymphoid 
tissue 
SAZ Sulphasalazine 
SC Secretory component 
SCF Stem cell factor 
SCFA Short-chain fatty acid 
SCG Sodium cromoglycate also known 
as DSCG 
SCID Severe combined 
immunodeficiency syndrome 
sCR1 Soluble type-1 complement 
receptors 
SCW Streptococcal cell wall 
SD Standard deviation 
SDS Sodium dodecyl sulphate 
SDS-PAGE Sodium dodecyl 
sulphate-polyacrylamide gel 
electrophoresis 
SEM Standard error of the mean 
SGAW Specific airway conductance 

SHR Spontaneously hypertensive rat 
SIM Selected ion monitoring 
SIRS Soluble immune response 
suppressor 
SIV Simian immunodeficiency virus 
SK Streptokinase 
SLE Systemic lupus erythematosus 
SLe x Sialyl Lewis X antigen 
SLO Streptolysin-O 
SLPI Secretory leucocyte protease 
inhibitor 
SM Sphingomyelin 
SNAP S-Nitroso-N- 
acetylpenicillamine 
SNP Sodium nitroprusside 
SOD Superoxide dismutase 
SOM Somatostatin also known as 
somatotrophin release-inhibiting 
factor 
SOZ Serum-opsonized zymosan 
SP Sulphapyridine 
SR Systemic reaction 
sr Sarcoplasmic reticulum 
SRBC Sheep red blood cells 
SRS Slow-reacting substance 
SRS-A Slow-reacting substance of 
anaphylaxis 
STZ Streptozotocin 
Sub P Substance P 

T Thymus-derived 
t~-TOC c~-Tocopherol 
tl/2 Half-life 
T84 Human intestinal epithelial cell 
line 
TauNHCI Taurine 
monochloramine 
TBA Thiobarbituric acid 
TBAR Thiobarbituric acid-reactive 
product 
TBM Tubular basement membrane 
TBN di-tert-Butyl nitroxide 
tBOOH tert-Butylhydroperoxide 
TCA Trichloroacetic acid 
T cell Thymus-derived lymphocyte 
TCR T cell receptor ~[/5 or "y]6 
heterodimeric forms 
TDI Toluene diisocyanate 
TEC Tubular epithelial cell 
TF Tissue factor 
Tg Thyroglobulin 
TGF Transforming growth factor 
TGFt~, TGFB, TGFB1 Transforming 
growth factors a,/5, and/51 
TH T helper cell 
Trio T Helper o 
Trip T helper precursor 
TH0, TI-I1, TH2 Subsets of helper T 
cells 
THP-1 Human monocytic leukaemia 
Thy 1+ Murine T cell antigen 
t.i.d. Ter in die (three times a day) 
TIL Tumour-infiltrating lymphocytes 
TIMP Tissue inhibitors of 
metalloproteinase 

TIMP-1, TIMP-2 Tissue inhibitors 
of metalloproteinases 1 and 2 
Tla Thymus leukaemia antigen 
TLC Thin-layer chromatography 
TLCK Tosyl-lysyl-CH2Cl 
TLP Tumour-like proliferation 
Tm T memory 
TNF, TNF-t~ Tumour necrosis 
factor, -~ 
tPA Tissue-type plasminogen 
activator 
TPA 12-0- 
tetradeconylphorbol-13-acetate 
TPCK Tosyl-phenyl-CH2Cl 
TPK Tyrosine protein kinases 
TPP Transpulmonary pressure 
TRAP Thrombospondin related 
anomalous protein 
Tris 
Tris(hydroxymethyl)aminomethane 
TSH Thyroid-stimulating hormone 
TSP Thrombospondin 
TTX Tetrodotoxin 
TX Thromboxane 
TXA2, TXB2 Thromboxane A2, B2 
Tyk2 Tyrosine kinase 

