


Antigen Presenting Cells

Edited by

Harald Kropshofer and

Anne B. Vogt



Related Titles

R. A. Meyers (Ed.)

Encyclopedia of Molecular Cell Biology
and Molecular Medicine, 2nd Edition

2005

ISBN 3-527-30542-4

M. Lutz, N. Romani, A. Steinkasserer

Handbook of Dendritic Cells – Biology, Diseases, and Therapy

2006

ISBN 3-527-31109-2

J. R. Kalden, M. Herrmann

Apoptosis and Autoimmunity –
From Mechanisms to Treatments

2003

ISBN 3-527-30442-8

S. H. E. Kaufmann

Novel Vaccination Strategies

2004

ISBN 3-527-30523-8

A. Hamann, B. Engelhardt

Leukocyte Trafficking – Mechanisms,
Therapeutic Targets, and Methods

2005

ISBN 3-527-31228-5



Antigen Presenting Cells

From Mechanisms to Drug Development

Edited by
Harald Kropshofer and Anne B. Vogt



Editors

PD Dr. Harald Kropshofer
Roche Centre for Medical Genomics
Building 86/805
F. Hoffmann-La Roche AG
Grenzacherstr. 124
4070 Basel
Switzerland

Dr. Anne B. Vogt
Roche Centre for Medical Genomics
Building 86/804
F. Hoffmann-La Roche AG
Grenzacherstr. 124
4070 Basel
Switzerland

& All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently
be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available
from the British Library.

Bibliographic information published by
Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication
in the Deutsche Nationalbibliografie; detailed
bibliographic data is available in the Internet at
<http://dnb.ddb.de>.

� 2005 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

All rights reserved (including those of
translation into other languages).
No part of this book may be reproduced
in any form – nor transmitted or translated
into machine language without written
permission from the publishers. Registered
names, trademarks, etc. used in this book,
even when not specifically marked as such,
are not to be considered unprotected by law.

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Typesetting K�hn & Weyh, Satz und Medien,
Freiburg
Printing betz-druck GmbH, Darmstadt
Bookbinding J. Sch�ffer GmbH, Gr�nstadt

ISBN-13: 978-3-527-31108-8
ISBN-10: 3-527-31108-4



V

Preface XV

List of Contributors XIX

List of Abbreviations XXIII

Color Plates XXVII

Part I Antigen Presentation in the Immune System 1

1 Some Old and Some New Findings on Antigen Processing
and Presentation 3
Emil R. Unanue

1.1 Introduction 3

1.2 HEL Processing 4

1.3 Selection of Peptide Segments of HEL 9

1.4 HEL: Conformational Isomers 11

1.4.1 Biology of Type B T Cells 15

1.5 Negative Selection and Peripheral Activation to HEL Peptides 16

1.6 Response to HEL Immunization in the Draining Lymph Node 17

Part II Molecular Mechanisms of Antigen Processing 25

2 Antigen Entry Routes – Where Foreign Invaders Meet
Antigen Presenting Cells 27
Percy A. Knolle

2.1 Introduction 27

2.2 Antigen Entry via the Gastrointestinal Tract 28

2.2.1 Peyer’s Patches 29

2.2.2 Mesenteric Lymph Node 30

2.2.3 Dendritic Cells of the Lamina Propria 31

2.2.4 Pathogens Target Intestinal Antigen Presenting Cells 33

Contents



VI

2.3 Antigen Entry via the Skin 35

2.4 Systemic Dissemination of Antigens/Infectious
Microorganisms 38

2.5 Antigen Presenting Cells in the Liver 39

2.5.1 Dendritic Cells 39

2.5.2 Kupffer Cells 41

2.5.3 Liver Sinusoidal Endothelial Cells 42

2.6 Conclusion 44

3 Antigen Processing in the Context of MHC Class I Molecules 51
Frank Momburg 51

3.1 Tracing the Needle in the Haystack: The Efficiency of Antigen
Processing and Presentation by MHC Class I Molecules 51

3.2 The “Classical” Route: Loading of MHC Class I Molecules With
Peptides Generated in the Cytoplasm 53

3.2.1 Cytosolic Peptide Processing by Proteasomes and other Proteases 53

3.2.1.1 Structure and Function of the Proteasomal Core and Interferon-
induced Subunits 56

3.2.1.2 Targeting Proteins for ATP-dependent Degradation by
26S Proteasomes 56

3.2.1.3 Cleavage Properties of (Immuno)Proteasomes 57

3.2.1.4 Peptide Processing by Nonproteasomal Cytosolic Peptidases 59

3.3 Crossing the Border – Peptide Translocation into the ER by TAP 60

3.3.1 Structure and Function of TAP 60

3.3.2 Substrate Specificity of TAP 62

3.3.3 TAP-independent Peptide Entry into the ER 63

3.4 Fitting in the Best: TAP-associated Peptide Loading Complex
Optimizes MHC-I Peptide Binding 63

3.4.1 Structure of MHC-I Molecules 64

3.4.2 Early Steps in the Maturation of MHC-I Molecules 64

3.4.3 Structure and Molecular Interactions of Tapasin 66

3.4.4 Optimization of Peptide Loading in the TAP-associated Loading
Complex 67

3.5 On the Way Out: MHC-I Antigen Processing along the Secretory
Route 70

3.6 Closing the Circle – Cross-presentation of Endocytosed Antigens by
MHC-I Molecules 73

3.6.1 Phagosome-to-cytosol Pathway of MHC-I Peptide Loading 73

3.6.2 Endolysosomal Pathway of MHC-I Peptide Loading 76

4 Antigen Processing for MHC Class II 89
Anne B. Vogt, Corinne Ploix and Harald Kropshofer

4.1 Introduction 89

4.2 Types of Antigen Presenting Cells 90

Contents



VII

4.2.1 Macrophages, B Lymphocytes and DCs 90

4.2.2 Tissue-resident APCs 91

4.2.3 Maturation State of APCs 92

4.2.3.1 Immature APCs 92

4.2.3.2 Mature APCs 92

4.3 Antigen Uptake by APCs 93

4.3.1 Macropinocytosis 93

4.3.2 Phagocytosis 94

4.3.3 Receptors for Endocytosis 95

4.4 Generation of Antigenic Peptides 97

4.4.1 Reduction of Disulfide Bonds: GILT 97

4.4.2 Regulation of the Proteolytic Milieu 98

4.4.3 Protease/MHC Interplay in Antigen Processing 99

4.5 Assembly of MHC II Molecules 102

4.5.1 Structural Requirements of MHC II 102

4.5.2 Biosynthesis of MHC II 103

4.5.3 Chaperones for Peptide Loading 104

4.5.3.1 HLA-DM/H2-DM 104

4.5.3.2 HLA-DO/H2-DO 107

4.6 Export of MHC II and Organization on the Cell Surface 109

4.6.1 Membrane Microdomains 109

4.6.2 Tubular Transport 112

4.7 Viral and Bacterial Interference 114

4.8 Concluding Remarks 116

5 Antigen Processing and Presentation by CD1 Family Proteins 129
Steven A. Porcelli and D. Branch Moody

5.1 Introduction 129

5.2 CD1 Genes and Classification of CD1 Proteins 129

5.3 Structure and Biosynthesis of CD1 Proteins 130

5.3.1 Three-dimensional (3D) Structures of CD1 Proteins 132

5.3.2 Molecular Features of CD1–Lipid Complexes 133

5.3.3 CD1 Pockets and Portals 135

5.4 Foreign Lipid Antigens Presented by Group 1 CD1 136

5.5 Self Lipid Antigens Presented by CD1 137

5.6 Group 2 CD1-restricted T Cells 138

5.6.1 Antigens Recognized by Group 2 CD1-restricted T Cells 139

5.7 Tissue Distribution of CD1 Proteins 140

5.8 Subcellular Distribution and Intracellular Trafficking of CD1 140

5.8.1 Trafficking and Localization of CD1a 141

5.8.2 Trafficking and Localization of CD1b 141

5.8.3 Trafficking and Localization of CD1c 143

5.8.4 Trafficking and Localization of CD1d 144

5.8.5 Trafficking and Localization of CD1e 145

Contents



5.9 Antigen Uptake, Processing and Loading in the CD1 Pathway 146

5.9.1 Cellular Uptake of CD1-presented Antigens 146

5.9.2 Endosomal Processing of CD1-presented Antigens 147

5.9.3 Accessory Molecules for Endosomal Lipid Loading of CD1 148

5.9.4 Non-endosomal Loading of Lipids onto CD1 Molecules 149

5.10 Conclusions 150

Part III Antigen Presenting Cells’ Ligands Recognized by
T- and Toll-like Receptors 157

6 Naturally Processed Self-peptides of MHC Molecules 159

Harald Kropshofer and Sebastian Spindeldreher

6.1 Introduction 159

6.2 Milestone Events 160

6.2.1 Nomenclature 160

6.2.1.1 Autologous Peptides 160

6.2.1.2 Endogenous Peptides 161

6.2.1.3 Natural Peptides Ex Vivo and In Vitro 161

6.2.2 Extra Electron Density Associated to MHC Molecules 162

6.2.3 Acidic Peptide Elution Approach 163

6.2.4 First Natural Foreign Peptides on MHC Class II 165

6.2.5 First Natural Viral Epitopes on MHC Class I 165

6.2.6 Self-peptide Sequencing on MHC Class I:
the First Anchor Motifs 166

6.2.7 First Murine MHC Class II-associated Self-peptides: Nested Sets 167

6.2.8 First Human MHC Class II-bound Self-peptides:
Hydrophobic Motifs 169

6.3 Progress in Sequence Analysis of Natural Peptides 172

6.3.1 Edman Microsequencing 172

6.3.2 Electrospray Ionization Tandem Mass Spectrometry 173

6.3.3 Automated Tandem Mass Spectrometry 175

6.3.4 MAPPs: MHC-associated Peptide Proteomics 176

6.4 Natural Class II MHC-associated Peptides from
Different Tissues and Cell-types 177

6.4.1 Peripheral Blood Mononuclear Cells 177

6.4.2 Myeloid Dendritic Cells 178

6.4.3 Medullary Thymic Epithelial Cells 179

6.4.4 Splenic APCs 181

6.4.5 Tumor Cells 181

6.4.6 Autoimmunity-related Epithelial Cells 182

6.5 The CLIP Story 183

6.5.1 CLIP in APCs Lacking HLA-DM 184

6.5.2 Flanking Residues and Self-release of CLIP 184

6.5.3 CLIP in Tetraspan Microdomains 185

ContentsVIII



6.5.4 CLIP as an Antagonist of TH1 Cells 188

6.6 Outlook: Natural Peptides as Diagnostic or Therapeutic Tools 189

7 Target Cell Contributions to Cytotoxic T Cell Sensitivity 199

Tatiana Lebdeva, Michael L. Dustin and Yuri Sykulev 199

7.1 Introduction 199

7.2 Intercellular Adhesion Molecule 1 (ICAM-1) 200

7.2.1 Adhesion Molecules on the Surface of APC and Target Cells 200

7.2.2 ICAM-1 Structure and Topology on the Cell Surface 200

7.2.3 ICAM-1 as Co-stimulatory Ligand and Receptor 201

7.2.4 ICAM-1-mediated Signaling 203

7.2.5 Role of ICAM-1 in Endothelial Response to Leukocytes 206

7.2.6 ICAM-1 Association with Lipid Rafts 206

7.3 Major Histocompatability Complex (MHC) 208

7.3.1 MHC Molecules 208

7.3.2 Molecular Associations of MHC-I Molecules 208

7.3.3 Association of MHC-I and ICAM-1 211

7.3.4 Could APC and Target Cells Play an Active Role in Ag
Presentation? 212

7.3.5 Identical pMHCs are Clustered in the Same Microdomain 212

7.3.6 Identical pMHC can be Recruited to the Same Microdomain
During Target Cell–T Cell Interaction 213

7.3.7 Co-clustering of MHC and Accessory Molecules 213

7.3.8 Role of Cytoskeleton 214

7.4 Conclusion 215

8 Stimulation of Antigen Presenting Cells:
from Classical Adjuvants to Toll-like Receptor (TLR) Ligands 221
Martin F. Bachmann and Annette Oxenius

8.1 Synopsis 221

8.2 Pathogen-associated Features that Drive
Efficient Immune Responses 221

8.3 Composition and Function of Adjuvants 222

8.4 TLR Protein Family in Mammals 224

8.4.1 TLR4 226

8.4.2 TLR2 227

8.4.3 TLR5 227

8.4.4 TLR11 228

8.4.5 TLR12 and TLR13 228

8.4.6 Nucleic Acids as PAMPs 228

8.4.6.1 TLR3 228

8.4.6.2 TLR7 and TLR8 229

8.4.6.3 TLR9 229

Contents IX



8.4.7 Compartmentalization of Sensing Renders
the Nucleic Acid PAMPs 229

8.5 TLR Signaling 230

8.5.1 Signal Transduction Across the Membrane 231

8.5.2 MyD88-dependent Pathways 231

8.5.3 MyD88-independent Pathways 232

8.6 TLR-independent Recognition of PAMPs:
Nods, PKR and Dectin-1 233

8.6.1 Nods 233

8.6.2 PKR (IFN-inducible dsRNA-dependent Protein Kinase) 234

8.6.3 Dectin-1 234

8.7 Therapeutic Potential of TLRs and their Ligands 235

8.8 Conclusion 237

Part IV The Repertoire of Antigen Presenting Cells 245

9 Evolution and Diversity of Macrophages 247
Nicholas S. Stoy

9.1 Evolution of Macrophages: Immunity without Antigen
Presentation 247

9.1.1 Introduction 247

9.1.2 Drosophila: a Window into Innate Immunity 247

9.1.3 Evolution of Adaptive Immunity: Macrophages in a New Context 255

9.2 Diversity of Macrophages in Mammalian Tissues 257

9.2.1 Classifying Heterogeneity 257

9.2.2 Phenotypic Manipulations and Transdifferentiations: Routes to and
from Macrophages 258

9.2.3 Function-related �Markers’ in Macrophages and DCs 262

9.2.4 Macrophage Phenotypic Diversity in Response to Microbial
Challenge 266

9.2.5 Interactions between Tissue Microenvironments and Macrophages
Generate Diversity 283

9.2.6 Sequential and Regulatory Changes in Macrophage Phenotypes:
Limiting Pro- and Antiinflammatory Responses 292

9.2.6.1 Pre-TLR and TLR Regulation of Immune Responses 293

9.2.6.2 Signal Transduction in the Regulation of Immune Responses 294

9.2.6.3 Regulation of Immune Responses by Cytokines and other Bioactive
Molecules 299

9.2.6.4 Regulation of Immune Responses by Decoys 300

9.2.6.5 Regulation of Immune Responses by the Adaptive Immune
System 300

9.2.6.6 Regulation of Immune Responses by Apoptosis 301

ContentsX



9.2.6.7 Interaction of Regulatory Mechanisms during Immune
Responses 301

9.2.7 Macrophage Diversity: an Overview 302

10 Macrophages – Balancing Tolerance and Immunity 331
Nicholas S. Stoy 331

10.1 Balancing Tolerance and Immunity 331

10.1.1 Introduction 331

10.1.2 Macrophage Phenotypes: Effects on Immunity and Tolerance 332

10.1.3 Concept of Innate (Peripheral) Tolerance 334

10.1.4 Concept of Adaptive Tolerance 335

10.1.5 Innate Tolerance: Receptors, Responses and Mechanisms 342

10.1.6 Incorporating NK and NT Cells into the Innate Tolerance/Innate
Immunity Paradigm 349

10.1.7 Definitions and Terminology 354

10.2 Ramifications of the Paradigm: Asthma 356

10.3 Ramifications of the Paradigm: Autoimmunity 362

10.4 Summary and Conclusions: Towards Immune System Modeling
and Therapeutics 378

11 Polymorphonuclear Neutrophils as Antigen-presenting Cells 415

Amit R. Ashtekar and Bhaskar Saha

11.1 Introduction 415

11.2 PMN as Antigen-presenting Cells 417

11.2.1 Basic Criteria of an APC for T Cells 417

11.2.2 Acquisition of Antigens 418

11.2.3 Antigen Processing 420

11.2.4 Expression of MHC Class I/II and Co-stimulatory Molecules 424

11.2.5 Delivery of Second Signal 427

11.2.6 Alteration in Cytokine Milieu 430

11.3 Evolution of Newer Thoughts as PMN March to a Newer
Horizon 434

12 Microglia – The Professional Antigen-presenting Cells of the CNS? 441
Monica J. Carson

12.1 Introduction: Microglia and CNS Immune Privilege 441

12.1.1 What are Microglia? 441

12.1.2 Is Immune Privilege Equivalent to Immune Isolation? 442

12.2 Do Microglia Differ from Other Macrophage Populations? 444

12.2.1 Microglia are Likely of Mesodermal Origin 444

12.2.2 Parenchymal Microglia are not the only Myeloid Cells in the CNS 444

12.2.3 In Contrast to other Macrophages, Parenchymal Microglia are not
Readily Replaced by Bone Marrow Stem Cells 444

Contents XI



12.2.4 Microglia Display Stable Differences in Gene Expression that
Distinguish them from Other Macrophage Populations 446

12.2.5 Morphology is not a Reliable Parameter to Differentiate Microglia
from Other Macrophage Populations 447

12.3 To What Extent is Microglial Phenotype Determined by the CNS
Microenvironment? 448

12.4 Microglia versus Macrophages/Dendritic Cells as Professional
Antigen-presenting Cells 449

12.4.1 In vitro and Ex Vivo Assays of Antigen-presentation 449

12.4.2 Culture Conditions can have Profound Effects on Microglia Effector
Functions as Assayed In Vitro 450

12.4.3 In Vivo Assays of Antigen-presentation 451

12.4.4 Antigen-presentation by Microglia is Necessary to Evoke or Sustain
Neuroprotective T Cell Effector Function 451

12.4.5 Why were Microglia Unable to Initiate Protective T Cell
Responses? 453

12.5 TREM-2 Positive Microglia may Represent Subsets Predisposed to
Differentiate into Effective Antigen-presenting Cells 454

12.6 Are Microglia the “Professional Antigen-presenting Cell of the
CNS?” 456

13 Contribution of B Cells to Autoimmune Pathogenesis 461
Thomas D�rner and Peter E. Lipsky

13.1 Introduction 461

13.2 Autoimmunity and Immune Deficiency 463

13.2.1 Basic Mechanisms Providing Diversity to the B Cell Receptor 463

13.2.2 Ig V Gene Usage by B Cells of Healthy Individuals 465

13.2.3 Potential Abnormalities in Molecular Mechanisms Underlying
IgV Gene Usage in Systemic Autoimmune Diseases 465

13.2.4 Lack of Molecular Differences in V(D)J Recombination in Patients
with Systemic Autoimmune Diseases 466

13.2.5 Receptor Editing/Revision and Autoimmunity 467

13.2.6 Selective Influences Shaping the Ig V Gene Repertoire in
Autoimmune Diseases 469

13.2.6.1 IgV Gene Usage by Autoantibodies 469

13.2.7 Role of Somatic Hypermutation in Generating Autoantibodies 470

13.3 Disturbed Homeostasis of Peripheral B Cells in Autoimmune
Diseases 472

13.4 Signal Transduction Pathways in B Cells 473

13.4.1 B Cell Function Results from Balanced Agonistic and
Antagonistic Signals 474

13.4.1.1 Altered B Cell Longevity can Lead to Autoimmunity 474

13.4.1.2 Altered B Cell Activation can Lead to Autoimmunity 476

13.4.1.3 Inhibitory Receptors of B Cells 477

ContentsXII



13.4.1.4 Inhibitory Receptor Pathways and Autoimmunity 480

13.5 B Cell Abnormalities Leading to Rheumatoid Arthritis 482

13.5.1 Activated B Cells may Bridge the Innate and
Adaptive Immune System 483

13.5.2 “Humoral Imprinting” in Rheumatoid Arthritis 484

13.5.3 Indications of Enhanced B Cell Activity in RA 485

13.5.4 T Cell Independent B Cell Activation 486

13.6 Depleting anti-B Cell Therapy as a Novel Therapeutic Strategy 487

14 Dendritic Cells (DCs) in Immunity and Maintenance of Tolerance 503
Magali de Heusch, Guillaume Oldenhove and Muriel Moser

14.1 Introduction 503

14.2 Dendritic Family 503

14.3 DCs at Various Stages of Maturation 504

14.4 Immature DCs 505

14.5 Homing of DCs into Secondary Lymphoid Organs 505

14.6 DCs as Adjuvants 507

14.7 DC Subsets 508

14.7.1 Classical DCs 508

14.7.2 Plasmacytoid DCs 508

14.8 DCs in T Cell Polarization 509

14.9 Tolerogenic DC 510

14.10 Mechanisms of Tolerance 512

14.10.1 Lack of Co-stimulation 512

14.10.2 Peripheral Deletion of Autoreactive T Cells 512

14.10.3 Dynamics of Cellular Contacts 512

14.10.4 Induction of Regulatory T Cells 513

14.11 CD28-B7 Bidirectional Signaling 514

14.12 Crosspriming 515

14.13 Cross-presentation and Cross-tolerization 515

14.14 DC as Regulators of T Cell Recirculation 516

14.15 DC-based Immunotherapy of Cancer 517

14.16 Conclusion 517

15 Thymic Dendritic Cells 523
Kenneth Shortman and Li Wu

15.1 Thymic Dendritic Cells 523

15.2 Localisation and Isolation of Thymic DC 523

15.3 Pickup of Antigens by Thymic DC 524

15.4 Subtypes of Thymic DC 525

15.5 Major Thymic cDC Population 525

15.6 Minor Thymic cDC Population 526

15.7 Thymic pDC 527

15.8 Maturation State and Antigen Processing Capacity of Thymic DC 527

Contents XIII



15.9 Cytokine Production by Thymic DC 528

15.10 DC of the Human Thymus 529

15.11 Turnover Rate and Lifespan of the Thymic DC 530

15.12 Endogenous versus Exogenous Sources of Thymic DC 530

15.13 Lineage Relationship and Differentiation
Pathways of Thymic cDC 531

15.14 Lineage Relationships and Developmental
Pathways of Thymic pDC 532

15.15 Thymic cDC do not Mediate Positive Selection 533

15.16 Thymic cDC and Negative Selection 533

15.17 Role of pDC in the Thymus 535

Part V Antigen Presenting Cell-based Drug Development 539

16 Antigen Presenting Cells as Drug Targets 541
Siquan Sun, Robin Thurmond and Lars Karlsson

16.1 Introduction 541

16.2 Roles of DC in disease 542

16.2.1 Transplantation 542

16.2.2 Autoimmune Diseases 542

16.2.3 Allergy/Asthma 543

16.2.4 Cancer 543

16.3 Marketed Drugs Affecting APC function 544

16.4 New Potential APC Drug Targets 547

16.4.1 APC Activation 547

16.4.2 Antigen Presentation 550

16.4.3 Co-stimulation 553

16.4.4 Cell Adhesion 555

16.4.5 APC Chemotaxis 557

16.4.6 APC Survival 558

16.4.7 Intracellular Signaling 559

16.4.8 APC Depletion 560

16.5 APC per se as Drugs – DC-based Immunotherapy Therapy 561

16.5.1 DC-based Cancer Vaccines 561

16.5.2 Targeting and Activating DC In Vivo 562

16.5.3 DC-based Immunotherapy for Transplantation and
Autoimmune Diseases 563

16.6 Conclusion 564

Glossary 585

Index 599

ContentsXIV



XV

The history of Antigen Presenting Cells (APC) started in the second half of the
19th century when novel staining techniques entered the field of histopathology:
the German pathologist Paul Langerhans was the first to describe irregularly
shaped cells in the epidermis of the skin. These cells displayed long dendritic pro-
cesses, thereby forming an almost continuous meshwork – an ideal feature to cap-
ture pathogens invading the body via the skin. The cells were termed “Langerhans
cells”; however, at the time of their discovery nobody could be aware that Langer-
hans had stained the archetype of an APC that, subsequently, turned out to be key
in triggering an immune response. Almost a century later, in the late 1960s, when
it became immunology textbook knowledge that Langerhans cells contain racket-
like Birbeck granules and can move from the epidermis to regional lymph nodes
as so-called “veiled cells”, APC became a frequently reoccurring term in immuno-
logical journals. In the 1970s and 1980s, pioneering work with macrophages
taught us what almost all APC have in common: they share the capacity to engulf
exogenous antigens, decompose them into proteolytic fragments and present
these peptide fragments on their cell surfaces bound to molecules of the major
histocompatibility complex (MHC). The last 15 years of research on APC has
been governed, on the one hand, by the elucidation of the molecular mechanisms
of antigen processing, e.g., which molecules decide which antigenic peptides
become immunodominant in triggering T lymphocytes, and, on the other hand,
by exploring which role APC play in tolerance induction against self versus auto-
immunity.

In Antigen Presenting Cells, the principal investigators in the field present the
development of central principles in the regulation of immunity versus tolerance,
as accomplished through the activity of APC. E. Unanue, one of the pioneers in
antigen processing, describes how APC may contribute to the diversity of T cell
responses against a given T cell epitope (Chapter 1). P. Knolle focuses on liver
sinusoidal epithelial cells and their capacity to induce tolerance against antigens
entering the body via the oral route (Chapter 2). Contributions by F. Momburg
(Chapter 3) and A. Vogt (Chapter 4) give updates on MHC class I and class II pro-
cessing pathways, respectively; in particular, they discuss accessory molecules
explored during the last decade. S. Porcelli and D. B. Moody provide us with state-
of-the-art knowledge on presentation of lipid antigens by non-MHC molecules of
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XVI

the CD1 family (Chapter 5). H. Kropshofer and S. Spindeldreher give an overview
of progress in the identification of naturally processed self-peptide antigens that
are essential for the maintenance of a self-tolerant T cell repertoire (Chapter 6). In
Chapter 7, M. Dustin and colleagues collected evidence on how the spatial organi-
sation of key surface receptors on APC contribute to cytotoxic T cell activation.
Chapter 8 by M. Bachmann and A. Oxenius highlight the more recent seminal
discovery of Toll-like receptors that link innate and adaptive immune system func-
tions, in particular through the expression on dendritic cells and macrophages.
Two chapters by N. Stoy discuss the multiple roles that macrophages play in the
maintenance of health or the induction of diseases (Chapters 9 and 10). Three
other types of APC frequently implicated in diseases mediated by the immune
system are polymorphonuclear neutrophils, microglial cells and B cells. Their sig-
nificance in functioning as professional APC and their contribution to disease
pathogenesis are outlined in Chapters 11–13 by B. Saha and A.R. Ashtekar,
M. Carson and T. D�rner and P. E. Lipsky, respectively. M. Moser and colleagues
and K. Shortman and L. Wu summarize recent progress in our understanding of
how peripheral or thymic dendritic cells are principal inducers of self-tolerance
(Chapters 14 and 15). Finally, L. Karlsson and colleagues discuss, from a pharma-
ceutical viewpoint, current options to exploit APC as drug targets in attempts to
treat autoimmunity or cancer (Chapter 16).

Processing and presentation of antigens are central to the initiation of adaptive
immune responses. Future therapeutics to control immune responses will come
from a deeper understanding of the molecular details involved in antigen process-
ing. In autoimmunity, a major goal can be to interfere with the proteolytic
machinery that generates autoepitopes in dendritic cells or B cells. Targeting the
B cell surface marker CD20 with monoclonal antibodies in rheumatoid arthritis is
another example underlining the potential importance of APC in the design of
new therapeutic approaches to control autoimmune diseases. New vaccine strate-
gies for the treatment of infectious diseases and tumors will also rely on our com-
bined knowledge about the functioning of APC. Breakage of tolerance imposed by
dendritic cells, identification of appropriate tumor peptides presented on APC or
the activation of dendritic cells by novel adjuvants through Toll-like receptors,
thereby enhancing the presentation of tumor-associated antigens, could lead to
successful immunotherapy of tumors. Achieving these goals in clinical trials
should become reality. The fundamental work of our colleagues presented in this
book will help to pave the way towards novel therapeutics and individualized
health care.

Basel, April 2005 H. Kropshofer
A.B. Vogt

Pharmaceutical Research
F. Hoffmann La Roche Ltd
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AC Adenylate cyclase
ADC Arginine decarboxylase
AI Arginase I
AL Argininosuccinate lyase
AM Alveolar macrophage
AMP Anti-microbial peptide
AP-1 Activator protein-1
AS Argininosuccinate synthase
BMP Bone morphogenetic protein
Bsk Basket (Drosophila)
C/EPB CCAAT/enhancer binding protein
cAMP Adenosine 3¢,5¢-cyclic monophosphate
CAT Cationic amino acid transporter
CBP CREB-binding protein
CK2 Casein kinase 2
COX Cyclooxygenase
CREB cAMP response element binding protein
CRP C-reactive protein
Dach1 Dachshund protein (currently known to suppressor Smads in

some cells)
DAP12 Adaptor protein of 12kDA (adaptor for TREM2)
DC-LAMP DC-lysosomal-associated membrane protein
DC-SIGN DC-specific ICAM-3-grabbing nonintegrin
DEC-205 DC receptor comprising decalectin with 10 contiguous, C-type

lectin domains; homologous to the macrophage mannose receptor
(MR)

DIF Dorsal-related immune factor
Dome Domeless (Drosophila)
DREDD A death domain-containing Drosophila homolog of caspase 8
EAE Experimental autoimmune (allergic) encephalomyelitis
EIF2a Eukaryotic translation initiation factor 2a
ELAM-1 Endothelial leukocyte adhesion molecule-1

XXIII

List of Abbreviations



EP E-prostanoid (PGE2) receptor
EPAC1 Exchange protein activated by cAMP 1
ERK Extracellular signal-regulated kinase
ET-1 Endothelin-1
FADD Fas-associated protein with death domain
FAN Factor associated with neutral sphingomyelinase activation
FIZZ A chitinase marker of alternative macrophage activation
GAS c-activated sequences
GCN2K General control non-derepressible-2 kinase
G-CSF Granulocyte colony-stimulating factor
GM-CSF Granulocyte-macrophage colony-stimulating factor
HDAC Histone deacetylase
HMGB1 High-mobility group box 1 protein
Hop Hopscotch (Drosophila)
HSC Hepatic stellate cell
HSP Heat shock protein
ICE IL-1b-converting enzyme (caspase-1)
ICER Inducible cAMP early repressor
IDO Indoleamine 2,3-dioxygenase
IFRL Innate functional response linkage
IKKc IkB kinase c
IL-18BP IL-18-binding protein
IL-1Ra IL-1 receptor antagonist
iNOS Inducible nitric oxide synthase
IRF Interferon regulatory factor
ISG Interferon-stimulated gene
ISGF3 A complex comprising STAT1, STAT2 and IRF-9
ISRE IFN-a/b-stimulated response element
Jak Janus kinase
JNK c-Jun N-terminal kinase
KC Kupffer cell
LAM Lipoarabinomannan
LBP Lipopolysaccharide binding protein
LC Langerhans cell
LLO Listeriolysin O
LPS Lpopolysaccharide
Mal/TIRAP MyD88 adaptor-like/TIR domain-containing adaptor protein
MAM Microbial-associated molecule
ManLAM Mannosylated (mannose-capped) lipoarabinomannan
MAPK Mitogen-activated protein kinase
MBL Mannose-binding lectin
MCP Monocyte chemoattractant protein
M-CSF Macrophage colony-stimulating factor
MD-2 Myeloid differential protein-2
MDL-1 Myeloid DAP12-associating lectin-1
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MEK Mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase

MEKK3 Mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase kinase 3

MGL Macrophage galactose-type C-type lectin
MIG Monokine induced by IFN-gamma
MIP Macrophage Inflammatory Protein
MKP-1 Mitogen-activated protein kinase phosphatase-1
MMP Matrix metalloproteinase
MMRR Microbial molecular recognition receptor
MR Mannose receptor
MSK1 Mitogen and stress-activated protein kinase 1
MTB Mycobacterium tuberculosis
MyD88 Myeloid differentiation primary-response protein 88
NEMO Nuclear factor-kB essential modulator (IKKc)
NF-kB Nuclear factor-kB
NO Nitric oxide
NOD mouse Non-obese diabetic mouse
NOD1/2 NOD-LRRs 1/2: nucleotide-binding oligomerization domain-

leucine-rich repeats 1 and 2
NOHA NG-hydroxy-L-arginine
OAT Ornithine acetyltransferase
ODC Ornithine decarboxylase
OVA Ovalbumin
P5C Pyrroline-5-carboxylate
PACAP Pituitary adenylate cyclase-activating polypeptide
PAMP Pathogen-associated molecular pattern
PAMP Pathogen-associated molecular pattern (see also MMAR)
PDE Phosphodiesterase
PG Peptidoglycan
PGRP Peptidoglycan recognition protein
PI3K Phosphoinositide 3-kinase
PKA Protein kinase A
PRR Pattern recognition receptor
Puc Puckered (Drosophila)
RAGE Receptor for advanced glycation end-products
RANK(L) Receptor activator of NF-kB
RANTES Regulated on activation, normal T cell-expressed and secreted

protein (CCL5)
RIP Receptor-interacting protein
S2 Steiner 2 cells (Drosophila)
SCID Severe combined immunodeficiency
SHP2 Src homology 2 domain-containing protein-tyrosine phosphatase-2

(PTPN11)
SOCS Suppressors of cytokine signaling
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STAT Signal transducer and activator of transcription
TAK1 Transforming growth factor-b-activated kinase
TAM Tumor-associated macrophage
TGF-b Transforming growth factor-b
TICAM1 (also called TRIF)
TICAM2 TICAM1 bridging adaptor
TIMP Tissue inhibitor of matrix metalloproteinase
TIMP Tissue inhibitor of metalloproteinase
TIR Toll-IL-1 receptor
Tollip Toll-interacting protein
TORC1 Target of rapamycin complex 1
TotA Turandot A (Drosophila)
TRADD TNF-receptor-associated death domain
TRAF TNF receptor-associated factor
TRAP Tartrate-resistant acid phosphatase
TREM Triggering receptor expressed on myeloid cells
TRIF Toll-IL-1 receptor homology domain-containing adaptor inducing

interferon-b (also called TICAM-1)
Upd Unpaired
VCAM-1 Vascular cell adhesion molecule-1
VEGF Vascular endothelial growth factor
VIP Vasoactive intestinal peptide
Ym1 A chitinase marker of alternative macrophage activation
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Color Plates

Figure 2.1 Outline of the conventional view
that antigens are in peripheral tissue by
dendritic cells and are transported by migra-
tory dendritic cells to the lymph node where
interaction with naive T lymphocytes occurs.

Initial contact of antigens or pathogens
in these peripheral microenvironments
is believed to determine the functional
outcome of ensuing immune responses.
(This figure also appears on page 28.)
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Figure 2.2 Recent work has provided evi-
dence that dendritic cells reach via dendritic
extensions, e.g. transepithelial dendritis in
the gut, the outside world and directly
sample antigens as well as microorganisms.
Moreover, antigens that have reached
peripheral tissue may directly gain access to
lymph nodes, via defined anatomic struc-
tures, and in the lymph node interact with a,
presumably, resident dendritic cell

population. Bypassing peripheral antigen
sampling migratory dendritic cells it remains
an open question how specific information
about the need for induction of immune
responses is transferred to the lymph node,
or whether this pathway is uniquely used
for induction of immune tolerance towards
tissue-autoantigens.
(This figure also appears on page 32.)



XXIXColor Plates

Figure 2.3 Antigens and pathogens may
breach physical barriers and escape local
immune control by migratory antigen pre-
senting cells and disseminate in the entire
organisms via the blood stream. Once sys-
temically distributed, antigens and patho-
gens come in contact with antigen present-
ing cells in the spleen and liver.

Within the liver a unique population of
organ-resident antigen presenting cells, the
liver sinusoidal endothelial cells, shape
together with Kupffer cells and immature
hepatic dendritic cells the immune response
towards blood-borne antigens.
(This figure also appears on page 40.)
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Figure 3.1 Classical pathway of MHC-I anti-
gen processing. 26S proteasomes degrade
cytosolic proteins tagged by multiubiquitin
chains into peptides of 3–25 amino acids.
The C termini of final MHC-I ligands are
mostly generated by the proteasomal cut. In
the presence of interferon-c, the proteolyti-
cally active b subunits of the constitutively
expressed 20S core complex are replaced by
the respective immunoproteasome subunits
b1i, b2i and b5i, which entail an altered pro-
teasomal cleavage specificity. Also, the con-
stitutively expressed ATP-dependent PA700
regulator complex can be replaced by the
interferon-induced PA28 regulator complex.
Through the endopeptidase activity of cyto-
solic tripeptidyl peptidase II (TPP-II) larger
proteasomal products (>16 residues) can be
processed into MHC-I-binding peptides,
while thimet oligopeptidase (TOP) produces
fragments that are too small for subsequent
TAP transport and MHC-I binding. Cytosolic
aminopeptidases, e.g., TPP-II, leucine amino-
peptidase (LAP), puromycin-sensitive amino-
peptidase (PSA), and bleomycin hydrolase
(BH), can trim N-terminal amino acids
before ER translocation by TAP. Cytosolic
chaperones such as TRiC may protect pep-
tides from rapid hydrolysis. The transporter
associated with antigen processing (TAP)
transports peptides of 8–16 amino acids in
an ATP-dependent fashion. Subunits TAP1
and TAP2 undergo conformational changes
upon peptide binding, upon ATP binding to
the nucleotide binding domains, and upon
ATP hydrolysis that is linked to substrate
release into the ER lumen. N-terminally
extended variants of final MHC-I-binding
ligands are subjected to trimming by the ER-
resident aminopeptidase ERAP1, and poten-
tially also by ERAP2/L-RAP. Peptides can
bind to ER-resident chaperones such as gp96
or PDI and are removed from the ER through
the Sec61 channel. Peptides of 8–10 amino
acids are loaded onto MHC class I heavy
chain (HC)/ b2-microglobulin (b2m) dimers

that are tethered to TAP by means of the
dedicated chaperone tapasin. Tapasin also
recruits the oxidoreductase ERp57, which
might isomerize the MHC-I a2 domain
disulfide bridge during peptide loading.
Together with the lectin-like chaperone
calreticulin (CRT), these components form
the peptide-loading complex (PLC). Tapasin
seems to retain MHC-I in a peptide-receptive
conformation and its editing function results
in an optimized affinity of MHC-I ligands
and improved stability of cell surface HC/
b2m/peptide complexes. Tapasin also
stabilizes TAP heterodimers by virtue of its
transmembrane domain. Intermediate TAP
complexes contain tapasin, ERp57 and
calnexin but interaction modalities have not
been defined. After biosynthesis MHC-I HC
assemble first with the chaperones BiP and
calnexin (CNX). ERp57 is also present in
early HC complexes with calnexin. Following
binding of b2m to HC, CNX is exchanged by
CRT that binds to the a1 domain N-glycan of
MHC-I HC in the monoglucosylated form.
Intermediate MHC-I complexes, shown in
brackets, are also able to bind peptides.
Tapasin-independent allelic MHC-I
molecules are not, or are only poorly,
detectable in the PLC, but are regularly
loaded with peptides. Successfully loaded
MHC-I molecules are released from the PLC
and exit the ER in cargo vesicles. The cargo
receptor Bap31 is involved ER egress of
peptide-loaded MHC-I. Tapasin-mediated
recycling of MHC-I molecules from the cis-
Golgi has been reported. HC/b2m/peptide
complexes traffick through the Golgi
apparatus, where N-glycans are modified,
and the trans-Golgi network (TGN) to the
plasma membrane. In the TGN, the
endopeptidase furin can contribute to
antigen processing. HC/b2m/peptide
complexes displayed on the cell surface of
antigen presenting cells (APC) are
recognized by antigen-specific T cell
receptors together with CD8.
(This figure also appears on page 54.)
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Figure 4.1 MHC II antigen processing pathway. (This figure also appears on page 94.)

Figure 5.1 Structures of CD1 antigen bind-
ing grooves. Antigen binding grooves of CD1
proteins vary in size, architecture and ligand
specificity. (A) The crystal structure of
human CD1b bound to phosphatidylinositol
shows that the two alkyl chains of the anti-
gen are inserted into the A¢ and C¢ pockets,
and the inositol moiety protrudes from the
groove so that it can contact T cell antigen
receptors [30]. (B) The grooves of CD1

proteins are composed of two or more
discrete pockets. A schematic of the CD1b
groove shows how it is divided into four
pockets (named A¢, C¢, F¢ and T¢), and
illustrates the two portals located at the top
of the F¢ pocket and the bottom of the C¢
pocket. The smaller mCD1d groove has two
pockets and only one portal.
(This figure also appears on page 133.)
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Figure 6.3 Computer modeling of the HLA-
DR1:SP3 self-peptide complex. According to
the X-ray crystal structure of the HLA-DR1
molecule, the self-peptide SP3 can bind into
the peptide binding cleft in two different reg-
isters: either F-5 binds into the P1 pocket
(upper panel) or I-2 (lower panel). The latter

option foresees the hydrophobic residues L-3
and F-11 pointing towards the hydrophilic
outer milieu, which is energetically
disfavored. (Kindly provided by L. Mozyak,
Harvard University, Boston, USA.)
(This figure also appears on page 171.)
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Figure 7.1 Productive engagement of
ICAM-1 activates several signaling pathways.
ICAM-1 cross-linking with multivalent
ligands (such as fibrinogen) results in
ICAM-1 recruitment to lipid rafts and phos-
phorylation of both ICAM-1 (at Y485) and
SHP-2, Src homology 2 domain (SH2)-con-
taining tyrosine phosphatase (Pluskota et al.,
2000). SHP-2 recruitment to rafts is usually
mediated by high levels of membrane
cholesterol and interaction with annexin II,
Ca2+-dependent phospholipid-binding

protein (Burkart et al., 2003). SHP-2 contains
two N-terminal SH2 domains, catalytic
domain (C) and a short C-terminal tail. Even
though pY485 containing amino acid
sequence does not resemble ITIM (immune
receptor tyrosine-based inhibitory motif)
consensus motif, association of SHP-2 and
phosphorylated ICAM-1 occurs via SH2
domain of SHP-2. ICAM-1 is associated with
SHP-2 on endothelial cells, Raji B cell line
and human kidney fibroblast line 293
(Pluskota et al., 2000). Along with its
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enzymatic activity, SHP-2 serves as adaptor
molecule; being phosphorylated, it interacts
with Grb2 (growth factor receptor binding
protein 2) and via its connection with SOS
(guanidine exchange factor for Ras) can
activate Ras, small G-protein. Both signaling
through the phosphatase catalytic domain of
SHP-2 and signaling through Ras are
necessary for activation of mitogen-activated
protein kinase (MAPK). The activated Ras
associates with the serine/threonine kinase
Raf. Ras is localized to the plasma
membrane due to its prenylation, while Raf
is recruited to membrane by association
with Ras. Its localization at the membrane
results in activation and subsequent
phosphorylation of the dual specific
MAPK–ERK kinase (MEK) that, in turn,
phosphorylates ERK (extracellular signal
regulated kinase) on both tyrosine (pY) and
threonine (pT) residues. Phosphorylated ERK
dimerizes and exposes a signal peptide that
mediates its transfer to the nucleus. Inside
the nucleus ERK phosphorylates p62TCF
(ternary complex factor) that then associates
with p67SRF (serum response factor) to
form active transcription factor complex to
promote transcription of c-fos gene. Initially
it was found that ICAM-1-SHP-2 interactions
are necessary for cellular survival, but they
are implicated in regulation of cytokines and
growth factors expression during cell
proliferation and differentiation as well as in
upregulation of some membrane proteins,
including immune receptors. Another signal
transduction route activated upon ICAM-1
engagement is associated with activation of
RhoA-family G-proteins (Etienne et al., 1998;
Thompson et al., 2002) that activates
downstream Abl tyrosine kinase capable of
autophosphorylation. Abl initially
phosphorylates Crk-accosiated substrate,
CAS, at a single tyrosine residue (1) and at
the same time binds to SH2 domain of

adaptor protein Crk (CT10 regulator of
kinase), contributing to additional
phosphorylation of tyrosine residues of
p130CAS (2). The Crk-based scaffold also
provides a binding site for C3G, guanidine
exchange factor protein. Assembly of Crk,
p130CAS and C3G (Etienne et al., 1998)
leads to activation of JNK (c-jun N-terminal
kinase) that, similar to ERK, can translocate
to nucleus and induce transcription of c-jun
gene. C-Fos and c-Jun proteins together form
activator protein complex-1 (AP-1), which
controls expression of cytokines and genes
encoding other proteins, ICAM-1 and VCAM-
1, in particular (Koyama et al., 1996; Lawson
et al., 1999; Poudrier and Owens, 1994; Sano
et al., 1998). ICAM-1 molecules lacking the
intracellular domain can not activate Rho
proteins upon cross-linking (Greenwood et
al., 2003). ICAM-1-associated signaling is
not limited to the above pathways.
Engagement of ICAM-1 also induces
activation of Src-family kinases, in particular,
p53Lyn upstream PLCc. This cascade is
responsible for Ca2+ influx and
phosphorylation of cortactin p85 and other
actin-associated proteins involved in
cytoskeletal rearrangement (Etienne-
Manneville et al., 2000). Src-family kinase
pathway is also implicated in activation of
p38 MAPK via ezrin phosphorylation and is
responsible for generation of reactive oxygen
species and nitric oxide (Wang and
Doerschuk, 2001; Wang et al., 2003),
suggesting an ICAM-1 role in mediating
inflammation. The ability of ICAM-1 to
induce various cell responses could depend
on the nature of its ligand, cell type, ICAM-1
expression level and molecular distribution
on the cell surface, suggesting that ICAM-1
mediated signaling is involved in modulation
of immune response by a wide spectrum of
various effects.
(This figure also appears on page 204.)
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Figure 8.2 TLR signaling cascades. (This figure also appears on page 231.)
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Figure 13.3 Molecular mechanisms involved in the generation
of IgV variability leading to the diversity of the BCR as well as
secreted Ig. (This figure also appears on page 464.)

Figure 13.6 Activation and inhibitory markers on B cells and their signaling pathways
involved (for further details see text). (This figure also appears on page 473.)
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Figure 16.1 Mechanisms of action of marketed drugs affecting
functions of APC. (This figure also appears on page 544.)
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Figure 16.2 New potential APC drug targets. (This figure also appears on page 548.)
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Antigen Presentation in the Immune System





1
Some Old and Some New Findings on Antigen Processing
and Presentation
Emil R. Unanue

1.1
Introduction

This chapter summarizes our investigations on antigen processing and presenta-
tion using the model protein antigen hen-egg white lysozyme (HEL). It covers
mostly the work from our laboratory and does not contain a comprehensive analy-
sis of the work of others, who are credited in the original papers and reviews from
the laboratory. This chapter is based on recent ones on the same topic [1, 2].

Our research for many years has centered on the symbiotic relationship be-
tween the phagocyte or antigen presenting cell (APC) system and the T cells.
Using HEL has several advantages for studying antigen processing by the class II-
MHC molecules, which has been our central focus: first, HEL is one of the best
studied proteins at a biochemical level; second it is a strong antigen for many
strains of mice (we use the strains bearing the k haplotype, and have examined,
particularly, I-Ak molecules, referred to here as Ak); and, third, it has been exten-
sively analyzed immunologically [3–5].

Our initial studies on antigen processing analyzed for the first time how phago-
cytes handled an antigen that was recognized by CD4 T cells. We first examined
the bacterium Listeria monocytogenes in short-term interactions between T cells
and peritoneal macrophages containing Listeria. It was established that antigen
recognition by T cells required an APC, which needed to internalize the antigen
(Listeria) into acidic vesicles, after which an epitope was presented on its cell sur-
face [6, 7]. This peptide associated with an MHC molecule allowed T cells to bind
to the macrophage.

Biochemical analysis of processing was extended using HEL, leading to several
fundamental observations. Early studies [5] and those of Grey’s laboratory using
ovalbumin [8] were the two systems that defined the basic parameters of antigen
processing using purified proteins. These early studies went against the long-
standing paradigm that protein antigens were recognized before catabolism by the
host (which is what happens with the B cell, as we now understand, but not with the
T cell system, reviewed in Ref. 1). Moreover, the finding that antigen was immuno-
genic onlywhen associatedwith, presented by, phagocytic cells was unexpected [9].

3



1 Some Old and Some New Findings on Antigen Processing and Presentation

1.2
HEL Processing

HEL is processed by APC, and suffers denaturation and unfolding. Peptides of
HEL or unfolded HEL can bind to the class II MHC molecules, in our case to Ak
molecules. In fact, the interaction of Ak molecules with the chemically dominant
peptide of HEL, that found in the trypsin fragment from residues 46-61, was the
first direct documentation that MHC molecules were peptide-binding molecules
[10, 11]. It was also demonstrated that the MHC molecules bind to autologous
peptides, and do not make the self–non-self discrimination [11]. Progress made in
understanding the biochemistry and biology of antigen processing led into a par-
allel examination of how autologous proteins were presented in autoimmunity.

In APC, HEL needs to be taken into a deep vesicular compartment to be
unfolded and processed [12]. With HEL the evidence points to its reduction fol-
lowed by the selection and assembly of the various peptide segments by the Ak
molecules, with the catalytic help of the H-2 DM molecules (referred as DM) in
such a deep vesicular compartment. To test this scenario, HEL was encapsulated
in liposomes of different chemical compositions. These liposomes would release
their content in either deep, highly acidic, vesicles, or in recycling, lightly acidic,
vesicles: very strong presentation took place when the peptides were encapsulated
in liposomes made of phosphatidylcholine and phosphatidylserine that were dis-
rupted, releasing their cargo, only in a late, highly acidic vesicle – see the next sec-
tion [13–15]. References 16 and 17 discuss the importance of protein reduction. In
toto, our findings, both in macrophages and dendritic cells (DC), and those of
other investigators, indicate that the assembly site of the peptide-MHC complex is
an endocytic vesicle that receives newly synthesized Ak molecules bound to the
invariant chain, and that also contains the auxiliary molecules DM.

As a result of processing, several peptides are selected and displayed on Ak mol-
ecules; all the Ak-bound HEL peptides were identified by combinations of cellular,
immunological and biochemical analysis. Table 1.1 summarizes the characteris-
tics of HEL peptides presented by the class II MHC molecules [18–22]. As can be
noted, the selection of peptides by Ak is dominated by one family centered on the
52-60 segment and which can occupy up to 10% of the bound peptides. As dis-
cussed below, the 52-60 segment is flanked, usually by four residues on the amino
side and two on the carboxy-end.

Ak bound peptides were examined by electrospray tandem mass spectrometry
(MS), including sequence analysis of the peptide mixture (Figure 1.1). Although
peptides bound to MHC were first isolated and their general features established
by bulk sequencing [23], MS is now the best approach for chemically isolating and
characterizing MHC-bound peptides – an approach strongly emphasized by
Donald Hunt, see Refs. 24–26. (Our MS operation is run by our colleague Michael
Gross and his staff in our Department of Chemistry.) For chemical analysis we
mostly used the C3F.6 B lymphoma line, a variant of the M12 line transfected
with the alpha and beta chains of Ak molecules. Chemical analysis was
facilitated by examining lines transfected with a membrane form of HEL. These
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Table 1.1 Major peptides of HEL presented by Ak molecules.a

Binding
IC-50 (mM)

Amounts
(106pmol)

48-63 = D G S T D Y G I L Q I N S R WW 0.04 404

31-47 = A A K F E S N F N T Q A T N R N T 0.9 7

20-35 = Y R G Y S L G NW V C A A K F E 1.4 2

114-129 = R C K G T D V Q AW I R G C R L 5.0 <1

a) Indicated are the four major families of peptides selected by A
k
of APC. Core

sequences are underlined. Flanking residues most frequently identified are
indicated. MHC contact residues are in bold. Binding was done using purified
A
k
molecules obtained from recombinant baculovirus. Amounts were esti-

mated by ELISA assays using monoclonal antibodies. The main anchor residue
of 48-63 is Asp 52. In 31-47 and 20-35, it is the asparagines at P4. Peptide 114-
129 has the aspartic acid at P1 as the main anchor, but it contains hindering
residues at P7 and P9.

lines handled HEL identically, as if the soluble protein had been offered as an exo-
genous protein. The lines have the advantage that the mHEL gene can be
mutated, allowing different residues in peptide selection and presentation to be

5

Figure 1.1 Peptides were isolated from Ak molecules of the C3.F6 APC line.
(A) cultured with HEL; (B) cultured with HEL. Note the many peaks of autologous
peptides in both parts; and the prominent peak of the chemically dominant 48-62
peptide in (B). (From Ref. 21, with permission.)
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evaluated. Peptides were also analyzed from the standard APC of HEL transgenic
mice with identical results.

Our studies were facilitated by using monoclonal antibodies to peptides or to
peptide–MHC complexes as capture reagents. We used monoclonal antibodies
against the main core segment of the MHC-bound peptides of HEL [20–22], or to
specific peptide-MHC complexes [27]. An important first use of these reagents
was to quantitate the amounts of peptide bound to Ak using ELISA techniques
[28]: bound peptides were released from the isolated Ak molecules from APC and
their amounts were estimated by ELISA, by inhibition assays using standards of
peptides. Figure 1.2 shows an example of quantitating one of the minor peptides
from HEL. This allowed us for the first time to estimate the exact amounts dis-
played by APC of the various peptides. A second use was as an antigen capture
device for the identification of peptides. Peptides released from the class II mole-
cules were bound to the antibodies attached to Sepharose particles and then
released into the MS [op. cit.].

Most class II MHC-bound peptides are presented as families having a core
nine amino acid segment plus flanking residues that vary both at the amino and
carboxy termini. The peptides vary from 14 up to 20+ residues long [1, 20–22, 24–
26]. The variation in length of flanking residues determines the number of pep-
tides in a family. The “core” segment is responsible for the specificity of the inter-
action: usually amino acid side chains of the peptide stretched in the binding
groove establish contact with four or five pocket sites, an issue well established by
the X-ray crystal structure of several peptide-class II MHC complexes [29–37].
Depending on the particular MHC genotype, peptides are selected that contain
favorable motifs for interaction. Flanking residues contribute to binding energy
by adding to the conservative interactions between the main chain of the peptide
and the surrounding hydrogen network (reviewed in Ref. 29).

The peptide segment selected by, and bound to Ak molecules, is protected from
catabolism, an issue first shown by Paul Allen [38; see also 39]. Indeed the 48-62-
Ak complex was highly resistant to proteolytic enzymes, and was also resistant to
SDS denaturation (in SDS-PAGE examinations) [40] (Figure 1.3). But the MHC-
bound peptide can be subjected to amino and carboxypeptidases that trim the
overhanging portions close to the class II combining site. Notably, the naturally
selected peptides containing amino terminal prolines are the longest bound to
MHC molecules [41]. Prolines, because of the structure of their peptide bonds
formed by their amino group, block exopeptidases. We examined this issue
directly by making mutations in the HEL molecules at the sites flanking the 48-62
segment [42]. Most of the 52-60 family have four flanking residues on the amino
terminus starting at amino acid 48 (Table 1.1); by placing a proline at 48, which is
P-4, the resulting peptide bound to Ak was extended by one or two residues. The
nature of the aminopeptidase has not been determined.

6
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Figure 1.2 Quantitation of the 31-47 family
of HEL peptide using specific anti-peptide
monoclonal antibodies. (A) Actual results
with the anti-31-47 antibody binding to the
peptide attached to the plate in the presence

of increasing amounts of soluble peptide as
a competitor. (B) Calibration isotherm from
which the amounts of peptide in the test
samples (arrow) can be determined (C).
(From Ref. 20, with permission.)
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Figure 1.3 Binding features of the chemically
dominant peptide 48-61 (i. e., (–s–)) and
the minor peptide 31-47. (A) The inhibitory
curve when purified Ak molecules are bound
to a standard radioactive peptide. Each curve
indicates the amounts bound in the presence
of unlabeled peptide; a standard unlabeled,
and the two HEL peptides. 48-61 is a strong

binding peptide as evidenced by the
amounts required to inhibit by 50%,
which are much less than those required
from 31-47. (B) Indication that the complex
of 48-61 with Ak is SDS-resistant, whereas
that with 31-47 readily dissociates. (From
Ref. 20, with permission.)
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1.3
Selection of Peptide Segments of HEL

The chemically dominant HEL peptide epitope is that having the 52-60 residues
as a core segment (Table 1.1): DYGILQINS. The family usually encompasses pep-
tide starting at residue 48 and ending with one or two tryptophans at residues 62
or 63 (in about equal amounts). This family is the chemically dominant family
selected during processing (Figure 1.1). The main interaction responsible for
binding involves the aspartic acid at P1, residue 52, which establishes an ion pair
with residue arginine 62 in the alpha chain that forms the base of the pocket 1
[19, 34]. An indication of the importance of the P1 interaction is that a peptide
made only of alanines, except for an acidic residue for P1, will bind as strongly as
48-62 to Ak molecules [19]. Similar results were obtained by Jardetzky, Wiley and
colleagues: a peptide made of alanines, except for a tyrosine at P1 was responsible
for binding to HLA DR2 molecules [43]. For the HEL 48-62 family, the other
MHC-contact amino acids, at P4, P6, P7 and P9, did not contribute much binding
energy, provided the strong driving interaction was at P1.

Importantly, changes in the Arg 62 to alanine of the alpha-k molecules, or the
HEL 52 residue also to alanine, abolished the extensive selection of this peptide
family during processing. Thus, the high level of selection is dominated by a sin-
gle amino acid of the peptide in which its side chain has a highly favorable inter-
action with one of the allelic sites in the Ak binding groove.

Another major consideration both in the binding and in the selection of HEL
peptides was the presence of negative or hindering residues at the auxiliary posi-
tions, which weakened the interaction with the P1 favorable site [44]. Although
other groups had given evidence of hindering residues [45, 46], their strong influ-
ence became very evident in our analysis of the selection of various HEL seg-
ments, particularly of the 52-60 family (Figures 1.4 and 1.5). For example, only
four peptides were presented of 21 potential peptides having an aspartic acid to
interact at the P1 site. Not only did we find single residues that were strongly hin-
dering, but we found combinations of them that together affected the binding.
Glycines were particularly strong negative residues, probably by causing entropic
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Figure 1.4 Segment of 52-60 is selected from
a long stretch of the HEL molecule. Four
possible registers are indicated here but only
register # 1 is used. MHC contacts of P4, P5,
P7 and P9, of register # 2, # 3, or # 4

were substituted instead of those in register
# 1 in the sequence of 52-60: no binding was
found (Figure 1.5B). (From Ref. 44, with
permission.)
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disorganization at the binding sites. Figures 1.4 and 1.5 show the results of experi-
ments in which the residues corresponding to P4, P6, P7 and P9 of different pep-
tides were placed instead of those of the 52-60 sequence. For example, Figure 1.4
shows the sequence of HEL, from residue 42 to 61. Of the four possible binding
registers, only one was used, and this was as a result of hindering amino acids.