U937 (ceUs) Histiocytic lymphoma, 
human 
UC Ulcerative colitis 
UDP Uridine diphosphate 
UPA Urokinase-type plasminogen 
activator 
UTP Uridine triphosphate 
UV Ultraviolet 
UVA Ultraviolet A 
UVB Ultraviolet B 
UVR Ultraviolet irradiation 
UW University of Wisconsin 
(preserving solution) 

VAP Viral attachment protein 
VC Veiled cells 
VCAM, VCAM-1 Vascular cell 
adhesion molecule, -1, also known as 
inducible cell adhesion molecule MW 
110 kD (INCAM-110) 
VF Ventricular fibrillation 
VIP Vasoactive intestinal peptide 
VLA Very late activation antigen 
beta chain; also known as CD29 
VLA t~2 Very late activation antigen 
alpha 2 chain; also known as CD49b 
VLA t~4 Very late activation antigen 
alpha 4 chain; also known as CD49d 
VLA t~6 Very late activation antigen 
alpha 6 chain; also known as CD49f 
VLDL Very low-density lipoprotein 
V max Maximal velocity 
V min Minimal velocity 
VN Vitronectin 
VOi The chemical symbol for vanadate 
vp Viral protein 
VP Vasopressin 
VPB Ventricular premature beat 
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VT Ventricular tachycardia 
vWF von WiUebrand factor 

W Murine dominant white spotting 
mutation 
WBC White blood cell 
WGA Wheat germ agglutinin 

WI Warm ischaemia 

XD Xanthine dehydrogenase 
XO Xanthine oxidase 

Y1/82A A monoclonal antibody 
detecting a cytoplasmic antigen in 
human macrophages 

ZA Zonulae adherens 
ZAS  Zymosan-activated serum 
zLu 
Carboxybenzyl-Leu-Tyr-CH2Cl 
ZO Zonulae occludentes 
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to Illustrat~'ons 

Helper 
lymphocyte 

Suppressor 
lymphocyte 

Killer 
lymphocyte 

Plasma cell 

Bacterial or 
Tumour cell 

~ -  o o . . . .  - 

Blood vessel 
lumen 

@ 
Eosinophil 
passing through 
vessel wall 

Neutrophil 
passing through 
vessel wall 
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Resting 
neutrophil Activated 