Finally, to note in Table 1.1, the other two peptide families 20-35 and 31-45 did
not use an acidic residue at P1: their main MHC anchor was the asparagine at P4.
Both these sets of peptides bound with lower affinities to Ak and were selected to
a much lesser degree. Peptide 114-129 showed a weak interaction, despite the
favorable aspartic acid at P1, due to two unfavorable residues, the arginine at P7
and the cysteine at P9: changing them to alanines restored high-affinity binding
(our unpublished data with Ravi Veraswamy).

Thus, high-affinity interactions result from favorable residues in the core seg-
ments of the peptide, together with the absence of negative or hindering amino
acids, plus the contributions of the peptide backbone with conserved residues
along the binding groove [reviewed in Ref. 29]. The findings with HEL peptide
selection are mimicked by the analysis of natural peptides bound to Ak molecules
in which a very high number contain acidic residues at P1.

10

Figure 1.5 Importance of the “auxiliary”
binding sites for the 52-60 segment binding.
Peptide 48-61 binds well to Ak; note the bind-
ing results on the last columns (the lower
the number, the better the binding). (A) Sec-
ondary residues in the indicated peptides

were substituted in 48-61. All allow for the
binding, which was similar to that of the
peptide, all of which have aspartic acid at P1.
(B) Putative registers 2–4 shown in
Figure 1.4 inhibit the binding (NB). (From
Ref. 44.)
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In most bound peptides, three amino acids are potential contacts with the T cell
receptor (TCR); for the 52-60 segment Tyr 53, Leu 56 and Asn 59 are the TCR con-
tacts; substitution of any of them results in a loss of T cell responses [47, 48].

No evidence was found of intramolecular competition among different seg-
ments of the HEL molecules (Figure 1.2). For example, take the processing of the
HEL segments 31-47 of low binding strength, and 48-62, the highest affinity seg-
ment [21]. In the normal selection the family of 31-47 ends at residue 47 while the
family of 52-60 starts at 48: there is no overlap between most family members. If
proline is placed at residue 48, then the peptides identified by MS have substantial
overlap in their sequence. However, despite this overlap there was no effect in the
amounts of each segment selected chemically by the APC. These results are sup-
ported by an examination of HEL in which the 52-60 segment is not selected
because of introduction of hindering residues. Such an HEL did not affect the
amounts of minor HEL peptides of lower affinities, i.e., the dominant 48-62/3 seg-
ment was not competing out the minor, and each were selected from different
molecules [21].

1.4
HEL: Conformational Isomers

Chemical analysis of naturally presented peptides from HEL led to the identifica-
tion of conformational isomers of a peptide-MHC complex. Our initial observa-
tions challenged the concept of peptide determinants termed “cryptic” or hidden
in the native protein, i.e., determinants that were not processed.

Several groups had indicated that CD4 T cells directed to HEL peptides did not
recognize HEL presented by APC, leading to the interpretation that these peptides
were not generated during processing [49]. However, our biochemical studies
proved directly that such peptides from the processing of HEL were selected and
bound to MHC molecules [50]. To reconcile these conflicting findings, we focused
on the chemically dominant 48-62 epitope of HEL described above and found two
sets of CD4 T cells to that epitope [51]. One set recognized both the peptide de-
rived from HEL processing as well as the peptide 48-62 peptide given exogenously
to the APC. These are the conventional T cells that we termed type A. In contrast,
the type B T cells recognized only the exogenous peptide but not the peptide de-
rived from the processing of HEL! Table 1.2 summarizes the various experimental
manipulations that led to the characterization of type A and B peptide-MHC com-
plexes.

11
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Table 1.2 Type A and B complexes.a

APC Status Antigen Type A Type B

Live Native HEL + –

Live Synthetic 48-61 peptide + +

Live Tryptic peptide 48-61 + +

Live Extracted peptide from APC + +

Live Covalent peptide-MHC complex + –

Live Denatured HEL + +

Fixed
b

Native HEL – –

Fixed
b

48-62 + +

Fixed
b

Denatured HEL + +

Chloroquine-treated live
c

Native HEL – –

Chloroquine-treated live
c

48-62 + +

DM-deficient
d

Native protein – –

DM-deficient
d

Peptide + +

Soluble I-A
k (e)

Covalent peptide-MHC complex + –

Soluble I-A
k (e)

Peptide-exchanged complex + +

a Indicated are the various experimental manipulations. Live APC
included peritoneal macrophages, spleen DC, or B cells.

b Fixation in paraformaldehyde, which inhibits processing but
allows for peptide exchange at the cell surface.

c APC also treated with chloroquine to inhibit intracellular proces-
sing.

d Refers to APC from mice with genetic ablation of the DM gene.
e Soluble A

k
refers to baculovirus purified molecules.

The differences were neither explained by contaminants in the preparations of
synthetic peptide nor by post-translational changes [52, 53]. Moreover, the peptide
could be extracted from the class II molecules of APC, after HEL processing, and
offered to the type B T cells, which then recognized it. In addition, recombinant
complexes in which the 48-62 peptide was covalently linked to Ak molecules only
stimulated the type A sets, while complexes formed by peptide exchange stimulat-
ed both subsets [53]. Presentation of the peptide by the type B complex was resis-
tant to chloroquine, and did not require any processing, since fixed APC were able
to present it, indicating that the peptide did not require further processing in acid
vesicles [48]. Thus, the two T cells recognized the identical linear sequence. The
mode of processing and assembly of the peptide was responsible for the differ-
ence in recognition, as will be explained below.

12
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Zheng Pu and Javier Carrero went on to identify the T cell receptor gene seg-
ment usage of multiple type A and B T cell hybridomas, and found no skewing in
either subset. However, type B T cells displayed unique recognition of the TCR-
contact residues. As mentioned above, the three TCR contact residues for most if
not all type A T cells are at P2 (tyrosine), P5 (leucine), and P9 (asparagine). Substi-
tution of any of them by alanines resulted in complete loss of the response. Type
B T cells segregated into two subsets: type B-long required contact with the P5 and
P8 side chains and were indifferent to substitutions at P2. While type B-short T
cells required contact with the P2 and P5 side chains and were indifferent to sub-
stitutions at P8. Type B-short T cells responded to a peptide consisting only of the
P1–P7 residues [48].

Two sets of data led to the conclusion that the T cells differed in their unique
recognition of conformational isomers of the same peptide-MHC complex in
which the DM molecule played the pivotal role. Zheng Pu in our group developed
an assay system in which the 48-62-Ak complex was formed in vitro either in the
presence or absence of DM molecules. Both purified molecules were isolated
from cultures of insect cells infected with recombinant baculoviruses (Figure 1.6).
Peptide 48-62 was incubated with Ak molecules, and the complex was isolated
and cultured with T cells. Both type A and B T cells responded equally well to the
complex. Addition of DM increased the amount of peptide bound to Ak. But the
addition of DM to the peptide-Ak complex had no effect on the response of type A
T cells. However, type B response was completely eliminated. In a different
manipulation, complexes were formed first and then incubated with DM briefly.
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Figure 1.6 Formation of type A and B complexes in
vitro, in the presence or absence of DM molecules.
(A)–(C) Ak molecules were incubated with 48-62 in
the presence or absence of DM. The complex was
then isolated and incubated with one type A T cell

(3A9) or two type B T cells (Cp1.7 and MLA11.2).
(D)–(F) Ak molecules were first incubated with
48-61, after which Dm molecules were added.
See the text for an explanation. (From Ref. 15.)
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Such addition of DM also eliminated the type B conformer. This result indicated
that the editing function of DM was exerted on previously formed complexes and
not during assembly.

Scott Lovitch set out to evaluate the involvement of DM in the APC by using
the system of liposome-mediated antigen delivery. Peptides were encapsulated in
liposomes of different chemical composition to be delivered to either late endocy-
tic vesicles, the sites of loading of peptides generated through processing of the
protein, or to early endocytic vesicles, where exogenous peptide loading occurs.

Type A T cells responded to peptide delivered to both compartments, although
targeting of peptide to late vesicles resulted in a markedly enhanced response; in
contrast, type B T cells did not respond to peptide delivered to late vesicles, and
responded only to peptide delivered to early endosomes [48]. DM molecules elimi-
nated the type B complex in late vesicles. However, in DM-deficient APC, type B T
cells responded to peptide delivered to late vesicles, in contrast to the results with
wild-type APC.

We concluded that DMmolecules are active in late vesicles, but essentially inactive
in early endosomes and at the cell surface; furthermore, DM edits the repertoire of
class II MHC-bound peptides, favoring high-affinity epitopes [54–58]. We reasoned
that DM, likewise, was eliminating flexible conformers and favoring stable ones.

We envisage the following scenario: a globular protein such as HEL requires
reduction and denaturation for processing; as a result, peptide-MHC loading only
occurs in late endocytic vesicles. Here, protein antigens are unfolded and
degraded, and peptides complex with nascent MHC class II molecules; DM then
edits the conformation of the complex so that only the most stable conformer,
type A, emerges and is exported to the cell surface (Figure 1.7A). In contrast, load-
ing of exogenous peptides occurs in early endocytic vesicles, or at the cell surface,
by exchange with weakly-bound peptides. Due to the absence of functional DM in
these compartments, the flexible type B conformer forms in addition to the type A
conformer (Figure 1.7B).
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Figure 1.7 Model for the formation of distinct conformers of a peptide-MHC
complex. (A) Processing of an intact protein affords a peptide-MHC complex in
late endosomal vesicles under the influence of DM molecules, giving only type A
complexes. (B) However, peptides can load by exchange in recycling vesicles
without the editing role of DM and can generate various isomers. (From Ref. 15.)
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1.4.1
Biology of Type B T Cells

The frequency of type B T cells in mice immunized with 46-61 in complete
Freund’s adjuvant varied from 30 to 50% of the responding T cells [53]. This was
measured by limiting dilution analysis of cells in the draining lymph node. Thus
the type B T cells did not represent a rare or aberrant T cell, but a significant com-
ponent of the T cell repertoire. Very importantly, transgenic mice expressing HEL
as a membrane-linked protein in their APC showed complete deletion of type A T
cells. However, the type B T cells were not deleted, indicating that they had
escaped negative selection. The HEL transgenic mice did not respond to immuni-
zation with native HEL (which induces mostly type A T cells), but responded to
immunization with the peptide. Instead of representing the 30–50% of the anti-
48-62 repertoire, type B now represented 100%.

To determine whether such self-reactive type B T cells were present in the nor-
mal T cell repertoire of non-transgenic mice, Scott Lovitch immunized B10.BR
mice with an abundant autologous peptide derived from the beta chain of I-Ak;
this particular peptide was shown by Kappler and Marrack and by us to be present
on ~10% of MHC molecules in the spleen and abundantly present in the thymus
[18, 19, 59]. Immunization with this peptide did, indeed, result in priming of type
B T cells. That the naturally processed peptide was bound to Ak but the T cells
failed to recognize it was proven by isolating it from the Ak molecules of the APC
and then offering it as an exogenous peptide. Under these circumstances, the pep-
tide was recognized [60].

Thus, naive type B T cells reactive to some self-peptides are found – but does
their activation result in autoimmune pathology? Teleologically speaking, type B T
cells are unlikely to have evolved to induce autoimmunity. Because of their abun-
dance, we suggest that they represent a specific mode of recognition of exogenous
peptides with biological importance, perhaps in antimicrobial immunity. Peptides
from processed microbes (or dead and dying infected cells) may reach the extracel-
lular milieu and in this way amplify the repertoire of the anti-microbial T cells. In
this context, type B T cells that preferentially recognize short peptides suggest a
preference for peptides generated under conditions of high proteolytic activity at
inflammatory sites. Recently, Scott Lovitch generated mice with transgenic type B
T cell receptors, which should prove extremely useful in investigating the mecha-
nisms whereby peptides are released from proteins to become the type B epitopes.

Other laboratories have reported on T cell reactivity that could be explained by
conformational differences. Janeway’s group studied the presentation of the domi-
nant peptide derived from Eb chain presented by I-Ab. They identified T cells that
appeared to respond to distinct forms of the complex and that varied in their sus-
ceptibility to negative selection in strains of mice that express Eb [61–65]. Ward’s
group identified different specificities in the T cell response to the acetylated 1-11
peptide of myelin basic protein (MBP) presented by I-Au explained by conforma-
tional differences [64]. Similar observations were made with respect to the MHC
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class I allele HLA-B27 [65]. Finally, McConnell’s group presented biochemical evi-
dence for conformational isomers of cytochrome peptides [66].

1.5
Negative Selection and Peripheral Activation to HEL Peptides

The relationship between antigen presentation and an ensuing T cell response
was addressed in the framework of the biochemical analysis on MHC-bound pep-
tides. The biology of the T cell response to HEL was studied in two biological con-
texts. The first was central thymic tolerance: we examined how HEL as a self-pro-
tein affected T cell development and the response, particularly in situations where
TCR transgenic anti-HEL T cells were present. The second issue was the T cell
response after immunization of mice with HEL in adjuvant, focusing on their clo-
nal distribution following immunization with HEL in Complete Freund’s Adju-
vant (CFA). The main issue was to understand how T cell clonal distribution cor-
related with 300-fold differences in peptide display [28].

To understand the biology of self-antigen presentation, Dan Peterson and Rich
DiPaolo first measured the in vitro response of transgenic T cell receptor 3A9 cells
that recognizes the complex of the 48-62-Ak. As few as 2–3 complexes per APC
[67] deleted double positive thymocytes while 100-fold more complexes were re-
quired to activate single positive mature T cells [see also Ref. 68]. The highly effi-
cient process of deletion was confirmed in vivo when transgenic mice expressing
membrane HEL driven by the class II promoter were immunized with HEL and
the clonal response to its various peptides examined. HEL expression in the thy-
mic APC negatively selected T cells against all HEL displayed peptides [53], even
against those with display levels 300-fold less than the chemically dominant 48-63
epitope.

We postulated a “biochemical margin of safety” for self-peptides: thymocytes re-
quired fewer peptide-MHC complexes to be deleted than mature T cells needed
for their activation. This ensures that a mature T cell that escapes negative selec-
tion must see high levels of peptide-MHC complex in the periphery to become
spontaneously activated. However, conditions of inflammation may circumvent
the need for high-level peptide-MHC to attain peripheral activation [69].

We are evaluating the “biochemical margin of safety”, in models of autoim-
mune diabetes in which HEL is expressed on pancreatic beta cells that express
HEL as a membrane protein under the rat insulin promoter [70]. The first trans-
genic mouse, developed by Goodnow, called ILK-3, had about two million mHEL
molecules per beta cells. A cross of the 3A9 TCR transgenic to the RIP-mHEL
mice resulted in the development of diabetes [70, 71]. The 3A9 x ILK-3 double
transgenic mice developed diabetes, despite extensive negative selection and lim-
ited number of T cells in the lymph nodes [71]. Diabetes was likely caused by the
high level of HEL in the beta cells (2 � 106 molecules per cell), and its effective
cross presentation by APCs in the draining peri-pancreatic lymph node These
studies, first by my colleague Rich DiPaolo and most recently by Craig Byersdor-
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fer, suggested that 48-63-Ak complexes presented in a localized fashion exceeded
the peripheral “margin of safety” and activated the T cells, beginning the autoim-
mune process.

1.6
Response to HEL Immunization in the Draining Lymph Node

We studied the clonal distribution of T cells following immunization with HEL in
adjuvants by using a sensitive limiting dilution assay for measuring T cell
responses [72]. The number of HEL reactive T cells was directly proportional to
the amounts of HEL used for immunization. However, a strikingly poor correla-
tion was found between the amount of each epitope displayed by Ak molecules of
APC and the relative distribution of the reactive T cells following immunization
[73]. For example, while the 52-60 peptide family was displayed in very high num-
bers the T cell clones to it were about the same as for the 20-35 and 114-129 pep-
tide families, which are displayed at considerably lower amounts. Even when
immunizing with 100-fold lower levels of HEL as immunogen, the relative reactiv-
ity to the four characterized HEL epitopes remained consistent.

Immunization experiments were performed in mice lacking CD40 [74], B7-1 &
B7-2 concurrently [75], or in mice treated with an antibody to block CTLA-4 [76],
to investigate the role of co-stimulatory molecules. The total anti-HEL response
was lowered to varying degrees in the gene knockout mice, but the relative distri-
bution (i.e., percentage of clones found against each epitope) did not change [77].
No one epitope was more or less sensitive to the effects of either co-stimulation or
lowered antigen levels. Neither was there an influence of CIITA (Table 1.3).

Table 1.3 Distribution of T cells in lymph nodes of mice immunized to HEL.

Dose % Specificity

Mouse (nmol) Frequency 48-63 31-47 18-33 115-129

B10.BR 10 1/5000 30 9 17 25

B10.BR 1 1/9500 38 9 15 17

B10.BR 0.1 1/50 000 37 3 17 11

B10.BR 10 1/5000 30 9 17 25

CD40
–/–

10 1/12 600 45 7 21 27

B7-1/B7-2
–/–

10 1/64 500 37 16 18 8

Anti-CTLA-4 1 1/32 000 25 5 11 20

Control IgG 1 1/27 500 32 5 17 25

This table summarizes experiments published in Refs. 73 and 77.
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The APC responsible for presentation of HEL in vivo was examined by tracing
radiolabeled HEL into the draining lymph node [78]. The major subsets of cells
bearing HEL at 24 h were CD11c+ or CD11b+/CD11c– (i.e., DCs and macro-
phages). At the peak times of presentation, 24–96 h post immunization, the HEL
was highly concentrated in a small percentage of DC and macrophages (ca. 1%).
This highly efficient concentration indicated that each APC had enough HEL to
present all the different peptide-MHC, albeit at widely different densities. If the
total HEL had been distributed among most of the APC of the node, rather than
concentrated in a few, it would have been mathematically and biochemically
impossible to present the minor peptides.

Following high-dose immunization, B cells were found to be positive for 48-62-
Ak complexes and functionally capable of presenting HEL peptides, but only fol-
lowing high-dose immunization. The role of B cells is likely to be as an accessory
APC, amplifying the response initiated by DCs.

The question as to why immunodominance (the distribution of the reactive T
cells) did not correlate with chemical dominance (hierarchy of epitope presenta-
tion) remains unresolved. The leveling of the clonal distribution could be the
result of (i) a complex interplay between negative and positive co-stimulatory mol-
ecules and/or cells not yet investigated; (ii) cooperativity among activated T cell
clones, shown in one example in the CD4 response [79], but argued against with
respect to CD8 T cells [80]; or (iii) a difference in the primary repertoire of reactive
T cells that is then expanded during immunization. All three areas are actively
being pursued in the laboratory.
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Antigen Entry Routes – Where Foreign Invaders Meet Antigen
Presenting Cells
Percy A. Knolle

2.1
Introduction

The immune system is designed to fight infection and thereby preserve the func-
tional integrity of the host. The different components of the immune system, i.e.,
innate and adaptive immunity, operate in a coordinate fashion to assure continu-
ous immune surveillance at those anatomical sites most likely to be place of inva-
sion by infectious microorganisms. Although infection is normally localized and
control of infection by the immune system requires local immune activity, induc-
tion of efficient antigen-specific immunity requires multiple steps that occur in
different anatomic compartments. This chapter will attempt to shed light on the
mechanisms of local immune control by antigen presenting cells, which are
located either at external body surfaces (to prevent local infection) or in the spleen
and liver to fight infectious microorganisms once they have disseminated via the
blood stream.

Conceptually, the immune system is strongly compartmentalized. Antigen pre-
senting cells reside in non-lymphatic tissue where they sample antigens that have
crossed the physical barriers preventing direct access of infectious microorgan-
isms into tissue. Exit of antigen presenting cells from these sites occurs either at a
constant rate or may be enhanced by signals derived from invading microorgan-
isms. Leaving peripheral tissues via the lymphatics, antigen presenting cells enter
lymphatic tissue, i.e. draining lymph nodes, where they encounter in a specialized
microenvironment naive T or B lymphocytes in distinct anatomic locations [1]. If
antigen presenting cells have been stimulated in an adequate fashion to achieve a
fully activated state, the antigen-loaded cells can mount a strong antigen-specific
immune response mediating immunity [1, 2]. The molecular mechanisms leading
to full activation or “licensing” of antigen presenting cells are still under intensive
investigations, but it has become evident that binding of certain highly conserved
microbial structures to Toll-like receptors expressed on antigen presenting cells is
instrumental in this crucial activation process [3]. Following cognate interaction
with activated antigen presenting cells, T and B lymphocytes undergo clonal
expansion and large numbers of antigen-specific lymphocytes are released from
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lymphatic tissue to execute their effector function at peripheral sites of infection
(Figure 2.1). Recently, evidence has accumulated that immune surveillance in pe-
ripheral tissues by antigen presenting cells is a highly elaborate process and that
the initial encounter of infectious microorganisms with different types of antigen
presenting cells in these peripheral sites largely determines the subsequent develop-
ment of immune responses. Moreover, organ anatomy is shaped by function, and
local immune surveillance has to adapt to the need to maintain organ function.

2.2
Antigen Entry via the Gastrointestinal Tract

The mucosa of the intestinal tract is exposed to myriads of microorganisms that
colonize the gut, but only a few of these can enter the body and cause infection
and disease. Microorganisms are limited in their ability to enter the body partly
because gastrointestinal epithelial cells are connected by tight junctions and form
a physical barrier that prevents paracellular movement of microorganisms, meta-
bolites or degradation products [4]. Interestingly, only a single epithelial cell layer
separates intestinal tissue from antigens and microorganisms contained in the
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Figure 2.1 Outline of the conventional view
that antigens are in peripheral tissue by den-
dritic cells and are transported by migratory
dendritic cells to the lymph node where inter-
action with naive T lymphocytes occurs.
Initial contact of antigens or pathogens in

these peripheral microenvironments is
believed to determine the functional
outcome of ensuing immune responses.
(This figure also appears with the color
plates.)
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gut lumen. For further protection, the surface of epithelial cells is covered by
secretory products such as mucins, defensins and secretory antibodies [5]. Effec-
tive immune surveillance requires that intact antigens and microorganisms are
transported to immune cells located on the other side of the epithelial cell layer.
This transport occurs at specialized sites that contain organized mucosal lym-
phoid follicles and where a close collaboration of specialized epithelial cells with
antigen presenting cells has developed [6]. The distribution of these sites in the
body reflects the local abundance of foreign antigens and microorganisms.

2.2.1
Peyer’s Patches

The best studied examples of these organized mucosa associated lymphoid tissue
(MALT) are Peyer’s Patches (PP), which are found in the distal ileum and are char-
acterized by the appearance of numerous lymphoid follicles in patches. In close
resemblance to lymph nodes, PP are organized into an assembly of B lympho-
cytes, which is surrounded by follicular dendritic cells and is flanked by T lympho-
cyte rich areas. Within the T lymphocyte area high endothelial venules allow entry
and exit of migrating cells. The follicle is separated from the epithelial cell layer
by a so-called “dome” region that is rich in antigen presenting cells and T lympho-
cytes [7].

Epithelial cells overlying this “dome”-structure bear a unique phenotype. In
contrast to normal villous epithelium that is specialized in digestion and absorp-
tion of nutrients, the follicle-associated epithelium contains specialized (micro-
fold) M cells, which are operative in transepithelial vesicular transport from the
lumen directly to intra-epithelial antigen presenting cells [8]. These cells differ-
entiate from enterocytes under the influence of membrane bound LTa1b2, which
is expressed by local lymphoid cells, especially B cells [9]. M cells do not express
polymeric Ig receptors and are therefore unable to transport protective IgA from
the interstitium to their luminal surface. Interaction with microorganisms in the
gut lumen is further facilitated by different expression of glycosyltransferases,
resulting in a unique glycosylation pattern [10]. M cells lack a brush border but
possess numerous microvilli interspersed with large plasma membrane subdo-
mains that participate in clathrin-mediated endocytosis of antigens and microor-
ganisms [11]. Furthermore, M cells execute fluid-phase endocytosis, phagocytosis
and macropinocytosis [12]. Numerous microorganisms are taken up M cells, such
as poliovirus and shigella [13]. Transcytotic transport by polarized M cells is the
main pathway for endocytosed material in M cells and little material is delivered
into the lysosomal pathway for destruction [8]. A large network of dendritic cells is
found in direct vicinity to M cells [14]. Dendritic cells found at this site are either
CD11c+CD11bint or are CD11c+CD8aneg, CD11c+CD11bneg and appear to be in an
immature state as they do not express markers such as DEC-205, which are asso-
ciated with dendritic cell maturation. Conceivably, the close proximity of M cells,
which sample antigens and microorganisms from the intestinal lumen, and den-
dritic cells allows for efficient uptake of the transcytosed materials. Indeed uptake
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of pathogenic microorganisms such as salmonella or listeria has been observed
into dendritic cells in the “dome” region [15].

Dendritic cells in the “dome” region bear further unique functional characteris-
tics. They express the cytokine IL-10 after ligation of the co-stimulatory molecule
RANK, which in splenic dendritic cells induces strong expression of IL-12. Along
the same line, dendritic cells in this location polarize antigen-specific T cells to
production of IL-10 and Th2-cytokines [16, 17].

Instrumental in the recruitment of dendritic cells into the subepithelial “dome”
region is the expression of the chemokine receptor CCR6, whose ligand CCL20 is
expressed in the intestinal tract only by M cells [7]. Mice deficient for CCR6 lack
dendritic cells in the “dome” region and are unable to mount an immune
response although size of the PP and distribution of other lymphoid cells appear
normal [18]. These experiments demonstrated that the presence of dendritic cells
in this location is not accidental but rather is an essential component in local
immune surveillance of the intestinal tract. Interestingly, contact of M cells with
microorganisms or microbial structures leads to increased CCL20 expression and
might thus enhance recruitment of dendritic cells from the subepithelial area to
the “dome” region [19].

The anatomical situation in PP is unique as the site of initial antigen entry and
uptake into dendritic cells is in close to organized lymphoid tissue containing T
and B lymphocytes. Instead of time-consuming migration along lymphatic ves-
sels, dendritic cells loaded with antigen previously transported by M cells from
the intestinal lumen migrate to adjacent interfollicular T cell zones, where they
undergo maturation and present luminal antigens [7]. However, migration of den-
dritic cells only occurs in the presence of appropriate microbial “signals”; immu-
nologically inert cargo is transported by M cells to dendritic cells and is rapidly
endocytosed but dendritic cells remain in the subepithelial “dome” region for long
periods (Figure 2.1).

These data assigned an important role of antigen presenting cells within PP to
immune surveillance of the intestinal tract. The immune system needs to discri-
minate pathogens from innocuous food antigens and commensal bacteria that are
equally present in the intestinal tract. Local immune-regulatory mechanisms
operative in the unique and specialized microenvironment of PP seemed to be
sufficient to determine the outcome of immune responses towards local intestinal
antigens/microorganisms [20]. However, experimental results obtained from mice
deficient for PP gave conflicting data, challenging the view that PP were the only
site important for intestinal immune surveillance.

2.2.2
Mesenteric Lymph Node

There is unequivocal evidence that mesenteric lymph nodes are absolutely re-
quired for T cell priming towards intestinal antigens to occur. Different experi-
mental approaches, using adoptive transfer of TCR-transgenic T cells and LTa-
deficient animals (lacking mesenteric lymph nodes), all pointed to this important
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function of the mesenteric lymph node. This role of mesenteric lymph nodes in
intestinal immune surveillance is not surprising, as lymph nodes in general are
required for initiation of immune responses towards antigen present in peripher-
al tissues. Antigen sampling by M cells and loading of dendritic cells with luminal
antigens may be followed by migration of dendritic cells into the mesenteric
lymph node where then T cell priming occurs. However, undisturbed priming of
T cells towards intestinal antigens in B cell-deficient mice, which lack almost all
M cells, argues that delivery of intestinal antigens by M cells is not essential [21].
Probably, dendritic cells loaded with luminal antigen in PP migrate to mesenteric
lymph nodes. Alternatively, antigen may be delivered in a different way to the
regional lymph nodes. Free antigen may reach mesenteric lymph nodes, espe-
cially if large amounts are present in the intestinal lumen. Antigens may further
be distributed as exosomes secreted by intestinal epithelial cells [22]. In both cases
antigen not only reaches regional lymph nodes but is systemically distributed via
the blood stream, a process occurring within minutes to hours after oral ingestion
of antigen [23, 24]. The consequences of antigen uptake by antigen presenting cell
populations that survey the blood compartment will be dealt with later.

2.2.3
Dendritic Cells of the Lamina Propria

Distribution of dendritic cells in the gastrointestinal tract is not restricted to PP.
Dendritic cells with typical features of immature cells have also been found in the
lamina propria of the gut inserting into the epithelial cell layer [25]. In this sube-
pithelial location, antigens or microorganisms contact dendritic cells only after
traversing the epithelial cell monolayer. Involvement of lamina propria dendritic
cells in the immune surveillance of the gastrointestinal tract is indicated by the
observation that penetration of M cells by bacteria requires expression of bacterial
invasion proteins. Nevertheless, Salmonella typhimurium, which is deficient in
invasion genes, still manages to infect dendritic cells and disseminate to the
spleen [26], which suggests an M-cell independent pathway. As CD18-deficient
mice were protected from infection by Salmonella [27], it was initially postulated
that CD18+ phagocytic antigen presenting cells were involved in bacterial inva-
sion. This conceptual contradiction was solved by the finding that dendritic cells
open up the tight junctions between epithelial cells and send dendrites outside
the epithelium [28]. Dendritic cells express tight junction proteins such as occlud-
ing, claudin-1, E-cadherin and b-catenin and thus preserve the integrity of the
epithelial barrier function [28]. The molecular mechanism mediating formation of
transepithelial dendrites is expression of the chemokine CX3CL1 (fractalkine) by
intestinal epithelial cells and expression of CX3CR1 by dendritic cells. No forma-
tion of transepithelial dendrites is observed if lamina propria dendritic cells lack
CX3CR1 expression. Transepithelial dendrite formation is restricted to certain
areas of the gastrointestinal tract and was only observed in the villi of the terminal
ileum. Such dendrites enable lamina propria dendritic cells to directly sample
luminal antigens and microorganisms [29]. Interestingly, uptake of bacteria
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occurs both directly through transepithelial dendrites into lamina propria lympho-
cytes and indirectly via M cells into dendritic cells present in the “dome” region of
PP. Using knockout animals for CX3CR1 it became clear that formation of transe-
pithelial dendrites is absolutely required for uptake of non-invasive bacteria by
lamina propria dendritic cells, whereas uptake of non-invasive bacteria in dendrit-
ic cells located in PP was not affected [29]. However, only lamina propria dendritic
cells loaded with bacteria are found in mesenteric lymph nodes, whereas dendritic
cells loaded with antigen in PP remain stationary. Dendritic cells present in the
lamina propria are phenotypically different from those in the “dome” region of
PP, because they lack CCR6 expression [29]. These studies underline the impor-
tance of lamina propria dendritic cells in sampling bacteria from the gastrointest-
inal tract (Figure 2.2).

Interestingly, invasive bacteria are detected mainly in the CX3CR1 dendritic cell
population within the lamina propria, which implies a further role for these
unique dendritic cells in control of bacterial infection. In CX3CR1 knockout ani-
mals, invasive bacteria are taken up by another phagocytosing cell population.
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Figure 2.2 Recent work has provided evi-
dence that dendritic cells reach via dendritic
extensions, e.g. transepithelial dendritis in
the gut, the outside world and directly
sample antigens as well as microorganisms.
Moreover, antigens that have reached
peripheral tissue may directly gain access to
lymph nodes, via defined anatomic struc-
tures, and in the lymph node interact with a,
presumably, resident dendritic cell

population. Bypassing peripheral antigen
sampling migratory dendritic cells it remains
an open question how specific information
about the need for induction of immune
responses is transferred to the lymph node,
or whether this pathway is uniquely used
for induction of immune tolerance towards
tissue-autoantigens. (This figure also
appears with the color plates.)
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More importantly, CX3CR1 knockout animals succumb to infection with invasive
bacteria, whereas heterozygous knockout animals or wild-type littermates showed
resistance [29]. Infection in CX3CR1 knockout animals was characterized by sig-
nificantly higher bacterial loads. Delayed uptake of bacteria by dendritic cells in
the lamina propria from the gut lumen may thus constitute a mechanistic expla-
nation for the impairment of local immune responses in the gut in these knock-
out animals. As dendritic cell populations present in the lamina propria or in PP
show so fundamentally different functions it seems likely that they belong to dif-
ferent dendritic cell subsets that await more detailed analysis.

The interaction of dendritic cells in the lamina propria with bacteria is rather
dynamic and far from short-lived. In contrast to CD11b+ macrophages, which rap-
idly destroy bacteria after phagocytosis, dendritic cells are relatively inefficient in
killing phagocytosed bacteria [30]. Bacterial degradation products enhance expres-
sion of CX3CL1 and thus increase formation of transepithelial dendrites. Uptake
of commensal non-invasive bacteria occurs again by both lamina propria dendritic
cells and dendritic cells within PP. Uptake and survival of commensal bacteria in
intestinal dendritic cells leads to local stimulation of IgA+ B cells. As a conse-
quence increased expression of IgA is induced locally, providing protective effects
for intestinal tissue [31]. In contrast to the paradigmatic view that immune
responses must undergo a phase of systemic stimulation, dendritic cells loaded
with commensal bacteria locally induce protective B cell dependent mechanisms
to prevent tissue infection. Immune responses towards commensal bacteria are
kept strictly local. Intestinal dendritic cells migrate to mesenteric lymph nodes
after sampling of commensal bacteria but do not enter the systemic circulation.
Removal of the mesenteric lymph nodes leads to rapid distribution of commensal
bacteria into the systemic circulation and development of a widespread inflamma-
tory reaction [31]. Local dendritic cell populations are operative in maintaining a
finely tuned balance between host and commensal bacteria. However, the exact
molecular mechanisms that allow the intestinal immune system to raise fast and
efficient immunity towards entero-invasive pathogens remain undefined.

2.2.4
Pathogens Target Intestinal Antigen Presenting Cells

Two salient features of antigen presenting cells are their ability to take up antigens
or pathogens and their migratory capacity. As discussed above, uptake of invasive
and non-invasive bacteria as well as migration of intestinal antigen presenting
cells to mesenteric lymph nodes is instrumental for immune surveillance of the
gastrointestinal tract. Exactly these functions of antigen presenting cells are
exploited by pathogens to enter the body and establish infection. However, patho-
gens or their components can activate antigen presenting cells directly [3] and
thus induce maturation of antigen presenting cells, which is the prerequisite to
mount strong pathogen-specific immunity. Modulation of antigen-presenting cell
function by the pathogen is therefore necessary to achieve successful infection
from a pathogen’s point of view.
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The central role of CD18+ antigen presenting cells in infection by Salmonella
has been elegantly shown in CD18 knockout mice, which are resistant to infection
with Salmonella [27]. Invasive and non-invasive Salmonella are phagocytosed by
macrophages and dendritic cells that are present in PP or in lamina propria form-
ing transepithelial dendrites [28, 29]. Breaching of the physical barrier of the
intestinal epithelial cells by either invasion of M cells or exploitation of the phago-
cytic capacity of “snorqueling” dendritic cells constitutes the first step in Salmo-
nella infection. Within minutes of oral administration of non-invasive bacteria,
CD18+ cells harboring Salmonella are found in the blood [27], clearly demonstrat-
ing the efficiency of this process. Infection of antigen presenting cells, however,
allows direct presentation of pathogen-derived antigens to CD4 and CD8 T lym-
phocytes [32, 33]. To escape degradation in the phagolysosomal compartment and
subsequent induction of antigen specific immune responses Salmonella mediate
apoptosis of infected macrophages and dendritic cells. Using a “molecular sy-
ringe” (type III secretion system) Salmonella inject invasins that induce apoptosis
through binding to caspases [34]. But targeted elimination of infected antigen-pre-
senting cells does not abrogate pathogen-specific immune responses. Apoptotic
cellular material containing Salmonella are efficiently taken up by neighboring
dendritic cells. These dendritic cells are then able to process and present bacterial
antigens on MHC II molecules to CD4 T cells. Moreover, dendritic cells can cross-
present these exogenous antigens on MHC I molecules to CD8 T cells [35]. The
mechanism of cross-presentation is of utmost importance to mount pathogen-spe-
cific CD8 T cell immunity in those cases where pathogens do not directly infect
antigen presenting cells [36]. However, cross-presentation is equally important to
maintain immune tolerance towards tissue autoantigens [37]. Appropriate signals
are therefore required to shift the balance from default tolerance to immunity [3].
In general, to fight Salmonella infection different antigen presenting cell popula-
tions in different anatomic locations act cooperatively to contain initial infection
and to prevent further dissemination, even in the presence of bacterial immune
evasion mechanisms.

Another example of exploitation of antigen presenting cells is infection with
the human immunodeficiency virus (HIV). Migration of pathogen-loaded dendrit-
ic cells from peripheral sites to lymph nodes not only serves to activate pathogen-
specific T cell responses but may serve to contribute to dissemination of infection
within the host. HIV uses a novel mechanism to exploit dendritic cell migration
and subsequent interaction with T cells in lymphatic tissue for its replication and
spread. HIV can bind to a dendritic cell specific C-type II lectin, DC-SIGN, which
is strongly expressed on dendritic cells in mucosal tissues. Upon binding to DC-
SIGN, HIV is endocytosed by dendritic cells but endosomal maturation and sub-
sequent endosomal-lysosomal fusion with subsequent virus degradation does not
occur [38]. Uptake of HIV does not result in infection of dendritic cells. Rather,
HIV now survives for long time periods (‡5 days) within dendritic cells, having
escaped the rather hostile extracellular environment. Migration of HIV-bearing
dendritic cells to peripheral lymph nodes now enables HIV to find its final target
cell, CD4 T lymphocytes. Infection of CD4 T lymphocytes occurs in “trans” when
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HIV bound to DC-SIGN has re-emerged on the dendritic cell surface [38].
Immune surveillance function by dendritic cells, i.e., continuous sampling of
external body surfaces, thus provides a mean for HIV to overcome the physical
barrier of the mucosal epithelium. Indeed, atraumatic application of SIV to muco-
sal sites leads to infection [39]. Meanwhile it has become apparent that other
pathogenic microorganisms equally use DC-SIGN as a receptor. But DC-SIGN
not only serves as an entry receptor for pathogens. Binding of pathogens to DC-
SIGN is now recognized to lead to functional alteration of dendritic cells rather
supporting development of immune escape [40].

Encounter of antigen presenting cells with pathogens has fundamental conse-
quences if pathogens have evolved strategies to escape the ensuing immune
response. Conversely, immune surveillance at mucosal sites is of enormous
importance to prevent unnecessary inflammation in response to commensal
microorganisms. Consequently, maintenance of this balance between immune
response and commensal microorganisms may be achieved either by keeping
immune reactivity strictly local or even by inducing immune tolerance. Central to
this to decision as to mount immunity or immune tolerance are antigen present-
ing cells. Their activation status and local environmental signals provide the com-
plex mixture of determinants that influence the outcome of immune responses.

2.3
Antigen Entry via the Skin

The predominant dendritic cell population of the skin is the Langerhans cells.
Much of our knowledge on the migration of dendritic cells derives from studies
conducted with Langerhans cells (LC). These cells are typically localized in the
basal and suprabasal layer of the epidermis and represent the principal barrier of
hematopoietic cells to the external environment. LC are well equipped to take up
antigens or pathogens that have breached the physical skin barrier. In contrast to
dendritic cell populations in other non-lymphoid organs, LC are rather tissue-resi-
dent and remain stationary for months [41]. Replacement of LC occurs from
bone-marrow derived precursors in a CCR2-dependent fashion [41]. Numerous
studies have demonstrated that LC take up antigens in the skin and migrate to the
draining lymph node if appropriate inflammatory signals were locally present in
the skin. Considerable numbers of LC migrated to draining lymph nodes (5000
antigen-bearing LC per draining lymph node) if they were stimulated by gene
gune immunization [42]. Migration of LC occurred over three days and, more
importantly, LC remained in draining lymph nodes for more than two weeks [42].
Interestingly, transport via LC is not the only means for antigen to reach skin-
draining lymph nodes. Unprocessed antigen is detected in lymph nodes already
several hours after subcutaneous inoculation of antigen and does not require cell-
mediated transport [43]. Remarkably, dendritic cells residing in the lymph node
were able to take up and process the antigen and subsequently present it effi-
ciently to naive antigen-specific T lymphocytes [43]. At later time points (‡24 h)
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skin-derived dendritic cells arrive in the lymph node that express MHC-restricted
high levels of peptide derived from the antigen originally applied to the skin.
Despite induction of T lymphocyte priming and proliferation after arrival of solu-
ble antigen in the lymph node, complete CD4 T lymphocyte differentiation
requires further stimuli only provided by skin-derived dendritic cells [43]. These
results already challenged the view that antigen uptake in the periphery, migra-
tion and maturation followed by antigen-presentation to T lymphocytes is a linear
process carried out by the same dendritic cell. Rather, specific anatomic structures
have evolved to guarantee transport of free antigen from peripheral sites into the
lymph node [44]. These corridors or conduits are separate from the pathways used
by migratory dendritic cells and end in specific anatomic compartments within
the lymph node. A presumably resident dendritic cell populations surveys this cor-
ridor and samples antigens delivered directly in free form to the lymph node [44].
So far, conflicting results exist with respect to the identity of this dendritic cell
subset [45]. Future studies will be required to clarify the functional relevance of
these different modes of antigen delivery to different antigen presenting cell
populations in the periphery or directly in lymph nodes with respect to the influ-
ence on developing immune responses.

An even more divergent picture evolves if immune responses to pathogens are
studied. Following epidermal infection with Herpes Simplex Virus (HSV) dermal
dendritic cells loaded with viral antigens rapidly migrate to the lymph node,
resulting in activation and proliferation of T lymphocytes within hours of infec-
tion. A closer look at the time kinetics of the different steps revealed that uptake
of de novo synthesized viral proteins from infected epithelial cells by dermal den-
dritic cells, migration to the draining lymph node and induction of T cell activa-
tion as determined by increased expression levels of CD69 all occurred within 6 h.
There was significant proliferation of virus-specific T lymphocytes after 24 h [46].
Clearly, free virus or virus-containing dendritic cells were not detected in draining
lymph nodes. This underlines the importance of antigen-sampling of dendritic
cells in the spleen and cross-presentation of these antigens derived from patho-
gens to CD8 T lymphocytes. These observations indicate an extremely fast induc-
tion of protective immune responses following antigen-sampling by dendritic
cells in the skin after infection with a cytopathic virus.

Moreover, several different experimental assay systems revealed that dendritic
cells sampling antigens from pathogens in the skin are not identical to those den-
dritic cells presenting antigen to T lymphocytes in the draining lymph node. Al-
though LC with a mature phenotype (CD80+ CD86+ MHC II+ DEC 205+) are
found within the T cell zones of skin-draining lymph nodes [47], and present anti-
gen to T lymphocytes following contact sensitization of the skin [48], there is no
evidence for a role of LC in presentation of antigens derived from skin-infecting
microorganisms. Following epidermal infection with HSV, dendritic cells cross-
presenting viral antigens to CD8 T lymphocytes in the draining lymph node bear
CD8 molecules, which are absent from LC. A more detailed analysis revealed that
CD8+ dendritic cells were not prototypical plasmacytoid dendritic cells, because
they lacked CD45RA expression typical of such cells [49]. Unequivocal evidence
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for the lack of antigen presentation by LC comes from experiments employing
bone marrow chimaeric mice. Dendritic cells in the skin were almost entirely of
recipient origin, which is compatible with the low turn-over and long half-life of
LC in the skin. The composition of dendritic cells found in draining lymph nodes
was different. Recipient-derived LC still were the prominent population, but a sig-
nificant number of donor-derivedCD8+ DEC205+ dendritic cells was detected [50].
After sorting of these cell populations and in vitro testing for their ability to pres-
ent viral antigens to specific T lymphocytes, it became apparent that only donor-
derived CD8+ dendritic cells can cross-present viral antigens to T lymphocytes
[50]. These experiments suggest that antigen presenting dendritic cells in lymph
nodes do not directly acquire their antigen within the site of infection but rather
rely on migrating dendritic cells for transfer of antigen. Definitive proof for this
hypothesis came from bone-marrow chimaera experiments where donor derived
CD8+ dendritic cells (in the lymph node) were unable to present antigen in an
MHC I restricted fashion due to a point mutation in the binding groove of MHC
I. In these mice, no presentation of viral antigens from peripheral tissue is ob-
served in draining lymph nodes, although LC were still capable of MHC I
restricted immune stimulation [50].

CD8+ dendritic cells obviously do not migrate from peripheral tissue via the
lymphatics into draining lymph nodes. They appear to be largely absent from
non-lymphatic tissue [51, 52], although CD8+ dendritic cells are capable of pre-
senting MHC I and MHC II restricted antigens derived from these sites. Thus,
CD8+ dendritic cells appear to represent a predominantly non-migratory popula-
tion, which are derived from blood borne precursors and are “resident” to lympha-
tic tissue potentially specialized in antigen presentation rather than antigen-sam-
pling in peripheral tissues.

Similar observations were made for infection with other pathogenic microor-
ganisms at other anatomical sites. Following intravaginal infection with HSV-2 a
rapid recruitment of submucosal dendritic cells to infected epithelial cells was ob-
served. At later time points, CD11c+ dendritic cells were seen in draining lymph
nodes presenting viral antigens in the context of MHC II molecules to CD4 T lym-
phocytes. Closer analysis of the dendritic cell population involved in antigen pre-
sentation demonstrated that it was not LC or CD8+ dendritic cells but CD11c+

CD11b+ CD8– dendritic cells that were responsible for efficient virus-specific T
cell priming [53]. During experimental influenza infection of the lung, both
CD11c+ CD11b– CD8– dendritic cells migrating from airways and lymph-node
resident CD8+ dendritic cells contribute to MHC I restricted presentation of viral
antigens to specific CD8 T lymphocytes [54].

Collectively, the continuously accumulating data suggest that not only the pop-
ulation of dendritic cells patrolling peripheral tissue but also lymph-node resident
CD8+ dendritic cells are operative in shaping the immune response towards
infecting microorganisms. While these findings nicely illustrate a division of labor
between these functionally different dendritic cell populations it remains ill-
defined how exactly “local information” is conveyed by migratory dendritic cells to
antigen presenting CD8+ dendritic cells in draining lymph nodes. The maturation
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state of dendritic cells is critical as to the decision of whether antigen presentation
to T lymphocytes leads to development of immunity or immune tolerance. Migra-
tory, antigen-sampling dendritic cells in the periphery are confronted with antigen
in the local context of additional stimuli that may lead to activation of the dendritic
cell. At present it is unclear how such information can be conveyed from a migra-
tory dendritic cell population to lymph-node resident dendritic cells. Priming of
naive T lymphocytes by CD8+ dendritic cells may lead either to immunity or
immune tolerance [50, 54–56], supporting the notion that lymph node resident
CD8+ dendritic cells display the same functional plasticity described for other den-
dritic cell populations. However, activation of T lymphocytes by antigen present-
ing dendritic cells is not the sole factor determining whether immunity arises in
peripheral tissues [57]. Clearly, for T cell mediated immunity to rise, additional
local activation steps are required, which are triggered by local activation of par-
enchymal cell population, for instance through TLR ligands [58].

2.4
Systemic Dissemination of Antigens/Infectious Microorganisms

Although considerable effort is undertaken by the immune system to contain
infectious microorganisms locally at the site of infection, systemic blood borne
dissemination of these microorganisms occurs. Furthermore, transmission of
infectious microorganisms by athropod vectors, e.g., Plasmodium spp., circum-
vents physical and immune barriers of the skin and directly results in delivery of
microorganisms into the blood. But not only microorganisms gain access to the
blood. Even simple protein antigens present at body surfaces rapidly enter the
blood stream. For instance, antigens ingested orally can be detected within min-
utes circulating with the blood stream [23]. Already 6 h after antigen ingestion,
oral antigens have reached the spleen and provoked T lymphocyte activation, cyto-
kine expression and proliferation [24]. The rapid transition of antigens from the
intestinal lumen into the blood is not a unique peculiarity of the gastrointestinal
tract. Within 7min after application to the skin, antigen has already reached the
liver and provoked expression of effector cytokines from local cell populations fol-
lowing local antigen presentation [59, 60] (see below). Thus, we have to consider
that the interaction of the immune system with foreign antigen and microorgan-
isms is not at all restricted to peripheral tissues, which form the external barrier
of the organism.

The two organs mainly involved in elimination of blood borne macromolecules
and microorganisms are the spleen and the liver. Many studies have described the
contribution of the spleen to induction of antigen-specific immunity. I will rather
concentrate here on the role of the liver in antigen/pathogen elimination from the
blood, because the liver not only serves as a blood filter but at the same time con-
trols development of antigen-specific immune responses at the local and systemic
level. About 2500 L of blood pass daily through the liver, which drains not only the
venous blood derived from the gastrointestinal tract but also receives arterial blood
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supply. Within the liver, arterial and venous blood merge in the hepatic sinusoids,
giving rise to a mixed arterio-venous perfusion. About 20% of cardiac output
passes through the liver, underlining its importance as metabolic organ [61].

2.5
Antigen Presenting Cells in the Liver

The liver bears several different antigen presenting cell populations. The macro-
phage population of the liver, the Kupffer cells, represents the largest macrophage
population of the body. Hepatic dendritic cells are present in relatively low num-
bers and bear an immature phenotype. In addition to macrophages and dendritic
cells, the liver contains a third antigen presenting cell population, i.e., the liver
sinusoidal endothelial cells (LSEC). Hepatic antigen presenting cells are ideally
positioned to execute their function to filter the blood. After numerous ramifica-
tions the portal vein drains into the microvessels, which are called sinusoids. To
achieve maximal filtration and to optimize the metabolic function of hepatocytes,
the liver is organized like a sponge. Every hepatocyte is surrounded by LSEC and
thus has access to sinusoidal blood. Hepatic sinusoids are lined by LSEC and
Kupffer cells as well as dendritic cells, which interact either on the luminal or the
basolateral side with LSEC (Figure 2.3).

2.5.1
Dendritic Cells

Dendritic cells in the liver are composed of at least four different CD11c+ subpo-
pulations based on the expression of CD8 and CD11b [62, 63]. B220+ plasmacytoid
dendritic cells are rather abundant in the liver, accounting for ca. 20% of dendritic
cells. CD8+ dendritic cells in the liver are phenotypically similar to CD8+ dendritic
cells in lymph nodes as they show little or no DEC205 expression [64]. In contrast
to dendritic cells in spleen or draining lymph nodes, hepatic dendritic cells are
rather poor stimulators of T cell activation. Although, especially, CD8+ hepatic
dendritic cells have a somewhat mature phenotype their capacity to prime naive T
lymphocytes is diminished compared to dendritic cells derived from spleen or
lymph node [63]. Interestingly, human hepatic dendritic cells expressed IL-10 and
showed reduced ability to stimulate T lymphocyte proliferation [65]. Moreover, T
lymphocytes primed by hepatic dendritic cells released immune-regulatory media-
tors, such as IL-4 and IL-10, upon re-stimulation, suggesting an immune control
function of hepatic dendritic cells [65]. The extent to which hepatic dendritic cells
are involved in triggering immune responses towards antigens/pathogens from
blood passing through the liver awaits more detailed investigation. They can pres-
ent bacterial antigens following blood borne dissemination of Salmonella and
prime naive CD4 and CD8 T lymphocytes in vitro [66].

Hepatic dendritic cells appear to migrate via lymphatic vessels into the hepatic
lymph node [67, 68]. However, the composition of dendritic cell subpopulations in

39



2 Antigen Entry Routes – Where Foreign Invaders Meet Antigen Presenting Cells

the liver-draining lymph node does not reflect the composition found in the liver
[69]. It is therefore tempting to speculate that certain populations of hepatic den-
dritic cells may be rather organ-resident. If this were the case, hepatic dendritic
cells would be exposed to the unique hepatic microenvironment, which is espe-
cially rich in tolerogenic mediators such as IL-10 and PGE2 (derived from Kupffer
cells) and TGFb (derived from hepatic stellate cells). As exposure of dendritic cells
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Figure 2.3 Antigens and pathogens may
breach physical barriers and escape local
immune control by migratory antigen pre-
senting cells and disseminate in the entire
organisms via the blood stream. Once sys-
temically distributed, antigens and patho-
gens come in contact with antigen present-
ing cells in the spleen and liver.

Within the liver a unique population of
organ-resident antigen presenting cells, the
liver sinusoidal endothelial cells, shape
together with Kupffer cells and immature
hepatic dendritic cells the immune response
towards blood-borne antigens. (This figure
also appears with the color plates.)
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to these substances induces a tolerogenic phenotype [70], extended sojourn of den-
dritic cells in the liver may render them tolerogenic. Indeed, hepatic dendritic
cells have reduced capacity to induce T lymphocyte immunity in vitro [63, 65, 71].
If these dendritic cells do not migrate to the draining lymph node, they will exert
their immune-regulatory function locally in the liver. However, of course not all
hepatic dendritic cells remain resident to the liver. The liver even represents a
stage for transition of blood borne dendritic cells to the lymphatic compartment.
The functional relevance of migrating versus tissue-resident dendritic cells in the
liver for the induction of antigen-specific immune responses has not been
addressed yet.

2.5.2
Kupffer Cells

Kupffer cells are the macrophage population of the liver that is repopulated from
the bone marrow. The tissue half-life of Kupffer cells is rather variable but can be
up to several months. These cells are specialized in elimination of particulate
material and pathogens by phagocytosis. Kupffer cells contribute to the unique
hepatic microenvironment by release of anti-inflammatory mediators such as IL-
10 and prostanoids [72]. Although they are capable of antigen presentation to CD4
and CD8 T lymphocytes [73–75], their contribution to T lymphocyte stimulation
relative to other local antigen presenting cell populations is rather low. Neverthe-
less, Kupffer cells take up antigens from portal venous blood and are involved in
the induction of tolerance towards antigens applied to the portal vein [76].

With respect to their function as phagocytosing cells they contribute to elimina-
tion of bacteria from the blood stream. To achieve the most efficient elimination
of bacteria Kupffer cells use a rather unique mechanism. Secretory IgA prevents
attachment and invasion of mucous membranes by adhering to microorganisms
in the intestinal lumen [6]. In this way, secretory IgA contributes to local immune
defense to prevent infection. Serum IgA, however, enhances phagocytosis of coat-
ed microorganisms by FcaRI-expression phagocytes and triggers activatory
responses [77]. Pro-inflammatory mediators strongly increase expression levels of
FcaRI on Kupffer cells. Bacteria coated with serum IgA are most efficiently elimi-
nated by FcaRI-expression Kupffer cells in the liver [78]. Kupffer cells can, there-
fore, be considered to form a “second line of defense” against gut-derived bacteria
that reach the liver with portal venous blood. Elimination of bacteria in portal
venous blood prevents further systemic dissemination of bacteria and subsequent
development of systemic inflammation.

Other pathogens, however, may exploit Kupffer cells to infect the liver. Malaria
is caused by Plasmodium spp., which are transmitted via the bite of infected mos-
quitoes and transmission of sporozoites into the dermis. Within minutes sporo-
zoites reach the liver, where they infect hepatocytes and undergo differentiation as
well as massive proliferation. Targeting of hepatic tissue is specific and efficient
as infection with one single sporozoite is sufficient to cause infection. Kupffer
cells are targeted by sporozoites and are invaded. Targeting of Kupffer cells allows
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sporozoites to escape from the blood circulation and now enter hepatocytes for
further completion of their life cycle [79]. These examples show again that antigen
presenting cell populations are, on one hand, operative in immune surveillance
but, on the other hand, may be exploited by microorganisms to establish infection.

2.5.3
Liver Sinusoidal Endothelial Cells

Liver sinusoidal endothelial cells form a part of the so-called reticulo-endothelial
system that is functional in clearance of particulate matter and macromolecules
from the blood circulation. As already mentioned, LSEC are strategically posi-
tioned in the hepatic sinusoid. Because hepatic sinusoids form a dense meshwork
of vessels with a large overall surface and because the low perfusion pressure
leads to slow blood flow in the sinusoids, LSEC have perfect conditions to elimi-
nate macromolecules from the blood circulation. Although LSEC bear the capacity
to perform phagocytosis of small particles, up 200nm [80], their main form of
antigen uptake is receptor-mediated endocytosis. They express a number of pat-
tern-recognition receptors, such as the mannose receptor and several scavenger
receptors [81].

The phenotype of LSEC is rather unique compared to other endothelial cell
populations. LSEC constitutively express MHC I and MHC II molecules as well as
low levels of the co-stimulatory molecules CD80, CD86 and CD40 [82, 83]. They
further express the CD4 molecule and L-SIGN, which is a homologue of DC-
SIGN [84]. Together with their constitutive high expression levels of CD54 and
CD106 they express all molecules necessary to initiate contact and engage in cog-
nate interaction with T lymphocytes. The phenotype of LSEC resembles immature
dendritic cells and it has been suggested that these cells have antigen-presenting
function.

Early experiments revealed that sinusoidal lining cells were MHC II positive
and could present antigen to T lymphocytes [74]. With the development of tech-
niques to isolate pure populations of LSEC [85], it was possible to investigate the
antigen presenting function of these cells in well-defined in vitro cultures. Using
primary cultures of LSEC isolated from murine liver, it was possible to demon-
strate that LSEC could take up and process antigen for MHC II-restricted presen-
tation to CD4 T lymphocytes. In contrast to other endothelial cells, LSEC did not
require additional pro-inflammatory stimuli such as TNFa or IFNc to engage in
cognate interaction with CD4 T lymphocytes. Interestingly, bacterial degradation
products like endotoxin affected antigen-uptake and endolysosomal acidification,
thereby decreasing MHC II restricted antigen presentation in LSEC [86]. Low lev-
els of endotoxin are present in portal venous blood, the LSEC scavenge endotoxin
and were responsive to these low endotoxin concentrations [87]. These observa-
tions reveal that the liver not only functions as a filter for gut-derived molecules
and pathogens but also bears antigen presenting cells with a sentinel function for
microenvironmental changes.
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LSEC even further resemble dendritic cells, because they are able to prime
naive CD4 T lymphocytes in an antigen-specific fashion. No maturation is re-
quired for LSEC to engage in cognate interaction with naive CD4 T lymphocytes
and to induce initial cytokine expression and proliferation [83]. In contrast to den-
dritic cells, naive CD4 T lymphocytes primed by antigen presenting LSEC failed
to differentiate into Th1 cells. Upon restimulation via the T cell receptor, CD4 T
lymphocytes primed by LSEC released significant amounts of IL-10 and IL-4
whereas T lymphocytes primed by dendritic cells released mainly IFNc [83].
These experiments suggested that antigen-specific immune responses can be ini-
tiated outside lymphatic tissue.