neutrophil 

Resting 
eosinophil 

Activated 
eosinophil 

Smooth 
muscle Smooth muscle 

thickening 

Smooth muscle 
contraction Normal blood 

vessel 

Endothelial cell 
permeability 

Resting 
macrophage 

Activated 
macrophage 

Nerve 
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Intact �9 epithelium 

~ Intact epithelium with submucosal gland 

Normal submucosal 
g~and 

Hypersecreting submucosal gland 
Norm~ 
airway 

Oedema Bronchospasm 

~~~O o ~  Resting platelet 
Activated 
platelet 

1 Airway hypersecreting 
mucus 
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Resting 
basophil 

5 

Activated 
basophil 

Resting 
mast cell 

Activated 
mast cell 

Resting 
chondrocyte 

Activated 
chondrocyte 

_ . . .  _ . . . .  

I | 
% 

Fibroblast 

Dendritic cell/ 
Langerhans cell Cartilage 

Arteriole 
Venule 
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Inflamed 
venule 

Microcirculatory 
system 
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A23187 62, 87, 157, 189 
adenylate cyclase 180 
adhesion mechanism in airway 

epithelium 191 
adhesion molecules 213-14 
adult respiratory distress syndrome 

(ARDS) 231 
airway constriction, modulation of 

137-8 
airway epithelium 187-207 

adhesion mechanism 191 
physiological role of 187-90 

airway injury, C-fibers in 132 
airway microvasculature 148 

in chronic inflammation 155 
airway mucosa 

cellular homeostatic links 188 
plasma leakage in 150-1 
structure of 190-1 

airway obstruction, mucosal edema in 
150 

airway responses to tachykinins 
126-7 

airway smooth muscle 
contractile proteins within 170-1 
inhibition of proliferation 182 
molecular mechanisms of 

contraction 171-2 
proliferation 181 
regulation of 169-86 

airway structural cells 104 
airways, plasma leakage in 148-9 
allergen-induced plasma leakage 154 
allergic mucosal inflammation 64-9 
allergic rhinitis 67-8 
alveolar macrophages 104 
amino acids 236 
amino sugars 236 
aminopeptidases 127 
angiogenesis, mast cells in 71 
angiotensin-converting enzyme (ACE) 

60, 127, 135 
antigen-presenting cells (APCs) 6 
anti-IgE 57 
antisense drugs 113 
apoptosis 231,232-34, 238-40 
arthritis 232 
Ascaris suum 68, 211 
asthma 64, 192 

and mast cell mediators 65-6 
corticosteroids in 113 
cytokine regulation of chronic 

inflammation 101-21 
cytokines in 90, 112 
early asthmatic response (EAR) 65, 

86 
eosinophils in 89 
experimental allergen-induced 64-5 
late asthmatic response (LAR) 65, 

86 
leukotrienes in 8 9  
lipid mediators in 89 
pathophysiology of 85-7 
plasma leakage in 149-50 
platelet-activating factor (PAF) in 

90 
atrial naturefic peptide (ANP) 170 
axon reflex 125-6 
azurocidin 199 

B cells 212, 213 
BAPTA 238 ' 
basal airway tone, maintenance of 

137 
basal cells 191, 192 
basic fibroblast growth factor (bFGF) 

212 
basophils 

in allergic inflammatory response 
68-9 

in disease 64-72 
role in initiating and maintaining 

inflammatory response 53-83 
/32-adrenergic receptor agonists 156-7 
/32-integrins 27 
bleomycin 211,218 
tkrrrelia burgdorferi 17 
bradykinin 154 
bronchial epithelium 190 
bronchial hyperresponsiveness (BHR) 

66, 86-8 
bronchial lavage 149 
bronchoalveolar lavage (BAL) 69, 86, 

89, 103, 129, 211,212, 217 

C5a 229, 230 
Ca 2 + 

concentration 171, 172 
cytosolic 172 

mechanisms for reducing 
176-7 

during contraction 172-3 
influx of extracellular 173 
intracellular store 174-5 176 
modulator of extracellular influx 

177 
reuptake into intracellular store 

176-7 
store as source of 175-6 

Ca 2 +/CaM complex 171 �9 