LSEC share another feature with dendritic cells, i.e. the capacity to present exo-
genous antigens on MHC I molecules to CD8 T lymphocytes (cross presentation).
Cross presentation in LSEC is most efficient, requiring only low antigen concen-
trations and a short time period after receptor-mediated endocytosis [75]. LSEC
not only cross present antigen to armed effector CD8+ T cells but have the capacity
to stimulate naive CD8+ T lymphocytes. Following encounter with cross present-
ing LSEC, naive CD8+ T lymphocytes release cytokines and start proliferation in
vitro. However, antigen-specific restimulation of these T cells revealed that they
lost the ability to express effector cytokines such as IL-2 and IFNc and that they
lost their cytotoxic activity [75]. In vivo, LSEC cross present antigen to naive CD8+

T lymphocytes outside the lymphatic system. So far, stimulation of naive T cells
was believed to occur exclusively in the highly specialized lymphatic microenvir-
onment. Following stimulation by cross presenting LSEC, naive CD8+ T lympho-
cytes start to proliferate locally in the liver. However, the outcome of cross presen-
tation by LSEC in vivo is the induction of systemic immune tolerance. Similar to
CD8+ T cells stimulated by cross presenting LSEC in vitro, CD8+ T cells in vivo
lose the capacity to express effector cytokines and to exert cytotoxic activity against
their specific target antigens once stimulated by cross presenting LSEC [75]. Dele-
tion of antigen specific CD8+ T cells occurs to some extent but is not the main
mechanism of immune tolerance induced by LSEC [75]. Mice rendered tolerant
by LSEC cross presenting a model antigen fail to develop an immune response
against a tumor carrying this model antigen, which constitutes the prime target of
the immune response in non-tolerant littermates, leading to immunity and tumor
rejection in control animals [75].

Collectively, these experiments reveal the presence of a hepatic antigen present-
ing cell population with unique characteristics: organ-resident, most efficient in
scavenging blood-borne antigens from the circulation, not requiring maturation
for induction of immune function, induction of antigen-specific T lymphocyte tol-
erance by default. Encounter of antigens with this cell type in various situations,
e.g., after systemic dissemination of gut-derived antigens, is likely to lead to induc-
tion of immune tolerance. As mentioned above, other hepatic antigen presenting
cell populations may equally induce immune tolerance. A recent study has dem-
onstrated that exclusive expression and presentation of an antigen in the liver
leads to induction of immune tolerance towards this antigen, whereas expression
and presentation in lymphatic tissue gives rise to strong immunity [88]. Distribu-
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tion of antigen and the type of antigen presenting cell mediating the initial con-
tact with T lymphocytes are important determining factors for the quality of the
ensuing immune response.

Similar to antigen presenting cells in various other tissues, LSEC are exploited
by microorganisms to achieve infection. Certain viruses target the liver with high
specificity, like HepaDNA viruses or Hepatitis C Virus (HCV). In an animal model
of Hepatitis B Virus infection, the Duck Hepatitis B Virus (DHBV), it was shown
that DHBV following intravenous inoculation rapidly located in the liver in LSEC.
As very few viruses are sufficient to establish successful infection in hepatocytes,
it was assumed that DHBV initially taken up by LSEC was further available for
hepatocellular infection after transcytotic delivery to the basolateral side of LSEC,
which is in close physical contact with hepatocytes [89]. More mechanistic insights
came from experiments studying the mechanisms mediating infection of the liver
with HCV. L-SIGN was described as a receptor for HCV that allows HCV to escape
lysosomal degradation [90] and mediates transinfection of hepatocytes [91], simi-
lar to the mechanisms observed for DC-SIGN mediated trans-infection of CD4 T
lymphocytes [38]. LSEC are the only cell population of the liver expressing L-SIGN
and, therefore, are a good candidate for mediating HCV targeting of the liver [84].

2.6
Conclusion

This chapter has illustrated the cellular and molecular mechanisms of the encoun-
ter between antigen presenting cells and microorganisms in the context of the
anatomic compartment and organ-specific microenvironment. The distinction
made by antigen presenting cells between innocuous commensal microorganisms
and harmless antigens on one side and pathogenic microorganisms on the other
side is most important for survival of the organism. Immune surveillance has to
discriminate between these and at the same time preserve functional organ integ-
rity in the presence of infection. Antigen presenting cells may either function
solely to eliminate pathogens without alerting other parts of the immune system
or may take up microorganisms for MHC restricted antigen presentation, result-
ing in immunity or tolerance. In stark contrast to the previous belief that antigen
uptake, migration and antigen presentation all occur in the same dendritic cell,
new experimental evidence demonstrates that, for skin-derived antigens, antigen
uptake and antigen presentation are carried out by different dendritic cell popula-
tions.

Antigens and pathogens gain access to the systemic circulation and therefore
additional immune defense lines are operative to prevent damage to the host. The
liver with its different populations of antigen presenting cells, together with the
spleen, plays an important role to eliminate blood borne pathogens and to contain
antigen-specific immune responses once antigens are systemically distributed via
the blood stream. In the liver, another unique population of organ-resident anti-
gen presenting cells, the liver sinusoidal endothelial cells, exerts all the salient
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functions of antigen presenting cells at the same time, i.e., antigen uptake, pro-
cessing and presentation. These organ-resident antigen presenting cells induce
immune tolerance in T lymphocytes. It can be concluded that immune surveil-
lance is not only operative at external surfaces of the organism to prevent or con-
tain infection locally but further entails control of systemic pathogen spread and
immune-regulatory function towards blood borne antigens.
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3
Antigen Processing in the Context of MHC Class I Molecules
Frank Momburg

3.1
Tracing the Needle in the Haystack: The Efficiency of Antigen Processing and Presen-
tation by MHC Class I Molecules

Major histocompatibility complex class I (MHC-I) molecules belong to the key ele-
ments of the adaptive immune system as they alert cytotoxic T lymphocytes to the
presence of intracellular pathogens such as viruses or certain types of bacteria or
indicate mutations of self antigens occurring in tumor cells. They do this by dis-
playing huge arrays of short peptides of 8–11 amino acids representing degrada-
tion products of the foreign or altered proteins. From mass spectrometric analysis
of peptides acid-eluted from different MHC-I isoforms it was estimated that over
10 000 peptide species were presented at the level of >1 fmol per 108 cells. The
complexity of peptide spectra was similar in B lymphoblastoid and melanoma
cells and it was estimated that ca. 90% of these peptides were derived from com-
monly expressed proteins (reviewed in Engelhard et al., 2002). It was calculated
that B-lymphoblastoid cells with 8 � 105 MHC-I molecules on the cell surface dis-
play individual peptide/MHC-I complexes at varying frequencies of 1 to 4000 per
cell. The peptide repertoire could thus represent degradation products of a sub-
stantial fraction of the proteome (~30 000 proteins). Moreover, several cryptic
translation products from non-coding regions, alternative reading frames or
introns have been identified as MHC-I peptides, which extend the great diversity
of peptide/MHC-I complexes even more (reviewed in Shastri et al., 2000). In addi-
tion, MHC-I presented peptides can harbor various post-translational modifica-
tions such as Na-acetylation, cysteinylated cysteines, dimethylated arginines,
phosphorylations on serine, threonine or tyrosine residues, and O- or N-glycosyla-
tions (reviewed in Engelhard et al., 2002).

To ensure rapid responses during acute virus infections the immune system
cannot afford to wait until metabolically stable or compartmentalized viral pro-
teins eventually undergo age-associated damage and turnover by the cellular deg-
radation machinery. There is evidence that CD8+ T cells recognize long-lived viral
proteins rapidly after infection, thereby linking the period of active viral protein
biosynthesis with antigen presentation (Khan et al., 2001). Errors in mRNA syn-



thesis and splicing, incorrect or abortive mRNA translation on ribosomes, post-
translational misfolding, mistargeting to organelles, and defective assembly into
multisubunit complexes can lead to faulty protein variants that never attain a
native structure. Recently, these were collectively termed “defective ribosomal
products” (DRiPs) (Yewdell, 2001). Using proteasome inhibitors, DRiPs can make
up 25–40% of newly synthesized proteins in different tumor and normal cells
(Schubert et al., 2000; Princiotta et al., 2003). DRiPs are mostly polyubiquitinated
(Schubert et al., 2000) and hence represent substrates for 26S proteasomes (Sec-
tion 3.2). Because of their large quantities DRiPs appear to be an important source
for MHC-I binding peptides. In a model system employing short- or long-lived
epitope-containing proteins, 440–3000 substrates had to be degraded for each
Kb/ovalbumin peptide complex (Princiotta et al., 2003). On average, each of the
8 � 105 proteasomes in one L cell degraded 2.5 substrates per minute, resulting in
~2 � 106 peptides s–1, of which, however, only ~150 peptides s–1 (~0.1%) formed
complexes with MHC-I molecules (Princiotta et al., 2003; Yewdell et al., 2003).

A comparably low efficiency of epitope formation (1/3900) was found using vac-
cinia virus-expressed b-galactosidase as model antigen (Montoya and Del Val,
1999). Likewise, less than 1% of peptides cleaved by proteasomes out of various
ubiquitin-tagged fusion proteins were recruited for MHC-I presentation (Fruci et
al., 2003). Such a wasteful antigen processing seems to be unharmful because
viral proteins are often produced in large amounts and the numbers of MHC-I/
peptide complexes necessary for triggering of specific CD8+ T cells can vary from
several thousands to as few as one (reviewed in Engelhard et al., 2002). By con-
trast, proteins secreted by Listeria monocytogenes bacteria into the cytosol of
infected cells were reported to be processed into MHC-I ligands with much higher
efficiencies. For instance, only ~35 murein hydrolase molecules were required to
yield one Kd-bound epitope (Villanueva et al., 1994). The reasons for these discre-
pancies in processing efficiencies are probably multifaceted and presently un-
resolved.

By monitoring the decay of fluorescent peptides injected into the cytosol of liv-
ing cells it was noted that the half-life of 9-mer peptides was of the order of <10 s
owing to abundant aminopeptidase activities (Reits et al., 2003). It was concluded
that 99% of newly produced peptides that freely diffuse in the cytoplasm and
nucleus are destroyed before reaching the peptide transporter in the ER mem-
brane (Reits et al., 2003; Yewdell et al., 2003). Transient binding to heat shock pro-
teins may protect antigenic peptides from destruction by cytosolic peptidases
(reviewed in Srivastava, 2002). Following siRNA-mediated silencing of the cytoso-
lic chaperonin TRiC, the amounts of total cell surface MHC-I molecules and of
particular MHC-I/peptide complexes were reduced (Kunisawa and Shastri, 2003).
This suggests that TRiC protects a substantial subset of N-terminally extended
peptide intermediates, but it was not excluded whether TRiC has other functions
in the MHC-I pathway. The chances of freely diffusing peptides escaping degrada-
tion and entering the ER would probably be increased if proteasomes and trim-
ming aminopeptidases were close to the ER membrane. Interestingly, in this
regard, immunoproteasomes, but not house-keeping proteasomes (Section 3.2),
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were found significantly enriched at the cytosolic face of the ER membrane
(Brooks et al., 2000).

Resulting from conformational changes upon ATP and peptide binding, green
fluorescence protein (GFP)-tagged TAP heterodimers attain a slower lateral mobil-
ity in the ER membrane. TAP mobility has been used as a read-out system for the
presence of cytosolic peptides in living cells (Reits et al., 2000). Normally, only one
third of all TAP molecules actively transport peptides. However, TAP molecules
became fully engaged during an acute influenza virus infection. When protein
translation was inhibited, the peptide-dependent, low-mobility conformation of
TAP subsided within 15–30min, in accordance with the short half-life of cytosolic
peptides. These findings imply that the turnover products from long-lived pro-
teins represent only a minor quantitative source of peptides and that newly
synthesized proteins chiefly contribute to the MHC-I bound peptide pool. Further-
more, the total degradative capacity of proteasomes is engaged to only ~20% in
unstressed cells (Dantuma et al., 2000). In conclusion, the cellular antigen pro-
cessing machinery has considerable idle capacity that can be rapidly recruited dur-
ing an ongoing production of viral proteins.

3.2
The “Classical” Route: Loading ofMHCClass IMoleculesWithPeptidesGenerated
in the Cytoplasm

3.2.1
Cytosolic Peptide Processing by Proteasomes and other Proteases

Large multisubunit protease complexes, the proteasomes, account for the main
proteolytic activity that digests proteins into oligopeptides (reviewed in Kloetzel,
2001, 2004; Rock et al., 2002; Rock and Goldberg, 1999) (see Figure 3.1). Evidence
for the crucial involvement of proteasomes in antigen processing was obtained in
studies using proteasome-inhibiting peptide aldehydes as well as highly protea-
some-specific inhibitors such as lactacystin (reviewed in Rock and Goldberg,
1999; Rock et al., 2002; Gromm� and Neefjes, 2002; Kessler et al., 2002). Protea-
some inhibitors caused a significant reduction of MHC-I surface expression and
diminished the presentation of CTL epitopes. The generation of some MHC-I li-
gands was, however, either not negatively affected or their formation was even
enhanced in the presence of proteasome inhibitors (reviewed in Rock et al., 2002;
Gromm� and Neefjes, 2002). This suggests that alternative degradation pathways
exist in which proteasomes may not be rate limiting and that, in certain cases,
proteasomes may destroy antigenic peptides. The surface expression of allelic
HLA-A, B, C molecules requiring peptides with different anchor residues (Section
3.4.1) was unequally affected by proteasome inhibitors (Benham et al., 1998;
Luckey et al., 2001), suggesting that non-proteasomal and proteasomal cleavage
specificities may complement each other during peptide processing.
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Figure 3.1 Classical pathway of MHC-I anti-
gen processing. 26S proteasomes degrade
cytosolic proteins tagged by multiubiquitin
chains into peptides of 3–25 amino acids.
The C termini of final MHC-I ligands are
mostly generated by the proteasomal cut. In
the presence of interferon-c, the proteolyti-
cally active b subunits of the constitutively
expressed 20S core complex are replaced by
the respective immunoproteasome subunits
b1i, b2i and b5i, which entail an altered pro-
teasomal cleavage specificity. Also, the con-
stitutively expressed ATP-dependent PA700
regulator complex can be replaced by the
interferon-induced PA28 regulator complex.
Through the endopeptidase activity of cyto-
solic tripeptidyl peptidase II (TPP-II) larger
proteasomal products (>16 residues) can be
processed into MHC-I-binding peptides,
while thimet oligopeptidase (TOP) produces
fragments that are too small for subsequent
TAP transport and MHC-I binding. Cytosolic
aminopeptidases, e.g., TPP-II, leucine amino-
peptidase (LAP), puromycin-sensitive amino-
peptidase (PSA), and bleomycin hydrolase
(BH), can trim N-terminal amino acids
before ER translocation by TAP. Cytosolic
chaperones such as TRiC may protect pep-
tides from rapid hydrolysis. The transporter
associated with antigen processing (TAP)
transports peptides of 8–16 amino acids in
an ATP-dependent fashion. Subunits TAP1
and TAP2 undergo conformational changes
upon peptide binding, upon ATP binding to
the nucleotide binding domains, and upon
ATP hydrolysis that is linked to substrate
release into the ER lumen. N-terminally
extended variants of final MHC-I-binding
ligands are subjected to trimming by the ER-
resident aminopeptidase ERAP1, and poten-
tially also by ERAP2/L-RAP. Peptides can
bind to ER-resident chaperones such as gp96
or PDI and are removed from the ER through
the Sec61 channel. Peptides of 8–10 amino
acids are loaded onto MHC class I heavy
chain (HC)/ b2-microglobulin (b2m) dimers

that are tethered to TAP by means of the
dedicated chaperone tapasin. Tapasin also
recruits the oxidoreductase ERp57, which
might isomerize the MHC-I a2 domain
disulfide bridge during peptide loading.
Together with the lectin-like chaperone
calreticulin (CRT), these components form
the peptide-loading complex (PLC). Tapasin
seems to retain MHC-I in a peptide-receptive
conformation and its editing function results
in an optimized affinity of MHC-I ligands
and improved stability of cell surface HC/
b2m/peptide complexes. Tapasin also
stabilizes TAP heterodimers by virtue of its
transmembrane domain. Intermediate TAP
complexes contain tapasin, ERp57 and
calnexin but interaction modalities have not
been defined. After biosynthesis MHC-I HC
assemble first with the chaperones BiP and
calnexin (CNX). ERp57 is also present in
early HC complexes with calnexin. Following
binding of b2m to HC, CNX is exchanged by
CRT that binds to the a1 domain N-glycan of
MHC-I HC in the monoglucosylated form.
Intermediate MHC-I complexes, shown in
brackets, are also able to bind peptides.
Tapasin-independent allelic MHC-I
molecules are not, or are only poorly,
detectable in the PLC, but are regularly
loaded with peptides. Successfully loaded
MHC-I molecules are released from the PLC
and exit the ER in cargo vesicles. The cargo
receptor Bap31 is involved ER egress of
peptide-loaded MHC-I. Tapasin-mediated
recycling of MHC-I molecules from the cis-
Golgi has been reported. HC/b2m/peptide
complexes traffick through the Golgi
apparatus, where N-glycans are modified,
and the trans-Golgi network (TGN) to the
plasma membrane. In the TGN, the
endopeptidase furin can contribute to
antigen processing. HC/b2m/peptide
complexes displayed on the cell surface of
antigen presenting cells (APC) are
recognized by antigen-specific T cell
receptors together with CD8. (This figure
also appears with the color plates.)
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3.2.1.1 Structure and Function of the Proteasomal Core and Interferon-induced
Subunits
The 26S proteasome consists of the barrel-shaped 20S proteasomal core and two
ATP-dependent 19S regulatory complexes bound at either end (reviewed in Bau-
meister et al., 1998; Voges et al., 1999). The 20S core is a cylindrical stack of four
seven-membered rings with a central cavity and narrow entrances at the top and
the bottom. In eukaryotic cells, the two outer rings each contain the non-identical
but related subunits a1 to a7, which possess no protease activity (reviewed in Bau-
meister et al., 1998; Kloetzel, 2001). Each of the two inner rings consists of the
structurally related subunits b1 to b7. Confined to the surface of the inner cavity,
the proteolytic activity resides in subunits b1, b2 and b5 containing N-terminal
threonine residues as active nucleophiles, whereas the other b subunits are enzy-
matically inactive. During immune responses, the constitutively expressed b1, b2
and b5 subunits are replaced by the IFN-c-inducible “immunoproteasome” subu-
nits b1i (LMP2), b2i (MECL-1) and b5i (LMP7) (reviewed in Baumeister et al.,
1998; Rock et al., 2002; Kloetzel et al., 2001, 2004). LMP2 and LMP7 are encoded
in the class II region of the major histocompatibility complex (reviewed in Mom-
burg and H�mmerling, 1998; Rock and Goldberg, 1999). The incorporation of
b1i, b2i and b5i modulates the proteasomal cleavage specificity as discussed
below.

In addition to the immuno-subunits of the 20S core complex, IFN-c induces
the expression of PA28 (11S) regulator complex (reviewed in Baumeister et al.,
1998; Rock et al., 2002; Kloetzel, 2001, 2004). PA28 is a hexa- or heptameric com-
plex composed of PA28a and PA28b subunits that bind to the outer a rings of the
20S core. The PA28 regulator opens the narrow gates of the 20S particle and may
stimulate the ATP-independent entry or exit of substrates (Whitby et al., 2000;
reviewed in Kloetzel, 2001; 2004; Rock et al., 2002). In vitro, the PA28 regulator
complex markedly increased protein hydrolysis and quantitatively altered protea-
somal cleavage site preferences (reviewed in Rock et al., 2002). Mice deficient for
PA28a and PA28b have been analyzed (Preckel et al., 1999; Murata et al., 2001),
but it is controversial whether CTL responses are generally or selectively impaired
in the absence of PA28. Overexpression of PA28 in cells improved the generation
of a subset MHC-I ligands (Groettrup et al., 1996; van Hall et al., 2000; Sijts et al.,
2002). Hybrid proteasomes consisting of the 20S core assembled with the 19S and
the PA28 complex at opposite ends generated unique peptides in vitro that were
not produced by 26S proteasomes (Cascio et al., 2002). In addition, regulator-free
20S (immuno)proteasomal core complexes have been suggested to function
downstream of 26S and PA28/20S proteasomes (Kloetzel, 2004).

3.2.1.2 Targeting Proteins for ATP-dependent Degradation by 26S Proteasomes
Proteins are usually marked for proteasomal processing by isopeptidic conjuga-
tion of lysine residues with a chain of four or more moieties of ubiquitin, a small
protein of 76 amino acids (reviewed in Hershko and Ciechanover, 1998). This
requires a cascade of enzymatic reactions, including the ATP-dependent ubiqui-
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tin-activating enzyme E1, several ubiquitin-conjugating (E2) enzymes, and multi-
ple substrate-specific ubiquitin ligases (E3) (reviewed in Hershko and Ciechan-
over, 1998; Weissman, 2001). Deubiquitinating enzymes regulate the multiubiqui-
tin chain length or disassemble multiubiquitin trees for recycling (reviewed in
Wilkinson et al., 2000). Although most studies underpinned an essential role of
ubiquitin-targeted proteolysis for antigen processing, there are also examples for
ubiquitin-independent protein degradation in cells (reviewed in Rock et al., 2002).
In vitro, 26S and 20S proteasomes degraded various non-ubiquitinated proteins,
some of which, however, required extensive denaturation (Benaroudj et al., 2001).
The ubiquitin-independent ornithine decarboxylase–antizyme complex employs a
special mechanism for proteasomal targeting (reviewed in Coffino, 2001).

The major function of the 19S regulatory complex is to bind ubiquitinated sub-
strates and to thread them into inner cavity of the 20S core. The 19S complex is
composed of a “base” and a “lid” subcomplex with 8 and 9–10 different compo-
nents, respectively (reviewed in Voges et al., 1999; Kloetzel, 2001). The base,
which is attached to the two a rings, contains besides non-ATPase subunits a ring
of 6 AAA-type ATPases that facilitate the unfolding and channeling of substrates
through the axial gates of the 20S core (Navon and Goldberg, 2001; reviewed in
Rock et al., 2002). The ATP-dependent function of the 19S regulator is thus linked
to the earlier observation that ATP hydrolysis is strictly required for non-lysosomal
protein degradation. Multiubiquitin trees need to be removed before an unfolded
protein can pass the narrow axial entry of the core complex. Consistently, deubi-
quitinating enzymes have been identified as subunits of the 19S regulatory com-
plex (Yao and Cohen, 2002).

3.2.1.3 Cleavage Properties of (Immuno)Proteasomes
The three active proteasome subunits b1, b2 and b5 show differential proteolytic
specificities as they preferentially cleave after acidic, basic and hydrophobic resi-
dues in short fluorogenic substrates, respectively (reviewed in Rock and Goldberg,
1999). In natural protein substrates these cleavage specificities are less well
defined as cuts can occur after almost every amino acid, thus providing a high
degree of flexibility to proteasomes (Niedermann et al., 1996; Nussbaum et al.,
1998; Toes et al., 2001). Protein hydrolysis is, however, by no means random as
only 10–15% of all peptide bonds are used in model protein substrates (Kisselev et
al., 1999). Proteasomes generally prefer to cut after large hydrophobic and aro-
matic amino acids (Niedermann et al., 1996; Nussbaum et al., 1998; Toes et al.,
2001). The sequential context within the degraded protein can strongly influence
the yield of particular MHC-I ligands (Nussbaum et al., 1998; reviewed in Rock
and Goldberg, 1999; Rock et al., 2002). Whether finally processed ligands or N-
terminally extended precursors are generated or preferentially destroyed by pro-
teasomes in vitro appears to correlate with the immunodominance of these epi-
topes in vivo and can be used to predict CTL epitopes (Niedermann et al., 1995;
Kessler et al., 2001).
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As compared with “house-keeping” 20S proteasomes, 20S immunoprotea-
somes cleaved more often after hydrophobic and aromatic residues in the protein
substrate enolase 1, whereas cuts after acidic residues occurred less frequently
(Toes et al., 2001). Thus, the cleavage specificity of immunoproteasomes appears
to be altered in favor of C-terminal peptide residues that predominate in natural
MHC-I ligands. Although the IFN-c inducible 20S subunits b1i (LMP2) and b5i
(LMP7) are no general prerequisite for antigen presentation, the study of IFN-c
treated or immuno-subunit transfected cells has provided ample evidence for the
modulation of proteasomal cleavage specificities by immuno-subunits (reviewed
in Momburg and H�mmerling, 1998; Rock and Goldberg, 1999; Kloetzel, 2001,
2004; Rock et al., 2002; Gromm� and Neefjes, 2002). Slightly reduced levels of
MHC-I surface expression and CD8+ T cells as well as a reduced capacity to pro-
cess and present certain MHC-I peptides have been noted for LMP2- and LMP7-
deficient mice (Van Kaer et al., 1994; Fehling et al., 1994). Together, these studies
demonstrated that immunoproteasomes are required for efficient generation of a
subset of MHC-I epitopes. Hence, the degradation machinery can rapidly adapt to
the greater demands of antigen presentation during infections. In contrast to the
augmented presentation of virus-derived epitopes in the presence of immunopro-
teasomes, two tumor-associated self peptides were produced only by constitutive
but not by immunoproteasomes expressed in professional antigen-presenting
cells (Morel et al., 2000). This is of importance for immunization strategies using
dendritic cells for the presentation of tumor-derived proteins.

Although proteasomes generate a subset of peptides in vitro that need no addi-
tional processing for MHC-I binding (Dick et al., 1998; Lucchiari-Hartz et al.,
2000), many proteasomal products are intermediate products that carry the exact
C terminus of the definitive MHC-I-ligand, but contain N-terminal (Nt) exten-
sions of various lengths (Niedermann et al., 1996; Cascio et al., 2001). The protea-
somal cleavage products produced in vitro were between 3 and >25 amino acids
long, with most products being <10 amino acids (Niedermann et al., 1996; Nuss-
baum et al., 1998; Kisselev et al., 1999). Interestingly, both 26S and 20S immuno-
proteasomes processed significantly more N-terminally extended versions of the
Kb-binding ovalbumin peptide SIINFEKL than constitutive proteasomes (Cascio
et al., 2001). It was noted that about 15% of proteasomal products fall within the
size range (8–9 residues) of typical MHC-I ligands, another 15–20% are larger and
thus require additional trimming, but the remaining two-thirds were too short for
TAP transport and MHC-I binding. Proteasomes are ancient enzyme complexes
that evolved long before the development of the adaptive immune system in verte-
brates (reviewed in Baumeister et al., 1998) and whose apparent purpose is amino
acid recycling and the maintenance of homeostasis in the presence of continuous
protein neosynthesis. Unsurprisingly, therefore, most proteasomal products have
no apparent value for the immune system. Notably, however, the mentioned size
range of proteasomal products in vitro does not necessarily reflect the situation in
living cells. 26S proteasomes can degrade or activate proteins by a single endopro-
teolytic cut, resulting in fragments of more than 100 amino acids (reviewed in
Rape and Jentsch, 2002). Limited proteasomal proteolysis may thus occur more
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frequently in vivo than predicted from the degradation of proteins and oligopep-
tides in vitro.

3.2.1.4 Peptide Processing by Nonproteasomal Cytosolic Peptidases
Proteasome-derived intermediates of MHC-I ligands can undergo further process-
ing in the cytosol. Various cytosolic amino- and endopeptidases have been identi-
fied with the capacity to either degrade proteasomal products into short fragments
or to exert limited trimming at the aminoterminal end of the peptide (reviewed in
Rock et al., 2002, 2004; Saveanu et al. 2002; Del Val and L	pez, 2002). Proteasome
inhibitors completely blocked the generation of mature epitopes from C-termin-
ally extended epitope precursors while, conversely, these inhibitors did not affect
the presentation of precursors with N-terminal extensions or of finally processed
peptide epitopes (Craiu et al., 1997; Kunisawa and Shastri, 2003; reviewed in Rock
et al., 2002, 2004). Thus, with a reported few exceptions, proteasome appear to be
generally responsible for the generation of the final C-terminal residues of MHC-I
ligands.

The ubiquitous cytosolic metallo-endopeptidase, thimet oligopeptidase (TOP),
usually destroys MHC-I ligands. TOP hydrolyzed most antigenic peptides in cell
extracts to small fragments (Saric et al., 2001). Its overexpression in cells reduced
MHC-I expression by decreasing the pool of available MHC-I ligands while the
silencing of TOP by siRNA had the opposite effect (York et al., 2003). Leucine ami-
nopeptidase (LAP) was shown to remove N-terminal extensions from ovalbumin-
derived precursor peptides (Beninga et al., 1998). This cytoplasmic zinc amino-
peptidase is present in many tissues and is inducible by IFN-c (Beninga et al.,
1998). Bleomycin hydrolase and puromycin-sensitive aminopeptidase (PSA)
trimmed a viral precursor peptide in cytosolic extracts (Stoltze et al., 2000). Tripep-
tidyl peptidase II (TPP-II) has been implicated in the processing of some anti-
genic peptides (L�vy et al., 2002; Seifert et al., 2003; Kloetzel, 2004). The genera-
tion of an HLA-A3-restricted epitope from the HIV Nef protein, which could not
be generated by proteasomes, critically depended on the activity of TPP-II (Seifert
et al., 2003). TPP-II is a huge multimeric complex with a rod-like structure (Geier
et al., 1999). TPP-II removes three residues at a time from the N terminus of oli-
gopeptides, but also displays an as yet incompletely characterized endopeptidase
activity in vitro (Geier et al., 1999; Seifert et al., 2003; Reits et al., 2004). TPP-II
was reported to act sequentially with PSA (L�vy et al., 2002). Since TPP-II, but no
other aminopeptidase activity, attacks peptides with 16 or more residues (Reits et
al., 2004), TPP-II may have a specific function in processing longer proteasome-
derived oligopeptides (16–25 residues). The down-regulation of surface MHC-I
molecules in the presence of the TPP-II inhibitor butabindide suggests that the
production of final MHC-I ligands partially depends on TPP-II-mediated cleavage
of proteasomal products (Reits et al., 2004). It is unclear whether the different
cytosolic amino- and endopeptidases exert redundant or unique functions in the
MHC-I presentation pathway. Analysis of knock-out mice deficient for the respec-
tive peptidases will help to resolve this question.
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3.3
Crossing the Border – Peptide Translocation into the ER by TAP

3.3.1
Structure and Function of TAP

The transporter associated with antigen processing (TAP) represents the principal
ER conduit for those peptides that survive the degradative environment of the
cytosol (reviewed in Elliott, 1997a; Momburg and H�mmerling, 1998) (see Figure
3.1). Because MHC-I molecules are unstable in the absence of peptides, TAP1-
deficient mice show severely reduced levels of MHC-I surface expression and
<1% of wild-type CD8+ T cell counts (Van Kaer et al., 1992). Nevertheless, TAP1–/–

mice are able to develop a diverse CD8+ T cell repertoire and mount peptide-spe-
cific T cell responses (Aldrich et al., 1994), suggesting that TAP-independent path-
ways warrant a minor supply with MHC-I-binding peptides (Sections 3.5 and 3.6).

TAP belongs to the large family of ABC (ATP-binding cassette) transporters
that translocate a vast variety of substrates across membranes (reviewed in Hig-
gins, 1992). TAP consists of the two non-covalently linked subunits TAP1 and
TAP2, each possessing an N-terminal membrane-spanning portion and a C-termi-
nal, cytosol-exposed nucleotide-binding domain (NBD) (reviewed in Elliott, 1997a;
Momburg and H�mmerling, 1998). Despite their common architecture, TAP1
and TAP2 proteins share only about 36% of their amino acids (reviewed in Mom-
burg and H�mmerling, 1998; Elliott, 1997a). Together with the genes coding for
the immunoproteasome subunits LMP2 and LMP7, TAP1 and TAP2 genes are
located in the class II region of the MHC and their expression is likewise induci-
ble by IFN-c (reviewed in Momburg and H�mmerling, 1998; Elliott, 1997a). TAP
expression is confined to membranes of the ER and the cis-Golgi (Kleijmeer et al.
1992; Vos et al. 2000).

The complementation with the lacking subunit is required to rescue peptide
transport and MHC-I antigen presentation by TAP1- and TAP2-deficient cells.
These findings indicated that both subunits are required to form a functional pep-
tide transporter, although a few studies indicated that TAP1 homodimers may
possess a residual transport function (reviewed in Momburg and H�mmerling,
1998; Elliott, 1997a). Analysis of the 3D structure of TAP1/TAP2 single particles
by electron microscopy confirmed that TAP1 and TAP2 form heterodimers
(Velarde et al., 2001). This analysis revealed a central pore of 3 nm diameter on
the predicted ER luminal side, a compact globular structure and cytoplasmatic
lobes that likely represent the dimerized NBDs of TAP1 and TAP2. The X-ray crys-
tal structure of the NBD of TAP1 shows significant similarities with NBDs of
other ABC transporters (Gaudet and Wiley, 2001). Owing to the lack of a high-res-
olution crystal structure of the complete TAP heterodimer, the complex organisa-
tion of the membrane-spanning hydrophobic domains of TAP1 and TAP2
remains a controversial issue. Ten transmembrane segments (TMS) in TAP1 and
9 TMS in TAP2 have been predicted on the basis of hydrophobicity algorithms
and comparisons with other ABC transporters (Elliott, 1997a; Abele and Tamp�,
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1999), implicating that the N terminus of TAP1 is orientated towards the cyto-
plasm and the N terminus of TAP2 is located in the ER lumen. By determining
the ER-lumenal vs. cytoplasmic orientation of C-terminally truncated variants of
TAP1 and TAP2 proteins a topology model was developed that implicates a head-
head/tail-tail arrangement of the heterodimer and a hypothetical peptide translo-
cation pore consisting of TMS 1–6 in TAP1 and TMS 1–5 in TAP2 (Vos et al.,
1999, 2000). By analogy with the structure of other ABC transporters, another
group proposed that the translocation pore of TAP be formed by the six symmetri-
cally arranged TMS forming the C-terminal part of the membrane-spanning
domain of both TAP1 (TMS 4–9) and TAP2 (TMS 5–10) (Abele and Tamp�, 1999).
The functionality of such a 6+6 membrane-spanning core region in terms of het-
erodimeric assembly, peptide binding and transport has recently been demon-
strated in insect cells (Koch et al., 2004). Truncation of the hydrophobic N-termi-
nal TAP1 and TAP2 sequences outside the putative 6+6 core resulted in the loss of
tapasin association with TAP (Koch et al., 2004; see Section 3.4). Further studies
are required to elucidate the exact membrane topology of TAP1/TAP2 and interac-
tion sites with additional molecules.

Binding of peptide substrates induces conformational changes in the TAP het-
erodimer and stimulates the hydrolysis of ATP in the NBDs of both TAP1 and
TAP2 (reviewed in Abele and Tamp�, 2004). It is unclear, however, how the bind-
ing and hydrolysis of ATP is coupled to the actual membrane translocation of pep-
tide (reviewed in van Endert et al., 2002; Abele and Tamp�, 2004). In permeabi-
lized cells or microsomal membranes, peptide translocation by TAP strictly
depends on ATP hydrolysis (Neefjes et al., 1993a; Shepherd et al., 1993), whereas
peptide binding to TAP can occur in the absence of ATP (van Endert et al., 1994;
Androlewicz and Cresswell, 1994). Given the high cytoplasmic ATP concentration
(1–10mm), peptide binding to nucleotide-free TAP appears, however, to be unlike-
ly in living cells. Several studies indicate that TAP1 and TAP2 function in an
asymmetrical manner during the translocation cycle. From mutational studies the
picture emerges that ATP binding and hydrolysis by the TAP2 NBD is critical for
substrate binding and translocation by human TAP, whereas hydrolysis-defective
mutant TAP1 subunits still allowed for low levels of peptide transport (Karttunen
et al., 2001; Lapinski et al., 2001; Saveanu et al., 2001). Conflicting data were
obtained in another study, showing the importance of ATP hydrolysis by rat TAP1
for peptide translocation and peptide-dependent release of TAP-associated MHC-I
molecules (Alberts et al., 2001). In a recently proposed hypothetical model, the
sequential hydrolysis of ATP at NBD2 and NBD1 would only be required to reset
the transporter for the next cycle, while a substrate-induced dimerization of the
two ATP-loaded NBDs would elicit conformational rearrangements that move the
peptide through the translocation channel (Abele and Tamp�, 2004).

Cross-linking studies with photoactivatable peptides and mutational deletions
provided evidence for both TAP1 and TAP2 contributing to a composite binding
site mapping to sequences that flank the most C-terminal putative pair of TMS
(Androlewicz and Cresswell, 1994; Nijenhuis et al., 1996; Nijenhuis and H�mmer-
ling, 1996; Ritz et al., 2001). The use of chimeras of allelic forms rat TAP2 allowed
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for the identification of polymorphic residues that determine the differential
transport of peptides with C-terminal hydrophobic or basic side chains, respec-
tively (see below). Consistent with the cross-linking studies, these residues map to
the membrane boundaries of putative cytoplasmic loops within the core mem-
brane-spanning domain of rat TAP2a and TAP2u (Momburg et al., 1996; Deverson
et al., 1998). Peptides bind to TAP with relatively low affinities (0.2–1.6mm for
selected peptides; Uebel et al., 1995, 1997; Koopmann et al., 1996) and similar
peptide concentrations are required for half-maximal transport rates (Bangia et
al., 1999; Momburg and Tan, 2002). Considering cytoplasmic concentrations of
free peptides far below 1mm, transport rates should increase proportionally to the
effective peptide concentrations. Enhanced protein expression during viral infec-
tions should therefore imply an enhanced TAP-mediated peptide translocation.

3.3.2
Substrate Specificity of TAP

The substrate specificity of TAP has been investigated by using radiolabeled pep-
tides containing an ER-dependent glycosylation motif or by peptide binding
assays. TAP preferably transports peptides 8–16 amino acids long, but longer pep-
tides up to 40 residues can be translocated at low rates (Momburg et al., 1994a;
van Endert et al., 1994; Koopmann et al., 1996). Thus, a subset of TAP substrates
requires additional processing in the ER to obtain the usual MHC-I ligands of
8–10 residues (Section 3.5). Despite its remarkable promiscuity in terms of pep-
tide lengths and sequences, TAP binds and transports individual peptide
sequences with greatly varying efficiencies (reviewed in Momburg and H�mmer-
ling, 1998; Elliott, 1997a). Using combinatorial peptide libraries, sequence selec-
tivity has been noted for positions 1–3 and, most significantly, for position 9 in
ninemer peptides, while internal residues contribute to the binding affinity to a
much lesser extent (van Endert et al., 1995; Uebel et al., 1997). Proline at position
2 or 3 is strongly disfavored in TAP substrates (Neisig et al., 1995; van Endert et
al., 1995; Uebel et al., 1997; reviewed in Gromm� and Neefjes, 2002). The avail-
able data collectively suggest that peptides contact the binding site predominantly
with the carboxy-terminal and with amino-terminal residues involving free termi-
nal carboxylate and ammonium groups, while long peptides might be accommo-
dated by bulging out in the middle (reviewed in Momburg and H�mmerling,
1998; Gromm� and Neefjes, 2002).

Allelic forms of rat TAP2 exhibit different specificities for the C-terminal pep-
tide residue. Restrictive transporters of the TAP-B group exclusively translocate
peptides with C-terminal aliphatic or aromatic residues, whereas permissive TAP-
A transporters also accept substrates with charged and polar C-terminal residues
(Heemels et al., 1993; Momburg et al., 1994b). The functional polymorphism of
rat TAP can cause significant sequence variations in the peptide pool available for
MHC-I binding in the ER (Powis et al., 1996). In rat inbred strains, permissive
TAP-A transporters are co-expressed with MHC-I allomorphs that can bind pep-
tides with basic C-terminal residues, suggesting remarkable co-evolution of the
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substrate specificities of TAP and MHC-I (Joly et al., 1998). The specificity of
mouse TAP is similar to the restrictive rat TAP-B (Momburg et al., 1994b; Schu-
macher et al., 1994). This concords with the exclusive presence of hydrophobic
C-terminal residues in murine MHC-I ligands (Section 3.4). By contrast, human
TAP prefers C-terminal basic, aromatic and aliphatic but disfavors C-terminal
acidic residues (van Endert et al., 1995; Momburg et al., 1994b; Uebel et al., 1997).
This in turn matches the peptide requirements of human MHC-I molecules.

3.3.3
TAP-independent Peptide Entry into the ER

Not all peptides require the peptide transporter to enter the ER. ER signal
sequences are co-translationally cleaved by signal peptidase, giving rise to hydro-
phobic peptides released into the ER lumen. Such peptides have been found in
association with HLA-A2 molecules (Wei and Cresswell, 1992). Hydrophobic pep-
tides that are processed out of the multiple membrane-spanning Epstein-Barr
virus protein LMP2 in a proteasome-dependent fashion are presented by TAP-
deficient cells (reviewed in Lautscham et al., 2003). Peptides that have the capacity
to traverse the ER membrane independently of TAP can also be expressed as cyto-
solic minigene products (Zweerink et al., 1993; Lautscham et al., 2002). It is
unclear how such hydrophobic peptides travel in the cytosol and how they are
released from the ER membrane to associate with the peptide binding groove of
MHC-I molecules. Peptide-binding ER chaperones such calreticulin, gp96, PDI,
or ERp72 might transiently bind such peptides and transfer them onto MHC-I
(Lammert et al., 1997; Spee and Neefjes, 1997). Curiously, peptides can reach the
ER of TAP-deficient cells also when fused to the arginine/lysine-rich membrane-
translocating sequence of the HIV Tat protein (Lu et al., 2001). Such “Trojan” pep-
tides can undergo further processing within the secretory pathway and may repre-
sent a therapeutic strategy to render TAP-deficient cells susceptible to CTL lysis.

3.4
Fitting in the Best: TAP-associated Peptide Loading Complex Optimizes MHC-I
Peptide Binding

After ER translocation by TAP, peptides meet their MHC-I receptors in an assem-
bly of auxiliary proteins that assist during the loading and the optimization the
bound peptide spectrum. The “peptide loading complex” (PLC) is composed of
MHC-I heavy chain/b2-microglobulin heterodimers associated with the chaper-
ones tapasin, calreticulin/calnexin and ERp57, all of which assemble around the
peptide transporter and whose interactions will be described in this chapter (see
Figure 3.1).
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3.4.1
Structure of MHC-I Molecules

MHC class I molecules are type I glycoproteins of 45 kDa that associate non-cova-
lently with the soluble 12 kDa /b2-microglobulin (b2m) and a short antigenic pep-
tide to form a stable heterotrimeric complex. X-ray crystal structures of MHC-I
molecules show that the membrane-proximal a3 domain of the MHC-I heavy
chain (HC) and b2m adopt immunoglobulin-like folds that support a peptide
binding platform built by the HC a1 and a2 domains (reviewed in Madden, 1995;
Bouvier, 2003). Intramolecular disulfide bonds in the a2 and a3 domains and in
b2m stabilize the structure. The peptide binding platform contains a structure of
8 b strands lying underneath the a1 and a2 helices that form the side walls of the
binding cleft. The binding groove is closed at both ends, thereby limiting the
lengths of peptides to 8–10 residues (reviewed in Madden, 1995; Engelhard,
1994). The free ammonium and carboxylate groups of the peptide are held in a
network of hydrogen bonds and thus contribute to the binding energy of the pep-
tide (reviewed in Madden, 1995). The peptide backbone is bound in an extended
conformation that can slightly bulge out in the central part in case of unusually
long peptides. Some 73–83% of the peptide ligands are buried in the binding
groove and are thus invisible to the T cell receptor (reviewed in Madden, 1995).

The highly polymorphic classical MHC class I HC is encoded by the MHC
HLA-A, -B, and -C loci in humans. The co-dominant expression of alleles results
in up to six different HC molecules expressed per individual; 250 HLA-A alleles,
490 HLA-B alleles and 119 HLA-C alleles have been identified (Marsh et al., 2002).
In the mouse the polymorphic H-2K, -D and -L locus products correspond to
human HLA-A, -B and -C molecules. The vast majority of polymorphic residues
are at the bottom and in the walls of the peptide binding groove (Bjorkman et al.,
1987; Zhang et al., 1998). These polymorphic residues determine the physico-
chemical properties of structural pockets in the binding site that make tight con-
tact with peptide side chains and thus enable the allele-specific binding of subsets
of antigenic peptides with suited sequences. The C-terminal peptide residue
usually serves as the C-terminal pocket-binding anchor, while residue 2, or some-
times residue 3 or 5, serves as N-terminal anchor. N-terminal anchor residues
show a diverse chemical nature (reviewed in Rammensee et al., 1993; Engelhard
et al., 1994). The C-terminal residues are either aliphatic, aromatic or basic in
human MHC-I binding peptides, whereas in the mouse only aliphatic and aro-
matic C-terminal anchor residues have been described (reviewed in Rammensee
et al., 1993; Engelhard et al., 1994).

3.4.2
Early Steps in the Maturation of MHC-I Molecules

After their biosynthesis into the ER membrane and co-translational N-glycosyla-
tion, MHC-I HCs assemble with the membrane-bound, ER-resident chaperone
calnexin, which assists during its folding and promotes the assembly with the
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b2m (reviewed in Momburg and Tan, 2002; Paulsson and Wang, 2003; Bouvier,
2003; Wright et al., 2004). In addition, the chaperone BiP was reported to interact
with b2m-free human HC. Calnexin assembles with nascent MHC-I HC through
lectin-like binding of MHC-I-linked glycans and by recognition of the polypeptide
chain (Zhang et al., 1995). HC folding, assembly with b2m and subsequent pep-
tide loading can, however, also occur in the absence of calnexin, or if the glycan-
dependent assembly with calnexin is disturbed (reviewed in Momburg and Tan,
2002; Paulsson and Wang, 2003; Bouvier, 2003; Wright et al., 2004). In b2m-ex-
pressing cells the folding of HC and assembly with b2m precedes the binding of
peptides (Neefjes et al., 1993b).

There is evidence, that the ER-resident, thiol-dependent oxidoreductase
ERp57(ER60) binds to incompletely oxidized, b2m-free HC during the early cal-
nexin-associated stage (Farmery et al., 2000; reviewed in Momburg and Tan, 2002;
Paulsson and Wang, 2003; Wright et al., 2004). Disulfide-bonded conjugates of
HC and ERp57 have been detected (Lindquist et al., 2001; Antoniou et al., 2002b).
ERp57 is thought to facilitate the formation of the a2 domain disulfide bond. In
calnexin-deficient cells another member of the thiol-reductase family, ERp72,
could be co-precipitated with HC, showing that functional redundancy may also
apply to HC-oxidizing enzymes (Lindquist et al., 2001). As partner of calreticulin,
ERp57 is also found as a constituent of the PLC (see below).

Following b2m binding, human MHC-I molecules exchange calnexin for the
soluble, lectin-like chaperone calreticulin that binds to the N-glycan attached to
residue 86 that is at the C-terminal end of the a1 helix (Sadasivan et al., 1996;
reviewed in Momburg and Tan, 2002; Bouvier, 2003; Wright et al., 2004). Some,
but apparently not all, allelic mouse MHC-I molecules also assemble with calreti-
culin, but do not release calnexin after HC-b2m dimerization until late stages of
MHC-I maturation in the ER (reviewed in Momburg and Tan, 2002; Paulsson and
Wang, 2003). The difference between the characteristics of chaperone association
of H-2 and HLA-A, -B and -C molecules is likely due to the presence of an addi-
tional N-glycan at residue 176 in the a2 domain of mouse MHC-I recognized by
calnexin. Both calnexin and calreticulin bind to monoglucosylated, mannose-rich
N-glycans. An important ER quality control mechanism involves the constitutive
deglucosylation by ER glucosidases I and II and the conformation-dependent
reglucosylation by UDP-glucose:protein glucosyltransferase (UGGT). UGGT pref-
erentially glucosylates glycans in unfolded, flexible parts of proteins. Reglucosyla-
tion allows to calnexin to rebind and start another folding cycle (reviewed in Ell-
gard and Helenius, 2003). If the folding fails, ER mannosidase I and the mannosi-
dase-like protein EDEM eventually target misfolded HC to the retrotranslocation
and cytoplasmic degradation pathway (Wilson et al., 2000; reviewed in Ellgard and
Helenius, 2003; Tsai et al., 2002).
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3.4.3
Structure and Molecular Interactions of Tapasin

The 48 kDa ER-resident glycoprotein tapasin is the cornerstone in the PLC
because it forms the crucial bridge between calreticulin-associated MHC-I/b2m
dimers on the one hand and TAP on the other (Ortmann et al., 1997; Sadasivan et
al., 1996; reviewed in Momburg and Tan, 2002; Paulsson and Wang, 2003; Bou-
vier, 2003; Wright et al., 2004). During immune responses, the expression of the
tapasin gene, which is located at the centromeric end of the MHC class II region,
is upregulated by IFN-c (Herberg et al., 1998). Tapasin is composed of a mem-
brane-proximal immunoglobulin-like domain containing an intradomain disul-
fide bond, an additional Ig-like fold without disulfide bond (except chicken tapa-
sin), and an N-terminal domain without significant homology to other proteins
(Ortmann et al., 1997; reviewed in Momburg and Tan, 2002). The N-terminal
domain harbors a second conserved pair of cysteines that probably form an intra-
molecular disulfide bridge (Dick et al., 2002). The cytoplasmic domain of tapasin
is poorly conserved in different species but always ends with a KKXX ER retrieval
motif. Consistently, tapasin was reported to target improperly loaded MHC-I mol-
ecules to COP-I vesicles that recycle from the cis-Golgi to the ER (Paulsson et al.,
2002). Another study, however, found no evidence for recycling as tapasin was
excluded from ER exit sites (Pentcheva et al., 2002). The anterograde transport of
peptide-loaded MHC-I by COP-II transport vesicles from the ER seems to be regu-
lated by the Bap31 cargo receptor (Spiliotis et al., 2000; Paquet et al., 2004). Bap31
can, independently of MHC-I, also associate with tapasin and TAP and thus
appears to check for potential cargo already in the PLC (Paquet et al., 2004).

N-terminally truncated forms of tapasin lose their interaction with MHC-I mol-
ecules (Bangia et al., 1999; Momburg and Tan, 2002), suggesting that structural
elements of N-terminal domain, e.g., the putative cysteine-linked loop, are critical
for this interaction. In addition, surface-exposed residues in the membrane-proxi-
mal domain of tapasin are involved in MHC-I binding (Turnquist et al., 2001).
These may contact the acidic residues D227 and E229 in a protruding loop within
the a3 domain of MHC-I. Mutation of these a3 residues resulted in the loss of
tapasin-mediated TAP association (Carreno et al., 1995; reviewed in Momburg
and Tan, 2002; Wright et al., 2004). A solvent-exposed loop of the MHC-I a2

domain (residues 128–137) is another functionally important contact site with
tapasin. Various point mutations in this loop, e.g., Thr134 to Lys, abolished the
assembly of MHC-I with tapasin and indirectly also with TAP and calreticulin (Yu
et al., 1999; reviewed in Momburg and Tan, 2002; Bouvier, 2003). Two additional
residues in the MHC-I a2 (115 and 122) domain, identified through mutational
analysis, influence the affinity of the interaction between HC and tapasin
(Beißbarth et al., 2000). These residues point downwards from the bottom of the
peptide binding platform and contact b2m. Taken together, these studies delineate
a contact area of tapasin on the surface of HC/b2m dimers that is similar to the
contact area of CD8.
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Binding of the side chain of the C-terminal peptide amino acid is largely influ-
enced by the properties of the polymorphic MHC-I residues 114 and 116 that
point upwards from the bottom of the groove toward the peptide (Bjorkman et al.,
1987). Strikingly, these polymorphic residues determine whether a given MHC-I
allomorph shows a strong, an intermediate or no tapasin dependency with regard
to surface expression and antigen presentation (Peh et al., 1998; Williams et al.,
2002; Park et al., 2003). A His residue at position 114 correlates with tapasin-de-
pendent peptide loading (Park et al., 2003). In addition, aromatic amino acids at
position 116 reportedly correlate with an increased PLC association of some HLA
allomorphs (Turnquist et al., 2000; reviewed in Momburg and Tan, 2002). Al-
though in the absence of tapasin various HLA allomorphs can be effectively
loaded with peptides, they nevertheless benefit to a certain extent from tapasin as
the bound peptide spectrum is altered and MHC-I maturation and stability is
improved in its presence (Peh et al., 1998; Purcell et al., 2001; Williams et al.,
2002; Zernich et al., 2004). The biological function of tapasin-independent alleles
has recently been illustrated for HLA-B*4402 and B*4405 molecules that differ
only in amino acid 116. Surface expression of B*4405 (Tyr116), which was not
detectably incorporated into the PLC, was much less affected than B*4402
(Asp116) by the herpesviral TAP inhibitor ICP47 (Zernich et al., 2004). Thus, the
development of tapasin-independent HC alleles due to micropolymorphism may
represent an evolutionary response to viruses that interfere with the proper forma-
tion of the PLC.

3.4.4
Optimization of Peptide Loading in the TAP-associated Loading Complex

A substantial fraction of ER-resident MHC-I molecules is contained in the PLC
(Suh et al., 1994; reviewed in Momburg and Tan, 2002). Likewise, most calreticu-
lin-associated HC has been found in complexes with TAP (Diedrich et al., 2001).
This correlation can be explained by experiments showing that the binding of
tapasin, which tethers MHC-I to TAP (see below), and the binding of calreticulin
to MHC-I are highly cooperative processes. Point mutations in MHC-I disrupting
the interaction with tapasin and TAP simultaneously abolished the association
with calreticulin, with the notable exception of certain HLA-B27 and H-2Db

mutants that still bound calreticulin (Lewis and Elliott, 1998; Yu et al., 1999;
Beißbarth et al., 2000; reviewed in Momburg and Tan, 2002; Paulsson and Wang,
2003). Moreover, several studies showed that in tapasin-deficient cells, or in the
presence of N- or C-terminally truncated forms of tapasin, the association of
MHC-I with calreticulin was reduced or undetectable (Lewis and Elliott, 1998;
Harris et al., 2001; Bangia et al., 1999; Tan et al., 2002). Conversely, tapasin/TAP
did not efficiently assemble with MHC-I molecules when the binding of calreticu-
lin to the a1 domain glycan was prevented, indicating that calreticulin also pro-
moted the recruitment of tapasin (Sadasivan et al., 1996; Yu et al., 1999; Harris et
al., 2001), although it still occurred in calreticulin knock-out cells (Gao et al.,
2002). Evidence for a specific function of calreticulin during peptide loading,
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which could not be compensated for by overexpression of soluble calnexin, was
provided by a study using cells from calreticulin-deficient mice. The surface
expression of MHC-I molecules was reduced to 25–30% of wild-type levels and
the presentation of the majority of analyzed T cell epitopes was impaired (Gao et
al., 2002). In a concerted action with tapasin, calreticulin thus appears to plays an
important role in the ER retention of suboptimally loaded HC/b2m dimers (Lewis
and Elliott, 1998; Gao et al., 2002).

MHC-I HC seem to enter the PLC with fully oxidized intramolecular disulfide
bonds (Harris et al., 2001; reviewed in Momburg and Tan, 2002). The presence of
the oxidoreductase ERp57 in the PLC, however, suggests that disulfide bond isom-
erizations may occur during the editing of peptide cargo entailing structural opti-
mization of MHC-I molecules. ERp57 is recruited to the PLC by means of a labile
intermolecular disulfide bridge formed between the unpaired Cys95 of tapasin
and Cys57 in the thioredoxin domain 1 of ERp57 (Dick et al., 2002). In addition,
the activity of the thioredoxin domain 2 is required for efficient trapping of ERp57
(Dick et al., 2002). In the PLC, ERp57 is probably in direct contact with calreticu-
lin, which binds to ERp57 with the tip of its arm-like P-domain (reviewed in Bou-
vier, 2003). In the presence of a tapasin mutant (Cys95 to Ala) that is unable to
trap ERp57, PLC-associated B4402 HC were incompletely oxidized, the surface
expression of B4402 molecules was slightly reduced and their turnover was
enhanced (Dick et al., 2002). These findings suggest that, subsequent to reduction
of the a2 domain disulfide bond, ERp57 may re-oxidize HC in the presence of
wild-type tapasin. The reducing activity mediating the initial reduction of the HC
a2 domain disulfide bond is presently unknown. Notably, ERp57 itself has only a
minimal reducing activity for folded HC (Antoniou et al., 2002b).

The TAP1/TAP2 heterodimer acts as a scaffold for the PLC. Tapasin binds to
TAP by virtue of its transmembrane segment with a possible contribution of the
cytoplasmic domain (Lehner et al., 1998; Tan et al., 2002). The TMS of tapasin
contains a conspicuous Lys residue (Ortmann et al., 1997), which may interact
with negatively charged residues present in different TMS of TAP1 or TAP2. Tapa-
sin has evolved a twofold chaperone function as it not only improves MHC-I pep-
tide loading but also increases steady-state expression levels of TAP and peptide
transport rates without altering the affinity of TAP for peptide substrates (Lehner
et al., 1998; Bangia et al., 1999; Momburg and Tan, 2002). This stabilizing effect
may be cell type-dependent as the tapasin-induced increase in TAP levels was
reported to be ~3-fold after re-transfection of tapasin in the tapasin-deficient,
human B-lymphoblastoid cell line .220 (Lehner et al., 1998), but more than hun-
dred times reduced in spleen cells from tapasin knockout mice (Garbi et al.,
2003). Tapasin can bridge HC to individually expressed TAP1 and, with lower effi-
ciency, TAP2 subunits (Antoniou et al., 2002a). On average, four tapasin, four HC
and 3–4 calreticulin molecules per TAP1/TAP2 heterodimer have been detected in
macromolecular complexes (Ortmann et al., 1997). Analysis of the lateral mem-
brane diffusion of fluorescence-tagged TAP1 molecules suggested that TAP exists
in very large arrays of perhaps hundreds of molecules (Marguet et al., 1999). It is
unclear whether tapasin, which is highly clustered in the ER membrane (Pentch-
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eva et al., 2002), only assists during the initial folding of TAP1 and TAP2 polypep-
tides or also prevents TAP heterodimers from denaturation through continuous
association.

Tapasin–ERp57–TAP–calnexin precursor complexes have been reported to pre-
cede the recruitment of HC/b2m and calreticulin into mature PLC that no longer
contain calnexin (Diedrich et al., 2001). It is possible that, in addition to tapasin,
the chaperone calnexin contributes to the formation of TAP heterodimers (Die-
drich et al., 2001). TAP itself appears to possess a chaperone-like function for the
assembly of the other components of the PLC. In TAP-deficient cells the interac-
tion of tapasin, HC/b2m, ERp57 and calreticulin with each other was significantly
diminished (Sadasivan et al., 1996; Momburg and Tan, 2002). Speculatively, TAP
might induce subtle conformational changes in tapasin that, in turn, support the
recruitment of the other PLC components.