calcitonin gene-related peptide 

(CGRP) 131, 157 
Candida albicans 17 
CAP37 228, 240 
CAP57 199 
captopril 218 
catalase 218 
cathepsin G 127 
cathepsin L 211 
CD4 + T cell subsets 

growth and survival of 42 
human 41 
murine 41 

CD4 + T cells 
differentiation 41-2 
production of regulatory cytokines 

41-4 
CD8 § T cell subsets 46 
CD8 + T cells 44-6 

depletion 44-5 
regulation of TH1 and TH2 cytokine 

production 46 " 
suppression of IgE by 44 

cell-biomatrix adhesion 191 
cell-cell adhesion 191 
cell-cell interaction 213-14 
cell-derived mediators in epithelial 

injury 194-9 
cell-derived proteinases 198 
cell surface molecules 237 

control of IgE synthesis by 40-1 
C-fibers 125-6 

in airway injury 132 ~ �9 
interactions of 129-31 
stimulation of release by mast cell 

products 130-1 
chemokines 110 

properties and cell sources 16 
cholecystokinin (CCK) 131 
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chymase 60 
ciliary beat frequency (CBF) 188-9 
colchicine 219 
collagen 217, 218, 219 
concanavalin A (Con A) 132 
connective tissue mast cells (CTMCs) 

56 
corticosteroids 189, 238 

in asthma 113 
cryptogenic fibrosing alveolitis (CFA) 

209-26 
structural damage 218 
therapeutic approaches 218-19 

cyclic AMP 178 
cyclic GMP 179 
cyclooxygenase 211 
cyclosporin 211 
cytokine antibodies 113 
cytokine receptor antagonists 113 
cytokine receptors 105-7 

and signal transduction 106 
cytokine synthesis inhibitor factor 

(CSIF) 109 
cytokines 14, 113, 214-15 

actions of 107-12 
and eosinophils 103 
and mast cells 103 
and T lymphocytes 103-4 
biological properties of human mast 

cell 63-4 
CD4 § T cell, production of IgE 

regulatory 41 
CD8 § T cell, regulation of TH 1 

, . .  

and TH2 production 46 
cellular origins 102-3 
elaborated by eosinophils 90-1 
IgE synthesis control by 38 
in asthma 90, 112 
in asthmatic airway BAL fluid 90 
interactions between 102 
mast cell 61-4 
non-B, non-T cell]basophil 63 
recombin~int 114 
regulation of chronic inflammation 

in asthma 101-21 
regulation of mast cell production 

62-3 
T lymphocyte-derived 13-17 

cytotoxic T lymphocytes (CTLs) 
20-1 

debris, clearance of 231-32 
defensins 199 
dehydroproline 211 
delayed-type hypersensitivity (DTH) 

212 
dendritic cells 

distribution and phenotype 1-2 
functions 6 
origin and turnover 4 

Der pI 199 
Dermatoph~tes pteronyssinus 17, 42, 

199 
desensitization 230 
desmosomes 191 

diacylglycerol (DAG) 171-2 176, 180 
'diapedesis' 230 
dipeptidyl-peptidase (IV) 127 

E-cadherins 191 
elastase 236 
ENA-78, 229 
endothelial cells 104-5 231 

migration and proliferation 71 
endothelial leucocyte adhesion 

molecule- 1 (ELAM- 1) 
(E-selectin) 26, 68, 131, 213 

enkephalins 131 
eosinophil cationic protein (ECP) 65, 

86, 196, 213 
eosinophil-derived neurotoxin (EDN) 

86, 196-7 
eosinophil-endothelial interactions 

87-8 
eosinophil granular proteins 89 
eosinophil-lymphocyte interactions 

92 
eosinophil major basic protein 195-6 
eosinophil peroxidase (EPO) 65, 86, 

195, 197 
eosinophils 27-8, 85-121,213, 227, 

228, 238, 240 
and chemoattractants 88-9 
and cytokine network 90 
and cytokines 103 
and immunoglobulin receptors 

91-2 
cytokines elaborated by 90-1 
effector mechanisms 89 -90  
in asthma 85-7 89 
mechanism of selective recruitment 

into airways 87 
regulation of function 90-2 

epidermal growth factor (EGF) 104 
epithelial cells 190, 191,230, 231 
epithelial damage 65-6 
epithelial injury 

cell-derived mediators in 194-9 
cellular events in 193-4 
occurrence of 191-2 
repair of 199-200 