Suitable peptide is required to release MHC-I from the tapasin–TAP complex
(Suh et al., 1994; Carreno et al., 1995). A prolonged association of HC with the
PLC is observed when the supply with suitable peptides is limiting, e.g., for highly
peptide-selective HLA-Cw4 molecules (Neisig et al., 1998), or for rat RT1Aa mole-
cules expressed in the presence of the restrictive TAPu transporter (Knittler et al.,
1998). The nucleotide-dependent transport cycle of TAP is coupled to productive
MHC-I peptide loading and subsequent release from the PLC (Neisig et al., 1998;
Knittler et al., 1999; Alberts et al., 2001).

Several lines of evidence indicate that tapasin and the other PLC components
serve to improve the peptide loading of MHC-I molecules in a way that the latter
acquire a higher structural stability, resulting in an increased half-life on the cell
surface. Impaired peptide loading in the absence of tapasin interaction can lead to
either prolonged ER retention and degradation in the early secretory or to the pre-
mature ER egress of peptide-receptive, relatively unstable MHC-I molecules
(reviewed in Momburg and Tan, 2002). Some studies suggested that tapasin
actively mediates ER retention of peptide-receptive MHC-I, whereas other investi-
gators could not confirm this (reviewed in Momburg and Tan, 2002). Tapasin defi-
ciency results in a higher proportion of peptide-receptive forms on the cell surface
and a shorter half-life of surface MHC-I molecules (Yu et al., 1999; Garbi et al.,
2000; Tan et al., 2002; Zarling et al., 2003), and a diminished resistance of HC/
b2m complexes to heat denaturation in lysates (Garbi et al., 2000; Tan et al., 2002;
Williams et al., 2002). The half-life of highly tapasin-dependent B4402 molecules
increased significantly, from ~2 h in the absence of tapasin to ~20 h in its presence
(Tan et al., 2002). The reduction of surface-expressed MHC-I molecules in tapa-
sin-deficient .220 cells varied, however, significantly with the analyzed allelic
MHC-I molecules (Peh et al., 1998; Park et al., 2003; reviewed in Momburg and
Tan, 2003). Splenocytes from tapasin-deficient mice displayed only 10–15% of
wild-type Kb/Db cell surface levels (Garbi et al., 2000; Grandea et al., 2000). Solu-
ble tapasin, which is unable to tether MHC-I molecules to TAP, conferred half-
lives and thermostabilities of MHC-I molecules that were intermediate compared
with wild-type tapasin and the absence of tapasin (Tan et al., 2002; Williams et al.,
2002; Zarling et al., 2003). It was concluded that for tapasin-dependent MHC-I
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alleles, tapasin-mediated bridging to TAP is required to attain an optimized stabil-
ity.

Depending on the tapasin dependency of the MHC-I allomorph, the presenta-
tion of some but not all studied T cell epitopes were compromised in the absence
of tapasin (Ortmann et al., 1997; Peh et al., 1998; Garbi et al., 2000; Grandea et al.,
2000). Analysis of peptide spectra eluted from MHC-I molecules demonstrated
qualitative differences in terms of unique peptides expressed in the presence or
absence of tapasin, respectively, but also quantitative differences were obvious as
the total recovery of peptides from tapasin-deficient cells was significantly reduced
(Purcell et al., 2001; Zarling et al., 2003). No striking bias toward higher affinity
ligands was noted, however, for individual peptides isolated from tapasin-suffi-
cient as compared with tapasin-deficient deficient cells (Purcell et al., 2001; Zar-
ling et al., 2003). Using minigene-encoded variants of the Kb ligand SIINFEKL it
was shown that in the presence, but not the absence of tapasin, peptides were
preferentially loaded in the ER which conveyed a longer half-life to surface MHC-
I/peptide complexes (Howarth et al., 2004). This recent finding is the first evi-
dence that tapasin may indeed optimize the MHC-I peptide cargo in a way that is
comparable to the peptide editing function that HLA-DM has for polymorphic
HLA-DR molecules (Brocke et al., 2002); however, further studies are required.

The molecular mechanism by which tapasin influences the spectrum of MHC-I
bound peptides is speculative. Using a conformation-sensitive antibody, there is a
predominance of immature, peptide-receptive MHC-I conformations in the PLC
(Carreno et al., 1995; Yu et al., 1999). Tapasin binding may require a particular
conformation displayed by the protruding HC a2 domain loop 128–137 (and the
adjacent HC-b2m interface), which may be characteristic for an immature, not
fully closed conformation induced by suboptimal peptides or for empty MHC-I
conformers. Following the interaction of tapasin with HC, only peptides with low
off-rates might induce a mature conformation triggering the release of MHC-I/
b2m from the tapasin/TAP complex. In contrast to the more rigid N-terminal por-
tion of the peptide binding groove, the part of the a2 helix contacting the peptide
C terminus is thermodynamically quite flexible and its orientation is influenced
by the C-terminal peptide residue contacting the F pocket in the binding cleft
(Wright et al., 2004). By tightly interacting with the exposed a2 loop, tapasin might
cause an outward rolling movement of the a2 helix positioned above this loop and
the loss of hydrogen bonds fixing the peptide C terminus, which, in turn, might
facilitate the exchange of peptide (Elliott, 1997b; Wright et al., 2004).

3.5
On the Way Out: MHC-I Antigen Processing along the Secretory Route

Owing to its relaxed substrate specificity, TAP facilitates the entry of peptides of
8–16 residues or even longer ones into the ER (Section 3.3). Some N-terminally
extended precursors have an even higher affinity for TAP than the finally trimmed
antigenic peptides (Neisig et al., 1995; Lauvau et al., 1999). In particular, this is
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the case for peptides with proline residues at position 2, which are inefficiently
transported by TAP (Section 3.3) but are nevertheless often found as ligands for
human and murine MHC-I allelic isoforms (reviewed in Rammensee et al., 1993).
The transport of such precursor peptides establishes a clear need for aminopepti-
dase trimming in the ER (see Figure 3.1).

Efficient N-terminal trimming has been demonstrated using minigene-
encoded peptide precursors targeted into the ER of TAP-deficient cells by leader
sequences, whereas significant carboxypeptidase activity was not detectable in the
secretory pathway (Powis et al., 1996; Craiu et al., 1997; Serwold et al., 2001;
reviewed in Del Val and L	pez, 2002; Saveanu et al., 2002; Gromm� and Neefjes,
2002). Biochemical studies using synthetic peptides imported into TAP-contain-
ing microsomes documented the existence of trimming aminopeptidases in the
ER (Brouwenstijn et al., 2001; Komlosh et al., 2001; Fruci et al., 2001; Serwold et
al., 2001). The trimming enzymes displayed a broad cleavage specificity but
spared peptides with a proline residue at position 2 (Serwold et al., 2001).

The zinc-dependent aminopeptidase ERAP1/ERAAP has been identified as the
major peptide trimming enzyme of the ER (Serwold et al., 2002; Saric et al.,
2002). The expression of this IFN-c inducible enzyme shows a good correlation
with the broad MHC-I tissue distribution (Serwold et al., 2002). In vitro, ERAP1
removes N-terminal amino acids in a promiscuous fashion but cleaves X-Pro
bonds only poorly (Serwold et al., 2002). Being a unique property among amino-
peptidases, ERAP1 prefers peptide substrates of 9–16 residues and peptides pos-
sessing hydrophobic C termini (York et al., 2002; Rock et al., 2004). These charac-
teristics of ERAP1 strikingly resemble the substrate length and sequence prefer-
ences of restrictive TAP alleles (Section 3.3). Importantly, the capacity to trim pep-
tides of ‡ 9 amino acids can lead to the destruction of potential MHC-I ligands
(York et al., 2002). Blockade of ERAP1 function resulted in the decreased presenta-
tion of many though not all tested T cell epitopes (Serwold et al., 2001, 2002; York
et al., 2002). The effect of ERAP1 inactivation on MHC-I expression varies signifi-
cantly between alloforms, e.g., Kk and Ld were decreased by ERAP1 blockade, Kb

expression remained unchanged and HLA-A, -B, -C expression was even increased
(Serwold et al., 2002; York et al., 2002). Following treatment with IFN-c, however,
ERAP1 silencing resulted in decreased Kb and HLA-A, -B, -C surface expression
(York et al., 2002). This appears to be in keeping with the increased generation of
N-terminally extended epitope precursors by immunoproteasomes (Cascio et al.,
2001; see Section 3.2). Whether ERAP1 generally plays a relevant role during
MHC-I antigen presentation needs to be confirmed in ERAP1-deficient mice.

A second, less-well characterized ER-resident aminopeptidase, L-RAP, may also
be involved in peptide processing (Tanioka et al., 2003). L-RAP/ERAP2 is also
induced by IFN-c but has a more limited tissue expression than ERAP1 (Tanioka
et al., 2003). ERAP2 has a strong preference for arginine and lysine dipeptides but
can also remove other residues from oligopeptides (Tanioka et al., 2003; Rock et
al., 2004). In vitro, ERAP2 does not stop peptides trimming when reaching a sub-
strate length of 8–9 residues, and in living cells ERAP2 seems to generally
decrease MHC-I peptide presentation (Rock et al., 2004).
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Observations by Rammensee and colleagues that the composition of the total
cellular peptide repertoire is strongly influenced by the presence of particular
MHC-I molecules led to the hypothesis that MHC-I molecules play an instructive
role during peptide processing (reviewed in Rammensee et al., 1993). The critical
relevance of peptide-binding MHC-I molecules for the detectability of these pep-
tides was confirmed in other studies (Paz et al., 1999; Komlosh et al., 2001). It is,
however, difficult to resolve whether MHC-I molecules simply bind properly sized
ligands and rescue them from further degradation in the ER and from ER export
through the Sec61 channel (Koopmann et al., 2000) or alternatively, whether
MHC-I molecules play an active role by first binding precursor peptides and then
recruiting a trimming aminopeptidase that is released when the appropriate
length for binding is reached. The latter scenario was suggested by the demonstra-
tion of MHC-I association of N-terminally extended epitope precursors and their
stepwise conversion into the definitive epitope by a soluble aminopeptidase activ-
ity (Brouwenstijn et al., 2001). This conversion required the presence of Kb/b2m
dimers in the ER. The view of MHC-guided peptide trimming was, however, chal-
lenged by the finding that certain TAP-imported precursor peptides could be
trimmed in the absence of the restricting MHC-I molecule (Fruci et al., 2001).
Furthermore, purified ERAP1 was able to degrade peptides in the absence of
MHC-I molecules and spared 8-mer and many 9-mer peptides from further degra-
dation (York et al., 2002; Serwold et al., 2002). ERAP1 apparently does not detecta-
bly associate with the PLC (Yewdell et al., 2003), but it remains to be investigated
whether MHC-I molecules otherwise cooperate with ERAP1 or ERAP2 during
peptide trimming.

Several studies have demonstrated that selected antigenic peptides can also be
processed from soluble or membrane-bound proteins targeted to the ER of TAP-
deficient cells (Snyder et al., 1998; reviewed in Del Val and L	pez, 2002; Saveanu
et al., 2002; Gromm� and Neefjes, 2002). Since these MHC-I ligands were liber-
ated from internal sequences or from the C-termini of proteins these findings
strongly suggest the involvement of extracytoplasmic endopeptidases in antigen
processing. The trans-Golgi network endoprotease furin, a subtilisin-like prepro-
tein convertase, which cleaves after polybasic motifs, is the only involved endopro-
tease in the secretory pathway identified so far. In TAP-deficient cells, furin
releases a fragment from a chimeric hepatitis B virus secretory core (HBe) protein
harboring a MHC-I ligand (Gil-Torregrosa et al., 2000; reviewed in Del Val and
L	pez, 2002). This HBe fragment is subsequently processed by as yet unknown
proteases to the final antigenic peptide.

Proteins expressed in the secretory pathway may also undergo processing fol-
lowing retrotranslocation to the cytosol for proteasomal degradation (reviewed in
Tsai et al., 2002). Deglycosylation and asparagine deamidation of peptides by cyto-
solic N-glycanase showed that retrotranslocated ER glycoproteins provide a source
for TAP-dependent MHC-I ligands (Bacik et al., 1997).
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3.6.1
Phagosome-to-cytosol Pathway of MHC-I Peptide Loading

MHC-I molecules not only present peptides derived from endogenously synthe-
sized protein but also from antigens that enter the cell through the endocytotic
pathway in a process termed “cross-presentation”. Soluble and immobilized pro-
teins, chaperoned peptides, inactivated viruses, virus-like particles, bacteria, and
various antigens from apoptotic or necrotic cells can be cross-presented (reviewed
in Jondal et al., 1996; Rock, 1996; Yewdell et al., 1999). Although cross-presenta-
tion can be mediated by different cell types with endocytic activity, including
macrophages, B cells and some non-professional antigen presenting cells (Rock,
1996), the most efficient cross-presenting cells for CTL priming in vivo appear to
be CD8+ dendritic cells (DC) (reviewed in Ackerman and Cresswell, 2004). Differ-
ent forms of endocytosis, including phagocytosis, receptor-mediated endocytosis,
macropinocytosis and fluid phase endocytosis, have been implicated in cross-pre-
sentation (reviewed in Rock, 1996; Yewdell et al., 1999; Ackerman and Cresswell,
2004).

Two major mechanisms of cross-presentation can be distinguished, which
either involve the cytoplasmic proteolytic machinery, the TAP peptide transporter
and peptide binding to newly synthesized MHC-I molecules or, alternatively, the
endolysosomal system as processing compartment and peptide loading of recy-
cling MHC-I molecules (see Figure 3.2). The existence of an endosome-to-cytosol
pathway was indicated by the abrogation of cross-presentation in the presence of
proteasome inhibitors such as lactacystin, and in cells that do not express func-
tional peptide transporters (Fonteneau et al., 2003; reviewed in Yewdell et al.,
1999; Ackerman and Cresswell, 2004). In this pathway, cross-presentation is also
inhibited by the fungal metabolite brefeldin A that interferes with the egress of
MHC-I molecules from the ER (reviewed in Yewdell et al., 1999). The involvement
of proteasomes and TAP indicate that internalized antigens can be shuttled from
endocytic vesicles to the cytosol for degradation and subsequent ER translocation
of resulting peptides. Indeed, nondegradable, fluorochrome-conjugated dextrans
up to 40 kDa were observed to enter the cytosol of dendritic cells, whereas dextran
molecules of 500 kDa and larger were mostly retained inside phagosomes (Rodri-
guez et al., 1999). In keeping with these size limits, virus-like particles and phago-
cytosed cells require partial digestion by endolysosomal hydrolases such as cathe-
psin D before cytosolic transfer (Fonteneau et al., 2003; Mor	n et al., 2003). Sever-
al studies have demonstrated efficient cross-presentation of peptides bound to
heat shock proteins (reviewed in Srivastava, 2002). Recent studies suggested, how-
ever, that proteasomal protein substrates rather than chaperoned peptides are
transferred from internalized dead cells for cross-presentation (Shen and Rock,
2004; Norbury et al., 2004). The TAP-dependent pathway of cross-presentation by
hematopoietic APC is crucially involved in the in vivo priming and generation of
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protective immunity against tumor-associated antigens and antigens supplied by
virally infected cells (Huang et al., 1996; Sigal et al., 1999). This is of particular
relevance for immune responses against viruses that do not infect APC them-
selves (Sigal et al., 1999) or viruses that would either kill the infected APC or inter-
fere with the MHC-I antigen presentation pathway (Fonteneau et al., 2003;
reviewed in Ackerman and Cresswell, 2004).

The conduit used by proteins to leave endosomal vesicles is still unclear but cir-
cumstantial evidence suggests that it may be the Sec61 channel, which is also
implicated in the dislocation of misfolded proteins from ER membranes to the
cytosol (reviewed in Tsai et al., 2002). The cell-biological observation that nascent
phagosomes can acquire ER membrane components led to the discovery of ER-
phagosome fusion vesicles that contain, in addition to the phagocytosed particu-
late antigen, MHC-I molecules and the other components of the TAP-associated
PLC (Guermonprez et al., 2003; Houde et al., 2003; Ackerman et al., 2003). The
presence of the Sec61 channel in these ER-derived phagosomes and the colocali-
zation of ubiquitinated proteins and proteasomes at the cytoplasmic face of these
vesicles suggest that they may represent self-sufficient processing compartments.
The access of external proteins into ER-endosome fusion vesicles has not only
been observed following phagocytosis, but also following the macropinocytosis of
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Figure 3.2 Alternative pathways of MHC-I
antigen processing. (1) TAP-independent
vesicular pathway: Surface MHC-I HC/b2m/
peptide complexes are constitutively interna-
lized into recycling early endosomes that
have a sorting function. From there, MHC-I
can be targeted to slightly acidic early endo-
somes as well as to more acidic late endo-
somes and the MHC class II-rich compart-
ment (MIIC) in antigen presenting cells. In
endosomes exogenous antigens are
degraded into peptides by acidic hydrolases
(various endopeptidases and exopeptidases
of the cathepsin family). MHC-I-bound pep-
tides can be exchanged by a poorly under-
stood mechanism that may involve pH-
dependent destabilization of the heterotri-
mer and re-binding of b2m and peptide.
Through carrier vesicles, MHC-I molecules
traffick back to the cell surface. In lysosomes
MHC-I molecules are denatured and
degraded. (2) Phagosome-to-cytosol-to-ER
pathway of cross-presentation: Phagocytosed
particulate antigens and proteins, interna-
lized by macropinocytosis or receptor-
mediated endocytosis in dendritic cells and
macrophages, are translocated across the

vesicular membrane through an unknown
export channel either in intact form or after
partial degradation by acidic hydrolases.
Upon arrival in the cytosol, the polypeptides
are degraded by proteasomes. Resulting
oligopeptides are translocated by TAP and
loaded onto MHC-I molecules following the
classical pathway. (3) Phagosome-to-cytosol-
to-phagosome pathway of cross-
presentation: In dendritic cells and
macrophages, ER domains can fuse with
phagocytic cups to form vesicles that contain
all ER-typical components of the TAP-
associated PLC together with phagocytosed
protein antigens. Proteins are transferred to
the cytosol, which might involve the ER-
resident Sec61 (retro)translocation channel.
Phagosome-attached ubiquitinating enzymes
and proteasomes may process exported
proteins into peptides that may be able to re-
enter ER-phagosome fusion vesicles through
TAP for loading onto MHC-I. It is unclear
whether ER-phagosomal MHC-I molecules
recycle to the cell surface using a vesicular
route, or whether a transient continuity with
the ER proper facilitates their access to the
ordinary ER-to-Golgi-to-surface route.



3 Antigen Processing in the Context of MHC Class I Molecules

antibodies (Ackermann et al., 2003). It is unclear whether MHC-I molecules
loaded in ER-derived phagosomes recycle back to the plasma membrane through
early endosomes or whether they take the conventional route via the ER and Golgi
to the surface (reviewed Ackermann and Cresswell, 2004).

3.6.2
Endolysosomal Pathway of MHC-I Peptide Loading

In the alternative, TAP-independent route of cross-presentation MHC-I molecules
are subjected to the rules governing the well-known pathways of MHC-II antigen
processing and presentation involving acidic endolysosomal vesicles (reviewed in
Gromm� and Neefjes, 2002; Yewdell et al., 1999). At first glance it seems unlikely
that acidic hydrolases can produce the correct 8–10-mer MHC-I ligands that are
usually generated by the peptide processing machinery in the cytosol and ER. The
study of TAP-deficient APC in vitro provided, however, evidence for the existence
of an endolysosomal MHC-I cross-presentation pathway. In some cell types,
MHC-I molecules undergo constitutive internalization from the plasma mem-
brane and recycling through early endosomes back to the surface (reviewed in
Gromm� and Neefjes, 2002). In B cells, MHC-I molecules have been detected in
MHC class II-rich late endosomal vesicles from where they recycle back to the cell
surface (Gromm� et al., 1999). For the targeting into late endosomes of DC, a con-
served Tyr residue in the cytoplasmic tail of Kb molecules is crucial since cross-
presentation of exogenous antigens by Kb was abolished after mutation of this Tyr
(Liz�e et al., 2003). The HC/b2m/peptide heterotrimer tends to dissociate in the
acidic environment of late endosomes (Gromm� et al., 1999). A sufficient supply
with exogenous b2m seems to facilitate the re-assembly of HC with endosome-de-
rived peptides (reviewed in Schirmbeck and Reimann, 2002).

The TAP-independent and brefeldin A/lactacystin-resistant generation of MHC-
I ligands from model antigens such as bacterial-derived recombinant ovalbumin
(Pfeifer et al., 1993; Campbell et al., 2000) and some viral proteins has been
reported (reviewed in Gromm� and Neefjes, 2002). In some cases peptides gener-
ated in endosomes are secreted and can bind to surface MHC-I molecules on
neighboring cells in a process termed “peptide regurgitation” (Pfeifer et al., 1993).
Consistent with the requirements of endolysosomal vesicular trafficking and anti-
gen processing by proteases that are active in acidic conditions, the vacuolar
MHC-I pathway was shown to be sensitive to proton-depleting lysosomotropic
amines such as chloroquine or ammonium chloride (Schirmbeck and Reimann,
1994; Gromm� et al., 1999). Cathepsin S and possibly other cysteine proteases
seem to play a major role in this pathway (Shen et al., 2004; Campbell et al.,
2000), which is also relevant for CTL priming in vivo (Shen et al., 2004). Dendritic
cells from cathepsin S-deficient mice lack the TAP-independent pathway. These
mice show a strongly reduced cross-priming of immune responses against cell-
associated antigens and influenza virus (Shen et al., 2004).

A growing body of evidence indicates that cross-priming plays an important
role during the induction of immunity to viruses and possibly also to tumors
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(reviewed in Heath and Carbone, 2001). Cross-presentation offers the general
advantage that the antigen-presenting cell need not express the tumor antigen
itself and need not be infected by viruses that might severely compromise its func-
tions.
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4
Antigen Processing for MHC Class II
Anne B. Vogt, Corinne Ploix and Harald Kropshofer

4.1
Introduction

Modern technologies in the field of proteomics aim to analyze and compare
highly complex mixtures of proteins obtained from living organisms under var-
ious conditions, e.g., the serum proteom from tumor patients versus healthy indi-
viduals. The goal is to identify marker proteins that are significantly altered, quali-
tatively and/or quantitatively, and thus can be used as biomarkers for diagnostic
purposes, e.g., as an index of disease severity or to monitor treatment efficacy. Ide-
ally, proteomics technologies can identify patient-specific target proteins that can
be used to customize individualized treatment, e.g., to design a specific therapeu-
tic monoclonal antibody.

Unsurprisingly, nature has been already using a similar concept since the
invention of adaptive immunity in vertebrates and is actively applying this princi-
ple in fighting foreign invaders and pathogens in order to limit their propagation.
Instead of using tryptic digests and mass spectrometry, the vertebrate immune
system employs specialized immune cells, so-called professional antigen present-
ing cells (APCs) that are able to take up proteins from their environment, proteo-
lytically process them within intracellular compartments and present a represen-
tative repertoire of the protein fragments via specialized immune receptors, the
major histocompatibility complex class II (MHC II) molecules. MHC II molecules
or their equivalents in humans, human leukocyte antigen class II (HLA II) mole-
cules, are membrane-bound molecules, displaying a peptide binding groove
where they can accommodate a linear peptide of at least 12–15 amino acid length.
Such a peptide is loaded onto MHC II molecules inside APCs and then trans-
ported to the cell surface for presentation to T cells and recognition by a T cell
receptor with the corresponding specificity.

Thus, APCs are equipped to give a snapshot of the protein environment they
have encountered during a certain time window and present it via specialized
receptors, the MHC II molecules, to other immune cells, the T cells. When some
T cells recognize in this image what they have been trained to consider as a for-
eign structure they will react by proliferating and producing various cytokines,



thereby eliciting a specific immune response against a defined foreign protein.
Finally, a specific antibody production may be induced against the same protein
from which a peptide fragment has been presented via MHC II. Thus, a fully
folded protein needs to be transformed first into a panel of linear peptide
sequences presentable via MHC II to finally elicit the generation of antibodies ca-
pable of recognizing 3-dimensional complex epitopes of the fully folded protein.

The present chapter focuses on the first part of this process, namely the
sequence of mechanisms involved in the generation of MHC II molecules pre-
senting linear peptides sampled from proteins that originate from the external
and internal environment. This process is called “antigen processing” and has
been the subject of intense research during the past 26 years. Broad, detailed
insight has been gained during the last 10 years, especially concerning the invol-
vement of accessory molecules, the understanding of the cell biology of the most
professional APCs, the dendritic cells, the interplay of receptors of the innate
immune system with APCs and with the emergence of novel microscopy tech-
niques that have helped to visualize processes within an APC.

4.2
Types of Antigen Presenting Cells

Whereas all nucleated cells express class I MHC, only a limited group of cells
express class II MHC. Constitutive expression of MHC II molecules is mainly
found on phagocytic cells and confers them with the ability to present foreign
antigens they generate after engulfment and proteolysis of exogenous pathogens.
These “professional” type of APCs include dendritic cells (DCs), macrophages and
B cells. Although all MHC II positive cells are broadly called “APCs”, IFNc-induci-
ble expression of MHC II molecules has also been reported on the cell surface of
non-phagocytic cells. Due to their lack of the internal machinery for protein pro-
cessing, the relevance of their ability to present antigen is still controversial. Such
“non-professional” APCs include fibroblasts, glial cells, pancreatic beta cells, thy-
mic epithelial cells, thyroid epithelial cells, keratinocytes and vascular endothelial
cells [1–4].

4.2.1
Macrophages, B Lymphocytes and DCs

Mononuclear phagocytes, i.e., macrophages and DCs, are crucial mediators of
host defense against pathogens, linking innate and adaptive immune responses.
As a consequence, they are particularly abundant in tissues in close contact with
the environment. Additionally, during infections, macrophages can be recruited
to peripheral tissues to phagocyte foreign antigens while initiating T cell immu-
nity by the release of inflammatory signals. IFNc and GM-CSF, often present at
infected sites, contribute to activate macrophages, thus enhancing their capacity
to function as APCs.
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In contrast, antigen presentation by B cells occurs primarily in secondary lym-
phoid organs, where the cognate B-T cell interaction allows the development of
T cell-dependent humoral immunity. Although B lymphocytes are not actively
phagocytic, unlike macrophages and DCs, they can capture and internalize anti-
gens via their B cell receptor (BCR), which consists of membrane-bound immuno-
globulin.

Little was known about DCs, apart from their CD11c expression, until the
recent development of in vitro DC culture methods led to the differentiation of
multiple DC subsets and various functional stages. Hence, large numbers of
immature DCs were generated from bone marrow progenitors or from blood
monocytes and pulsed with proteins for in vitro functional assays [5]. Although
the sequence of events leading to DC activation is not fully elucidated, it is becom-
ing increasingly clear that in vivo human plasmacytoid DCs and monocyte-derived
DCs use a complex ensemble of pattern-recognition receptors (PRRs), cytokine
and membrane receptors to sense alterations of their environment and phagocyte
incoming pathogens [6]. Located close to the mucosal surfaces and acquiring
motility as they get activated, DCs play a crucial role in conveying innate informa-
tion to lymphocytes and in orchestrating adaptive immune responses. An increas-
ing body of evidence suggests that different stimuli may trigger qualitatively
different types of mature DCs, allowing for the development of immunogenic vs.
tolerogenic DCs or for the polarization of T cell responses towards the Th1 vs. Th2
phenotype.

4.2.2
Tissue-resident APCs

While some DCs access the secondary lymphoid organs directly from the blood,
others migrate from peripheral tissues. Langerhans cells located in the epidermal
layer of the skin are the principal model of tissue DC [7]. Generated from CD1a+

precursors, they are characterized by the expression of Langerin, E-cadherin and
by the presence of Birbeck granules. They have limited capacity for self-renewal
but can persist in the epidermis for extended periods. After antigen exposure they
are induced to migrate out of the skin, which they do in part by downregulating
E-cadherin, thus losing the ability to interact with the surrounding keratinocytes
[8]. Additional tissue resident DCs can be found in peripheral tissues, such as
interstitial DCs in the dermis, the gut and in pulmonary epitheliums and Kupffer
cells in the liver [9].

Microglial cells are a CNS-resident immune cell population sharing phenotypic
characteristics as well as lineage properties with bone marrow-derived monocytes/
macrophages. The smallest of the glial cells, they represent 5% of total brain cells
and produce neurotrophins and growth factors promoting neuronal and oligoden-
drocyte survival. As true phagocytes, microglial cells clean up CNS debris and,
under pathological conditions, they have been shown to process antigens, secrete
interleukins and contribute to inflammation within the CNS. To date, the lack of
specific phenotypical marker(s) has hampered their characterization and the
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appreciation of their plasticity and heterogeneity in vivo. Therefore, most of our
knowledge about the nature, activation status and function of microglial cells
comes from in vitro mixed glial cell cultures. Much like immature APCs, micro-
glia have a weak MHC II expression and, although bearing ICAM-1 and the co-
stimulatory molecules CD86 and CD40 on their surface, they fail to present anti-
gens [10]. Upregulation of MHC II expression triggered by various stress, inflam-
matory and environmental signals allows microglial cells to interact with T cells in
an antigen-specific manner. But unlike for DCs, there is currently no data sup-
porting the hypothesis that upon maturation microglial cells become capable of
homing to the lymph nodes in the vicinity of the CNS. Therefore, antigen presen-
tation by microglia probably occurs locally during their interaction with infiltrat-
ing lymphocytes. The full scope of immune responses subsequent to this interac-
tion and the role of CNS environment on the regulation of these responses are yet
to be clarified.

4.2.3
Maturation State of APCs

Upon activation, macrophages and DCs change their antigen processing program
and upregulate their surface expression levels of MHC II and co-stimulatory mol-
ecules, thereby becoming mature and potent APCs. The distinction between
immature and mature stages of DCs is now well established.