epithelial sub-basement membrane 
thickening 66 

Epstein-Barr virus (EBV) 40 
E-selectin 26, 105, 230 

Faeni rectivirgula 211 
fibroblast growth factor (FGF) 71, 

104 
fibroblasts 219, 237 
fibronectin 212, 216 
fibrosis 

and mast cells 70 
animal models 210 

fibrotic lung disease 211-18 
fibrotic process, development of 

217-19 
fluid, clearance of 231-2 
N-formyl-methionyl-leucyl- 

phenylalanine (FMLP) 87, 155 

GDP 178 
glucocorticoids 155-6, 237 
granulocyte apoptosis 238-40, 

239-40 
granulocyte emigration 229, 230 
granulocyte-macrophage colony- 

stimulating factor (GM-CSF) 
6, 8, 9, 110-11,237, 238 

granulocyte necrosis 240 
granulocyte tissue longevity 238 
granulocytes 234-37 

apoptotic 237-8 
extravasated 232 

growth factors 111-12, 181, 189, 
215 

and chronic inflammation 217 
GTP 178 
guanosine nucleotide regulatory 

protein 180 

helper function for Ig synthesis and 
cytolytic activity of human 
CD4 T lymphocyte subsets 18 

heparin 176 
histamine (H) 54-9, 66, 67, 70-2 

129, 130, 155 
HLA-DR 88, 212 
human umbilical vein endothelial 

cells (HUVEC) 87, 88 
hydrogen peroxide 195 
hydroxyl radicals 195 

idiopathic pulmonary fibrosis 209 
IgE 

antibody combining site 35 
CD4 § T cell production of IgE 

regulatory cytokines 41-4 
characteristics of human response 

34 
constant region 35 
control of synthesis by cell surface 

molecules 40-1 
generation of antibody diversity 35 
inhibitors of synthesis 40 
isotype-specific enhancers of 

synthesis 39 
molecular organization 36 
non-isotype-specific enhancers of 39 
production in allergic mucosal 

inflammation 69 
receptors 35-6 
regulation of synthesis 33-52 
rheumatoid factors 72 
structure of 34 
suppression by CD8 § T cells 44 
synthesis control by cytokines 

38 
transcription scheme 37 

immune responses 
suppression by T lymphocytes at 

mucosal surfaces 21 
T lymphocytes in 17 

immune system, interactions of 
tachykinins and 131-2 

immunoglobulin receptors 91-2 
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immunoglobulins 
expression of genes 36-8 
gene transcription 36 
human and mouse heavy chain 

genes 36 
organization of genes 36 
regulation of synthesis 25-6 
serum half-life of human and 

rodent 34 
inflammation 

acute 228, 231 
amplification and persistence of 

228 
chronic 101-21, 101-211, 155, 

217, 228 
clearance phase 231-40 
control of 240-1 
mast cells in 69-71 
resolution of 227-44 

mechanisms of 240-1 
termination of 228 
vascular permeability in 148-51 

inflammatory cell secretion 231 
inflammatory mediators 

in plasma leakage 150 
increasing vascular permeability 

153-5 
inflammatory response 

basophils in 53-83, 68-9 
early phase 151-2 
late phase 152 
role of mast cells and basophils in 

maintaining 53-83 
inhibitory NANC (iNANC) signalling 

137 
inhibitory NANC responses 137 
inositol trisphosphate (IPs) 171, 172, 

175, 176, 180 
insulin-like growth factor (IGF) 104, 

212 
Insulin-like growth factor-1 (IGF-1) 

216 
intercellular adhesion molecule-1 

(ICAM-1) 60, 88, 196, 
211-14, 229, 230 

intercellular adhesion molecule-2 
(ICAM-2) 230 

interferon 3' (IFNr) 102, 114, 212, 
217, 237 

interferons 111 
interleukin-1 (IL-1) 6, 107-8, 211, 

214, 230 
Interleukin-1 (IL-1) receptor antag- 

onist (IL-1Ra) 229 
Interleukin-lfl (IL-lfl) 237 
interleukin-2 (IL-2) 108, 212 
interleukin-3 (IL-3) 108 
interleukin-4 (IL-4) 39, 108, 211 
interleukin-5 (IL-5) 108-9, 229, 238 
interleukin-6 (IL-6) 109, 211 
interleukin-8 (IL-8) 214-15, 229, 

230 
interleukin-10 (IL-10) 109 
interleukin-12 (IL-12) 109 
interleukin-13 (IL-13) 39, 109-10 

interleukins 14 
intracellullar pathways 106-7 
isoprenaline 188-9 

JAKI kinase 107 

leucocyte function-associated antigen- 
3 (LFA-3) 2 

leucocytoclastic vasculitis 239 
leukocytes, role in increased vascular 

permeability 152-3 
leukotriene B4 (LTB4) 229 
leukotriene C4 (LTC4) 54 
leukotriene D4 (LTD4) 130 
leukotrienes 153 

in asthma 89 
lipid mediators in asthma 89 
lipoxygenase 211 
L-nitroarginine methyl ester (L- 

NAME) 188 
L-nitromonomethyl afginine (L- 

NMMA) 188 
lobar streptococcal pneumonia 

228 
L-selectin (LECAM-1) 26 
lung 

neural networks 123-45 
transition between inflammation 

and fibrosis 209-26 
lung fibrosis see pulmonary fibrosis 
lymphocyte-activated killer (LAK) 

cells 19 
lymphocyte function-associated 

antigen-1 (LFA-1) 214 
lymphocytes 212-13 
lymphoid tissues, SP innvervation 

131-2 

MAC- 1 230 
macrophage-dendritic cell interactions 

8 
macrophage-dendritic cell regulation 

of T cell function(s) in 
inflamed 

lung and airway tissues 8-10 
macrophage inflammatory protein-1 

(MCP-1) 104 
macrophage-neutrophil system 237 
macrophages 212, 228, 230, 234-36, 

236-7, 240-1 
distribution and phenotype 2-3 
functions 6-8 
origin and turnover 4-5 

major basic protein (MBP) 65, 85, 
86, 195-6 

major histocompatibility complex 
(MHC) class II 1 63 

mannitol 196 
MAPTAM 238 
mast cell chymase 127 
mast cell hyperplasia 71 
mast cell mediator release 71 
mast cell mediators and asthma 

pathophysiology 65-6 
mast cell neutral proteases 71 

mast cell products, stimulation of C- 
fibers and tachykinin release by 
130-1 

mast cell-tachykinin interactions 131 
mast cells 213 

activation by tachykinins 129-30 
and cytokines 103 
and fibrosis 70 
as source of cytokines 61-4 
biological properties of cytokines 

63-4 
development 54-5 
heterogeneity 56-8 
in angiogenesis 71 
in disease 64-72 
in inflammation and tissue 

remodelling/repair 69-71 
interactions of 129-31 
late phase inflammatory reactions 

67-8 
mediators and biological effects 

54-5 
newly generated mediators 60-1 
preformed mediators 59-60 
regulation of cytokine production 

62-3 
release of H from 57 
role in initiating and maintaining 

inflammatory responses 53-83 
role in plasma leakage 153 

matrix metalloproteinases (MMPs) 
197, 197-8, 200 

MDCK cells 199 
mediator dissipation 228-29 
methylprednisolone 211 
methylxanthines 157 
microvascular endothelial cells 147 
microvascular permeability, 

restoration of 231 
microvasculature in inflammation 

147-68 
mixed lymphocyte reaction (MLR) 6 
monocyte chemotactic protein-1 

(MCP-1) 229 
monocyte colony-stimulating factor 

(M-CSF) 5 
monocyte emigration 229 
mononuclear phagocytes 104 
Moraxella catarrhalis 4, 5 
mucosal edema in airway obstruction 

150 
mucosal mast cells (MMCs) 56 
mucosal oedema 66 
mucosal protection and injury, role 

of T lymphocytes 13-32 
mucus production 66 
mucus secretion, plasma leakage in 151 
Mycobacterium/eprae 17, 19 
Mycobacterium tuberculosis 17 
Mycoplasma pulmonis 155 
myeloperoxidase 234, 236: . . . .  
myosin-containing filaments 170 
myosin light chain kinase (MLCK) 

179, 180 
myosin P light chains 171 
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NADPH 195 
NADPH oxidase/cytochrome b{u 

} 554 { u I complex 194 
nasal allergic mucosal inflammation 

66-7 
necrosis 232-4 
nedocromil 157 
neural networks, lung 123-45 
neurokinin A (NkA) 124, 170 
neurokinin B (NkB) 124, 170 
neurokinin receptors 126-7 
neurokinin-1 receptors 154 
neuronal (cNOS) immunostaining 

136 
neuropeptide Y (NPY) 131 
neuropeptides, endogenous 157-8 
neutral endopeptidase (NEP) 127, 

128, 135, 136 
neutrophil apoptosis 239 
neutrophil-derived toxic proteins 199 
neutrophil elastase 197 
neutrophil-mediated inflammation 

211 
neutrophils 26-7 213, 227, 228, 

230, 231,234, 238, 240 
apoptotic 236-7 

nitric oxide 124, 136, 170, 189, 195, 
213 

nitric oxide synthases (NOSs) 136, 
188, 189, 213 

immunohistochemical localization 
136-7 

nitrogen oxides 136-8, 192, 195 
airway bioactivities 137-8 
non-neuronal cell-cell signalling 138 

S-nitrosoglutathione 138 
non-adrenergic, non-cholinergic 

(NANC) system 170 
non-steroidal anti-inflammatory drugs 

(NSAIDs) 189 

oxidants 194-5 
ozone 192 

parenchymal fibrosis 211 
passive leak 174 
penicillamine 219 
pepsinogen II 198 
peptide histidine methionine (PHM) 

60 
peptide histidine methionine 

(PHM-27) 133 
peptidoleukotrienes 89 
perennial allergic rhinitis (PAR) 67 
peroxynitrite anion 195 
phagocytosis 234-6 
pharmacomechanical coupling 178-9 
phorbol-12-myristate-13-acetate 

(PMA) 62, 68 
phosphatidlyserine 237 
phosphatidylinositol (PI) 175 
phosphatidylinositol bisphosphate 

(PIP2) 175, 176 
phosphatidylinositol-4- 

monophosphate (PIP) 175 

phosphoinositol metabolism 176 
phosphoinsitide metabolism in ASM 

175 
phospholipase C (PLC) 172 
phytohaemagglutinin (PHA) 7 
plasma leakage 66 

allergen-induced 154 
as 'mucosal defense' 151 
assessed by bronchial lavage 149 
effect of anti-inflammatory drugs 

155-8 
in airway mucosa 150-1 
in airways 148-9 
in asthma 149-50 
in mucus secretion 151 
inflammatory mediators in 150 
neurogenic 154 
role of mast cells in 153 
unknown mechanism 152 

plasmalemmal Ca 2 +-ATPase pump 
177 

Plasmodium chabaudi 45 
platelet-activating factor (PAF) 66, 

87, 90, 153-4 229 
platelet-derived growth factor (PDGF) 

104, 111, 181,212, 215 
platelet-derived growth factor-B 

(PDGF-B) 215, 217, 218 
pneumococcal pneumonia 231 
pneumocytes 

type I 210 
type II 210 

polymerase chain reaction (PCR) 102 
postcapillary venules, gaps in 

endothelium of 151-2 
potassium channels 179-81 
PPT gene products 

anatomic localization 124-5 
and tachykinins 124 

prostaglandin D2 (PGD2) 54, 60-1 
prostaglandin E2 (PGE2) 189 
protein kinase A (PKA) 178-9 
protein kinase C (PKC) 43, 62, 

171-2 181 
protein kinase G (PKG) 179 
protein synthesis 231 
protein tyrosine kinase (PTK) 181 
proteinases 197-9 

cell-derived 198 
environmental exposure to 198-9 

proteins, clearance of 231-2 
proto-oncogene expression 238 
P-selectin 27, 230 
Pseudornonas aeru.~nosa 197 
Pseudornonas cepacia 197 
Pseudotnonas aeruginosa 199 
pulmonary alveolar macrophages 

(PAMs) 2 4 5 7-9 
pulmonary fibrosis 70, 210 

RANTES 229 
receptor-operated channels (ROCs) 

173, 174 
Reiter's disease 232 
relaxation 178-81 

cAMP contributing to 180 
rheumatoid disease 72 
rhinitis, experimental allergen-induced 

67 

seasonal allergic rhinitis (SAR) 67 
sensory nerve-mediated phenomena 

155 
serum-opsonized zymosan (SOZ) 

87 
signal transduction pathways 181 
sodium-calcium exchange 177 
sodium cromoglycate 157 
somatostatin 131 
streptococcal pneumonia 230 
substance P 57, 58, 124-7 129, 131, 

154, 157, 170 
sugar-lectin recognition mechanism 

237 
sulphur dioxide 192 
superficial buffer barrier hypothesis 

177-8 
superoxide 194, 211 
superoxide anions 195 
superoxide dismutase 218 
systemic sclerosis 70-1 

T cell-B cell interactions 40 
T cell functions in inflamed lung and 

airway tissues 8 
T cells 212 
T helper lymphocytes 103 
T lymphocyte antigen receptor (TCR) 

21 
T lymphocyte clonal anergy 21-2 
T lymphocyte-derived cytokines 

13-17 
properties and alternative cell 

sources 14 
T lymphocyte-mediated 

immunosuppression 23 
T lymphocytes 

accumulation at mucosal sites 23-5 
and cytokines 103-4 
and regulation of immunoglobulin 

synthesis 25 
in immune responses 17 
in mucosal protection and injury 

13-32 
mechanisms of differentiation of 

human TH1 and TH2 CD4 18 
role in mucosal protection against 

invading microorganisms 20-1 
role in recruitment of granulocytes 

to mucosal surfaces 26-8 
role of T . I  and TH2 in mucosal 

protection and injury 19-20 
suppression of immune responses at 

mucosal surfaces 21 
tachykinin receptors 128-9 

anatomic and functional sites of 
location 128-9 

structure of 128 
tachykinins 124-32, 154-5 

activation by mast cells 129-3 



INDEX 265 

tachykinins (continued) 
airway responses to 126-7 
and PPT gene products 124 
degradation 127 
inflammatory modulation of 

cleavage 127-8 
interactions of, and immune system 

131-2 
stimulation of release by mast cell 

products 130 
thromboxane 236 
thromboxane A2 (TXA2) 229 
tissue remodelling/repair, mast cells in 

69-71 
Toxoplasma gondii 45 
transforming growth factor a (TGFa) 

103 
transforming growth factor B 

(TGF~) 211,215-16, 
218 

transient T cell receptor (TCR) 
8 

'transmigration' 230 
tumour necrosis factor (TNF) 111, 

214, 230 
tumour necrosis factor a (TNFc~) 6, 

64, 102, 211, 218, 237 

vascular cell adhesion molecule-1 
(VCAM- 1) 64, 88, 105, 108, 
229 

vascular permeability 
in airway inflammation 148-51 
inflammatory mediators increasing 

153-5 
role of leucocytes in 152-3 

vasoactive intestinal peptide (VIP) 
124, 131-3 170 

autoantibodies 135 
cleavage sites 135 
enzymatic regulation of hysiological 

effects 134-5 
gene 133 
inflammatory modulation of 

hydrolysis 135-6 
pulmonary distribution of gene 

products 133-4 
receptors 134 
release of 134 

vasoactive intestinal polypeptide 
(VIP) 60 

very late activation antigen 4 (VLA4) 
229 

voltage-dependent channels (VDCs) 173 



Plate I (a) Visualization of normal human bronchus by fibreoptic bronchoscopy. (b) Corresponding image from a 
patient with mild allergic asthma showing evidence of mucosal inflammation after initiation of a local response 

to allergen. 



Plate II Direct visualization of hydrogen peroxide-induced cellular injury and necrosis in cultured human 
bronchial epithelial cells. (a) Control. (b) After hydrogen peroxide-induced injury, 



Plate III Eosinophils produce an increase in permeability of the bovine bronchial mucosa and detachment of 
columnar epithelial cells. Panel (a) shows bronchial mucosa exposed to unstimulated eosinophils, Panels (b) and 
(c) show bronchial epithelium that had been exposed to ionophore-stimulated eosinophils, Ionophore alone does 

not affect the airway epithelium under these conditions. 



Plate IV (a) External 24 h gamma-camera scintigram of a rabbit which had received intravenous 111In-labelled 
neutrophils 6 h after the bronchoscopic introduction of streptococcal pneumoniae into the right upper lobe. This 

is a major emigration of labelled cells to the lung. (b) In contrast, the 24 h scintigram of a rabbit which had 
received i.v. 1111n-neutrophils 24 h after streptococcal pneumonia instillation shows that neutrophil emigration to 
the lung has ceased. (c) Quantification of rates of neutrophil influx. Right lung uptake of labelled neutrophils as 

% injected dose (well counts). 