4.2.3.1 Immature APCs
Immature DCs are true sentinels of the body in that they are specialized in taking
up, internalizing and processing various particulate and soluble antigenic mole-
cules derived from foreign invaders. Representing a first line of defense against
infectious agents, DCs are readily found in skin, lung, gut, blood [7, 11, 12] as well
as in liver and spleen.

As immature DCs retain MHC II molecules within endocytic compartments
formed by late endosomes and lysosomes [12], they do not efficiently present anti-
gens. In the absence of antigenic stimulation, these MHC II molecules are the
object of intense recycling with an estimated half-life of 12 h, as opposed to 40–
100 h in mature DCs [13, 14].

4.2.3.2 Mature APCs
Upon encountering inflammatory signal mediators, such as LPS, TNFa, IL-1b,
bacterial lipids or lipopeptides, CpG DNA or viral ds RNA, during a microbial
attack, immature DCs differentiate into mature DCs with high T cell stimulatory
capacity [15]. This functional change is associated with a profound alteration in
the architecture of endocytic processing compartments, an enormous increase in
the cell surface area and a decrease in their capacity to endocytose [16]. In the ini-
tial phase of DC maturation, protease activity and lysosomal acidification are also
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enhanced, promoting the degradation of antigenic proteins and peptide loading to
MHC II molecules. Within the first hours of stimulation, MHC II molecules
relocate from perinuclear lysosomal compartments to peripheral vesicles. After
12–24 h, they are again redistributed and massively access the cell surface [13].
Abundant expression of co-stimulatory molecules (e.g., CD86, CD80, CD40) and
ligands of T cell receptors [17] add to transform these APCs into powerful indu-
cers of T cell activation. Meanwhile, the acquisition of motility allows DCs to
migrate while morphological rearrangements are ongoing. Hence, during the ini-
tial 12–24 h of their maturation, DCs re-localize from sites of antigen capture in
the periphery to areas of T cell priming within lymphoid organs.

4.3
Antigen Uptake by APCs

Internalization of whole pathogens or parts thereof into the endocytic pathway of
an APC is a critical step as, in most cases, the particular mode of internalization is
the limiting step in antigen processing and presentation. Macrophages, microglia
or DCs use phagocytosis, pinocytosis and, in particular, receptor-mediated uptake
mechanisms, whereas B cells widely rely on B cell receptor-mediated endocytosis
to internalize antigen.

4.3.1
Macropinocytosis

Macropinocytosis is a cytoskeleton-dependent type of fluid-phase endocytosis that
is limited to few cell types, such as macrophages, DCs and epithelial cells [18]. In
macrophages, cytokines and growth factors can induce macropinocytosis, whereas
it is a constitutive phenomenon in immature DCs [19]. Through macropinocyto-
sis, immature DCs constantly sample large amounts of extracellular fluid, attain-
ing uptake rates per hour that roughly equal its own cell volume. This is the pro-
miscuous way of how DCs can screen their environment for microbial products.
Apart from that, sampling of “self” by non-activated DCs is emerging as an impor-
tant means for the induction and maintenance of tolerance under steady-state
conditions [20]. In accordance, antigens captured by macropinocytosis have access
to endocytic loading compartments where MHC and CD1 molecules reside. Most
recently, evidence has emerged that ligands of Toll-like receptors (TLRs), shortly
after receptor engagement, stimulate macropinocytosis of DCs, leading to
enhanced presentation on class I and class II MHC molecules [21]. Macropinocy-
tosis was apparently enhanced through recruitment of actin from podosomes, me-
diated by signal-regulated activation of the p38 kinase pathway. Thus, DCs can
mobilize their actin cytoskeleton in response to innate immune stimuli in order
to boost macropinocytosis-dependent antigen capture, most likely at the transient
expense of their migratory capacity.
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4.3.2
Phagocytosis

Phagocytosis is essential in both host defense against microbial pathogens and
also in clearance of apoptotic or necrotic cells [22]. Phagocytosis is initiated by the
engagement of specific surface receptors, as discussed below. DCs and macro-
phages can phagocytose whole bacteria, yeast cells and hyphae, as well as debris
from cells that have undergone cell death by apoptosis or necrosis. Human DCs
take up apoptotic bodies derived from B or T lymphocytes, virus-infected apoptotic
monocytes or tumor cells. Phagocytosis of apoptotic bodies mainly relies on a sur-
face complex composed of the scavenger receptor CD36 and the integrins avb5 or
a vb3 [23].

Both microbial and apoptotic cells are delivered on a common route from the
cell surface of macrophages or DCs into phagosomes and finally lysosomes for
degradation (Figure 4.1). Recently, it was demonstrated that activation of the
TLR2/4 signaling pathway by bacteria, but not apoptotic cells, regulates phagocy-
tosis [24]: Strikingly, phagolysosomal fusion in macrophages could be signifi-
cantly accelerated through a signal emanating from the TLR of the same phago-
some by engaging its bacterial cargo. Hence, the critical TLR triggering event for
phagosome maturation is spatially confined and relies on phagocytosed cargo
molecules bearing innate stimulatory capacity. In conclusion, activation of the
phagosome signaling pathway has a critical impact on processing of bacterial anti-
gen long before the conventional TLR-mediated transcription program associated
with inflammation is initiated.
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4.3.3
Receptors for Endocytosis

The principle behind receptor-mediated endocytosis is reminiscent of the mode of
action described for some hormones, such as insulin: binding to surface receptors
leads to receptor dimerization, initiation of kinase-driven signaling events that
lead to specific effector functions. On APCs, recognition of antigen by antigen
receptors leads to internalization, in most instances being driven by the polyva-
lency of antigenic structures, leading to receptor oligomerization that triggers
G-protein mediated membrane invaginations. A most thoroughly studied example
is provided by B cells that express the BCR: BCR mediates endocytosis of BCR-
antigen complexes via clathrin-coated pits into endo-lysosomal compartments
where MHC II molecules capture antigenic peptides [25].

A related principle relies on endocytosis of opsonized microbes: soluble anti-
bodies decorating the surface of viruses or bacteria in a polyvalent fashion are rec-
ognized by the receptors for the Fc portion of antibodies. These Fc receptors
belong to the prominent receptors on the surface of most APCs [26]. Human
monocyte-derived DCs express mainly FccRII and FcaR, Langerhans cells of the
skin express FccRI and FceRI, whereas blood DCs stain positive for FccRII and
FccRI (Table 4.1). As indicated by the Greek letter in the names of the various Fc
receptor classes, PCs differ in their Fc receptor repertoires and, hence, in their
specificity and capacity to endocytose antigens decorated by immunoglobulins of
different isotypes.

Another important receptor for antigen uptake is the mannose receptor (MR),
CD206. It is a C-type lectin, mainly expressed on macrophages and immature
DCs, that contains multiple carbohydrate-recognition domains [27]. MR binds gly-
coligands containing exposed mannose, N-acetylglucosamine or fucose residues.
It allows APCs to endocytose a large variety of bacterial and yeast antigens, e.g.,
mannan-containing proteins or glycolipids, and also desialyted immunoglobulins.
Agalactosyl IgG (G0IgG), increased levels of which are found in several autoim-
mune diseases, including rheumatoid arthritis, can be efficiently internalized by
MR on DCs and macrophages [28]. Due to the ability of the MR to recycle, antigen
uptake by APCs is essentially continuous, allowing accumulation of large quanti-
ties of antigen in internal loading compartments, where MR co-localizes with
MHC II molecules and lysosomal hydrolases [29]. DEC-205 (CD205), another
C-type lectin, is another mannose receptor, described in mice, that is expressed by
DCs and thymic APCs and plays a similar role as the MR in antigen uptake and
processing [30].

DC-SIGN (DC-specific ICAM-3-Grabbing Nonintegrin), CD209, is a mannose-
binding lectin that is selectively expressed on immature and mature DCs. Al-
though it is a known adhesion receptor, enabling transient DC-T cell interactions
through binding to ICAM-3 on naive T cells, an ICAM-2-dependent rolling recep-
tor and an HIV-1 trans-receptor, binding to the HIV-1 coat protein gp120, DC-
SIGN also internalizes antigen into late endosomes for presentation to CD4+ T
cells [31].
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Table 4.1 C-type lectin and Fc receptors.

DC subsets C-type lectin receptor Fc receptor type

Blood Plasmacytoid DC
Myeloid DC

BDCA2
(Blood DC antigen)
Dectin-1
DC-SIGN (CD209)
DEC-205 (CD205)

FccRI
FccRII

Tissue Langerhans cells Langerin FccRI
FceRI (CD23)

Monocyte-derived
DC

Mannose receptor (CD206)
DEC-205 (CD205)
DC-SIGN (CD209)
MGL-1
(Mannose galactose,
N-acetyl-galactosamine specific lectin)
C-LEC1 (C-type lectin rec.1)
DCIR (DC immunoreceptor)
DCAL (DC-associated lectin)

FcaR (CD89)
FccRII (CD32)

Langerhans cells (LCs) do not express the MR but, besides CD205, the LC-spe-
cific receptor Langerin (CD207), another C-type lectin with mannose specificity.
Unlike the MR, CD207 induces the formation of Birbeck granules [32], endosomal
organelles of so far unknown function. Langerin-deficient mice, which are devoid
of Birbeck granules, were not impaired in their capacity to take up antigen and in
their pathogen susceptibility [33]. There are indications that the C-type lectin
receptors on APCs may crosstalk with TLRs that recognize characteristic molecu-
lar patterns present in microbial lipids, lipoproteins, lipopolysaccharides, bacterial
DNA, viral RNA, as well as factors secreted upon tissue damage, such as heat
shock proteins (Hsp70) [34] (cf. Chapter 8). Interestingly, a recent report demon-
strated that TLR2 itself can shuttle antigen to endosomal compartments for pre-
sentation to CD4+ T cells [35].

According to current concepts, binding of antigen by C-type lectins alone may
favor immune suppression, whereas recognition in a situation of danger, where
both TLRs and C-type lectins carry a ligand, may induce immune activation. In
other words, phagocytosis mediated by C-type lectins without involvement of
TLRs may contribute to maintenance of tolerance, whereas co-incident binding of
ligands to TLRs may trigger breakage of tolerance [36].
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4.4
Generation of Antigenic Peptides

Almost two decades ago, when immunologists realized that MHC-mediated anti-
gen presentation relies on peptide fragments derived from antigenic proteins, the
hypothesis emerged that APCs may internalize antigenic proteins into specialized
compartments where, on the one hand, proteolytic generation of appropriate pep-
tide epitopes occurs, and, on the other hand, where these peptides are loaded onto
newly synthesized MHC II molecules. Later on, when it became clear that the
multicatalytic protease complex, the proteasome, is mainly responsible for the
generation of epitopes to be presented by MHC class I molecules [37], an equiva-
lent set of defined proteases was expected to be responsible for antigen processing
in the class II MHC pathway.

Meanwhile, it became increasingly obvious that APCs utilize the whole endocy-
tic pathway, including lysosomes, for the generation of peptide epitopes [38] and
that this task is accomplished by numerous types of proteases – several with over-
lapping specificities – as this is the most efficient way that CD4+ T cells will detect
the presence of at least a single foreign peptide [39]. Apart from offering several
types of compartments and a complex set of hydrolytic enzymes, the endocytic
route from early endosomes to lysosomes provides an increasingly acidic milieu
and conditions favoring disulfide-bond reduction. Both aspects favor protein
unfolding so that proteases and MHC molecules gain access to previously buried
parts of antigenic proteins.

4.4.1
Reduction of Disulfide Bonds: GILT

The reduction of inter- and intra-chain disulfide bonds within endosomal/lysoso-
mal compartments is a key step in antigen processing, as shown with several
model antigens [40]. Disulfide bonds can impact the hierarchy of epitope genera-
tion in at least two ways: either when a T cell epitope contains one or more
cysteine residues that are derived from disulfide bonds in the native antigen or
when the accessibility of a T cell epitope is controlled by a proximal or distant di-
sulfide bond.

Reduction of disulfide bonds requires an appropriate redox potential. The cyto-
plasm and the ER are highly reducing compartments with millimolar concentra-
tions of reduced glutathione. The redox state of endocytic vesicles, however, is still
a matter of debate, as strong acidic pH renders disulfide reduction and exchange
reactions less likely. Therefore, the possibility that an enzyme may catalyze anti-
gen disulfide reduction was considered early on [40]. An enzyme such as the ER-
resident protein disulfide isomerase (PDI) was proposed to serve as a candidate
reductase; however, PDI loses its catalytic activity rapidly under acidic conditions
[40]. This problem was resolved by the recent discovery that c-interferon-inducible
lysosomal thiol reductase (GILT), originally termed IP-30, is constitutively present
in late endocytic compartments of APCs [41]. GILT actually reduces disulfide-
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bonded or cysteinylated antigens very efficiently under acidic pH (Figure 4.1).
Accordingly, GILT-deficient mice were severely impaired in their T cell response
against 2 of the 4 immunodominant epitopes of hen egg lysozyme (HEL) that con-
tains four intrachain disulfide bonds [42]. Likewise, the lack of GILT in melanoma
cells reduced the presentation of an immunodominant IgG epitope. Transfection
of melanoma cells with GILT restored presentation of the IgG epitope and of an
endogenous epitope derived from the melanoma antigen tyrosinase [43].

4.4.2
Regulation of the Proteolytic Milieu

Apart from the redox potential, the local pH is one of the most critical parameters
that govern the efficacy of antigen processing in endosomal/lysosomal compart-
ments of APCs. At least four aspects can be listed that underscore the importance
of the pH.

1. Antigenic proteins enter the endocytic pathway at neutral pH, which favors
their native folding. With increasing acidity, most proteins lose their qua-
ternary and tertiary structure, thereby exposing potential T cell epitopes,
which may be liberated by endoprotease cleavage or be directly captured by
MHC II molecules.

2. The drop in pH in endosomes promotes the removal of the N-terminal pro-
peptides of endosomal/lysosomal cathepsins, thereby converting inactive
zymogens into active proteases [44].

3. Treatment with drugs, such as chloroquine, monensin or bafilomycin that
interfere with endosome acidification, led to the accumulation of invariant
chain processing intermediates, such as p22 or p10, that remain in a tri-
meric complex with MHC II ab dimers and thereby prevent antigenic pep-
tide loading [45].

4. The peptide loading catalyst HLA-DM displays optimal activity around pH
5.0, at higher pH the removal of the invariant chain fragment CLIP (see
Section 5.2) becomes rate-limiting for antigenic peptide loading [46].

DCs have been intensively studies with regard to how antigen proteolysis is
regulated and what consequences this regulatory means may have on the capacity
of immature versus mature DCs to present antigen to CD4+ T cells. Murine
immature DCs have been reported to readily internalize exogenous, foreign anti-
genic proteins, such as HEL, and bring it into late endosomal and lysosomal com-
partments, but fall short in loading immunogenic HEL peptides onto MHC II
molecules, unless DCs are triggered by a maturation stimulus [47]. Accordingly,
cystatin C has been described as downregulating cathepsin S activity in murine
immature DCs, thereby preventing the conversion of ab-invariant chain complex-
es into peptide-receptive MHC II molecules [48]. An even more profound explana-
tion was provided in a recent report demonstrating that maturation signals induce
the formation of higher numbers of functional V-ATPases in the lysosomal mem-
brane of immature DCs, thereby increasing the acidification capacity of lysosomes
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[49]. Consequently, the intralysosomal pH of ~5.4 in immature DCs was decreased
to ~4.5 in mature DCs, a pH also obtained for macrophages or fibroblasts [49].
This shift in lysosomal acidification is supposed to augment antigen processing
by favoring the activation of the reductase GILT and lysosomal proteases, such as
cathepsin L or legumain that display activity optima around pH 4.5, and the cata-
lytic activity of HLA-DM [41, 50].

Other DC subsets, however, behave differently. Immature DCs isolated ex vivo
from lymphoid organs were able to constitutively present self-antigens [51]. Like-
wise, the HLA-DR-associated self-peptide repertoire of immature and mature DCs
derived from human blood monocytes was widely similar, suggesting that endo-
somes and lysosomes of immature human DCs do not restrict processing of self-
antigens [52]. The finding that DCs can process and present antigens across a
wide range of maturation stages, irrespective of whether endogenous or exogen-
ous antigens were investigated [53], underlines the plasticity of the DC family
with regard to the regulation of antigen processing.

Most recently, an unexpected association of MHC II molecules with endocyti-
cally processed zwitterionic polysaccharides (ZPS) from pathogenic bacteria, such
as Streptococcus pneumoniae or Bacteroides fragilis, was shown [54]. It turned out
that APCs partially depolymerize ZPS inside endocytic compartments before ZPS
fragments form antigenic complexes with MHC II molecules. ZPS processing
relies on a NO-mediated mechanism, as mice lacking the NO synthetase iNOS
were unable to activate ZPS-specific T cells [54]. These novel findings extend our
view on how APCs perform antigen processing, as not only hydrolytic but also
radical mechanisms apparently contribute to the generation of antigenic ligands.

4.4.3
Protease/MHC Interplay in Antigen Processing

Formation of MHC II–peptide complexes occurs under conditions that are rather
unfavorable for the survival of epitopes over 13 amino acids long, as late endo-
somes and lysosomes normally degrade proteins to dipeptides and amino acids
[55] (Table 4.2). Therefore, APCs need to balance destructive and creative steps in
their antigen processing compartments such that not only endo- and exopepti-
dases control the selection of antigenic determinants but MHC II molecules
strongly contribute to shaping immunodominance of epitopes [56]. The MHC II
peptide-binding groove being open at both ends and the broad peptide specificity
may be viewed as critically important for competing out proteases displaying
sequence-dependent cleavage specificity in the search for appropriate polypeptide
ligands [56]. Indeed, several observations support the concept that MHC II mole-
cules engage precursor polypeptides of much greater length than those eluted as
naturally processed peptides from the groove, and that antigen processing may
occur in an MHC-guided fashion [57]. In cases where this “bind first, trim later”
model reflects the reality, the type, specificity and cleavage order of proteases is
less important, as the MHC groove determines which epitopes become dominant
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or cryptic. Endo- and exoproteases would, then, stochastically remove the areas
not buried in the peptide binding groove [56].

Table 4.2 Endosomal/lysosomal proteases.

Protease
family

Protease Cleavage
specificity

Expression Processing involvement

Ii Ag

Cysteine Legumain
Cat B
Cat C
Cat F
Cat H
Cat Z
Cat O
Cat L
Cat L2
Cat K
Cat S
Cat W
Cat J
Cat P

Endo/Asn
Endo
Amino
Endo
Endo/amino
Endo
Endo
Endo
Endo
Endo
Endo
Endo
Endo
Endo

Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous
Thymus, testis
Osteoclasts
APCs
T cells/NK cells
Placenta
placenta

+
–
+
–
–
–
+
–
+
–
–
–

+
+/–
?
?
?
?
–
+
+
–
+
–
–
–

Aspartic Cat D
Cat E
Napsin A
Napsin B

Endo
Endo
Endo
?

Ubiquitous
Ubiquitous
Lung, kidney
?

–
–
–
–

+/–
+/–
–
?

MHC-guided processing may proceed according to the kinetics of unfolding of
native antigenic proteins. Hence, those sequences may have the primary change
to give rise to immunodominant epitopes that are the first ones to be accessible
for MHC binding during the unfolding process. In particular, in lysosomes that
harbor high numbers of very active proteases that may otherwise destroy candi-
date epitopes, MHC-guided processing would be most beneficial in rescuing epi-
topes from destructive proteolysis. The situation may be different in vesicles of
less acidic pH where proteases are supposed to be less aggressive and fewer pep-
tide-receptive MHC II molecules are present and where, without an initial
“unlocking” by endoprotease cleavage, unfolding alone would be too inefficient.
Here, the particular set of proteases being expressed may become more relevant
for epitope selection so that one or more particular proteases may decide whether
an epitope is being generated. In the following, some of the most thoroughly
investigated proteases that reside in MHC II loading compartments, are discussed
(Figure 4.1).
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In contrast to earlier assumptions, it is not necessarily highly abundant pro-
teases, such as the cysteine protease cathepsin B (Cat B) or the aspartic protease
cathepsin D (Cat D) that belong to the major players in constructive antigen pro-
teolysis, as revealed in the respective knock-out mice [58]. Although, in one study,
IgG F(ab)2 fragments as part of immune complexes were degraded poorly in the
absence of Cat B [59], other proteases could obviously replace Cat B in Cat B-defi-
cient mice [58].

Apart form its role in processing of Ii in cortical thymic epithelial cells (see Sec-
tion 5.2), Cat L proved to be directly involved in the selection of CD4+ T cells: it
contributes to shaping the repertoire of positively selecting self-peptide ligands
[60]. Another study on peripheral APCs confirmed the impact of Cat L on the anti-
genic peptide repertoire, albeit in an inverted sense [61]: presentation by murine
I-Ab of an epitope from IgM was diminished by Cat L expression as compared to
APCs of Cat L–/– mice. The same result was obtained when Cat S–/– and wild-type
mice were compared. Conversely, Cat S, which is primarily responsible for the
generation of CLIP-MHC II out of Iip10-MHC II complexes in peripheral APCs
(see Section 5.2), was also found to be required for presentation of two HEL epi-
topes: HEL(30-44) and HEL(46-59) are separated by a Cat S cleavage site at posi-
tion HEL-45 [62].

Unlike the cathepsins, the asparaginyl endopeptidase AEP, also denoted as
legumain, has strict specificity for cleaving at asparagine and, in rare cases, aspar-
tic acid residues [63]. AEP bears the dominant processing activity for a C-terminal
fragment of tetanus toxin [63]. With the multiple sclerosis (MS)-associated autoe-
pitope MBP(85-99), derived from myelin basic protein (MBP), AEP plays a
destructive role: cleavage of MBP at Asn-94 by AEP destroys this epitope [64]. As
AEP is expressed in medullary thymic epithelial cells where autoreactive T cells
are deleted, central tolerance against MBP(85-99) may fail to be established. This
may be a rationale for the pathology of the autoimmune disease MS: in contrast
to AEP-deficient APCs of the thymus, APCs in the brain of MS patients generate
the MBP(85-99) epitope which is thought to attract autoreactive CD4+ T cells [65].
Thus, differential expression of proteases in different tissues may lead to differen-
tial processing of the same antigenic protein.

In contrast to Cat D, the homologous aspartic protease Cat E is less abundant
and more restricted in its expression to the gastrointestinal tract, lymphoid tissue
and microglia [66]. Cat E is the key protease in generating the immunodominant
ovalbumin epitope OVA(266-281) in murine B cells and microglia [66]. Surpris-
ingly, according to most recent observations, Cat E expression is negatively regu-
lated by the class II MHC transactivator CIITA [67]. The fact that MHC II mole-
cules and Cat E share a common transcriptional regulator supports the view that
Cat E plays an active role in antigen processing of the MHC II pathway and that
its proteolytic activity requires tight regulation.
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4.5
Assembly of MHC II Molecules

MHC II molecules expressed on the surface of APCs are ab heterodimers com-
plexed with a peptide ligand [68]. Only a small percentage of surface MHC II mol-
ecules are thought to be “empty”, which means they are devoid of a ligand (Figure
4.1). T cell receptors, expressed on the surface of T cells, are selected to interact
with both self-structures of the rim of the MHC class II peptide binding groove
and amino acid side chains of the peptide ligand. Determinants on the surface of
the antigenic peptide that specifically bind to the T cell receptor are called “T cell
epitopes”. Thus, in contrast to “B cell epitopes”, which are linear or conforma-
tional structures on the surface of an antigen to be recognized by soluble or mem-
brane-bound immunoglobulins of B cells, T cell epitopes are generated by proteo-
lytic cleavage of antigenic proteins and presented as linear structures in the con-
text of MHC II. The process of assembly of MHC II ab dimers in the ER and the
acquisition of the third subunit, the peptide ligand, in endosomal/lysosomal com-
partments is a coordinated process involving several accessory molecules.

4.5.1
Structural Requirements of MHC II

MHC II molecules are membrane-bound heterodimers consisting of one a and
one b chain. The amino-terminal a1 and b1 domains constitute the peptide bind-
ing groove – consisting of two flanking a-helices on a bottom of b-sheets – and
are followed by Ig-like domains (a2 and b2), transmembrane regions and short
cytoplasmic tails [68]. To achieve stability, MHC II ab dimers have to accommo-
date a third ligand, either the Ii or an appropriate peptide ligand at least 12 amino
acids long. The Ii interacts with ab dimers through contacts within and outside
the peptide binding groove of ab dimers [69, 70]. In contrast, an appropriate pep-
tide ligand engages nearly exclusively with residues inside the binding groove:
about half of the binding enthalpy arises from interactions of the peptide back-
bone with side chains of the MHC II binding groove, while the other half is due
to interactions of amino acid side chains of the peptide with residues of the so-
called specificity pockets of the MHC II peptide binding groove [68]. In contrast to
MHC I, the peptide groove of MHC II is open at both ends [71], thus allowing
peptide ligands of variable lengths to bind. Thus, capturing of precursors of pep-
tide ligands that are bound first and then trimmed by proteases afterwards is ob-
served for MHC II [56, 57] (cf. Chapter 6). The openness of the MHC II binding
groove may be the consequence of the co-evolution of MHC II molecules and Ii:
as Ii binding to MHC II ab heterodimers via the CLIP region is fundamental to
its chaperone role [72], the accommodation of CLIP as a part of the Ii polypeptide
in the groove was a prerequisite. Hence, fixation in the groove of N- and C-termini
of a peptide of a defined length, as with MHC class I molecules, could no longer
have been an option.
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CLIP may have been acting as a powerful factor shaping the polymorphism,
which is restricted to residues localizing to the MHC II binding groove [73]. On
the one hand, the increase in polymorphism increases the capacity to cope with
the high degree of variability of foreign invaders while, on the other hand, muta-
tions in hypervariable regions of MHC II alleles that prevent CLIP from binding
or inhibit CLIP removal are necessarily subject to negative selection during evolu-
tion. Due to the high polymorphism, especially of the human HLA-DR (short:
DR) system with more than 400 allelic products, many combinations of anchor
residues for peptide ligands are possible. Considerable work has been invested to
achieve knowledge about the requirements of different HLA alleles to bind their
cognate peptide ligands. While DR molecules, especially those encoded on the
DRB1 locus, are well characterized [74, 75], anchor motifs for peptide binding to
DRB3, DRB4, DRB5, DQ and DP alleles are less well understood and are the sub-
ject of current research.

Superantigens of bacterial or mammalian origin represent an exceptional case
of antigen that is dependent on MHC II [76]. Superantigens bind outside the
binding groove of MHC II, thereby crosslinking MHC II with the TCR [77].
Regarding the TCR, different superantigens display preference for certain Vb
domains. Superantigens can bridge MHC II molecules and TCRs in the absence
and presence of self-peptides occupying the binding groove of MHC II [78]. Thus,
superantigens circumvent the classical rules of MHC restriction in activation of
T cells.

4.5.2
Biosynthesis of MHC II

MHC II molecules assemble in the endoplasmic reticulum (ER), involving the
concerted action of the chaperones calnexin and Ii (Figure 4.1). While calnexin
serves several types of antigen receptors [79], such as immunoglobulins, TCR and
MHC I, Ii is dedicated to MHC II molecules and can rapidly associate with all
allelic variants of MHC II [80]. Sequential binding of calnexin and Ii to newly
synthesized individual a and b chains facilitates the assembly of abIi heterotri-
mers followed (after dissociation of calnexin) by the formation of a nonameric
(abIi)3 complex. Ii protects ab dimers from aggregation in a chaperone-like fash-
ion. Moreover, Ii prevents premature binding of peptides and polypeptides in the
ER [81].

The cytosolic tail of Ii harbors two sorting signals that target the nonameric
(abIi)3 complex from the trans-Golgi network to endocytic compartments (Figure
4.1). In the transit from endosomes to lysosomes, stepwise processing of Ii takes
place; hence, Ii processing and antigen processing mainly co-localize. By using
specific protease inhibitors and genetic knockouts of lysosomal proteases, Ii pro-
cessing was shown to be a staged process, proceeding from the lumenal C-termi-
nus to the membrane-proximal N-terminus [38]. Inhibition of cysteine proteases
by leupeptin results in accumulation of a 22 kD Ii fragment (p22) in human cells
and in accumulation of a 10 kD fragment (p10) in murine cells [82]. Under these
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conditions, the leupeptin-insensitive cysteine protease AEP is initiating Ii (p31)
processing by targeting two Asn residues close to the C-terminal trimerization re-
gion, resulting in generation of the p22 fragment of Ii [83]. Further processing is
observed with murine Ii because of additional Asn residues that are closer to the
N-terminus. However, proteases different from AEP can also start Ii processing.
In human APCs at least two subsequent cleavage steps by Cat S give, finally, rise
to the residual fragment CLIP [84]. CLIP keeps on occupying the peptide binding
groove, thereby preventing ab disassembly. These cleavages, at the same time,
release ab dimers from their trimeric oligomerization state previously maintained
by Ii trimers [39].

In cells devoid of Cat S, such as murine thymic epithelial cells, the related
enzyme Cat L processes Ii [85]. Cat S k.o. mice are healthy and normal in most
respects, but they show a decrease in Ii degradation in B cells and DCs [86]. The
moderate effects seen in macrophages of Cat S-deficient may be due to Cat F tak-
ing over Ii processing functions [87]. The critical role of Cat S in Ii processing of
APCs translates also into impaired antigen presentation in APCs lacking Cat S
activity. Cat S k.o. mice show a reduced susceptibility to collagen-induced arthritis
[86]. Likewise, treatment with Cat S inhibitors led to decreased inflammation in
both the rat adjuvant-induced arthritis model [88] and the collagen-induced arthri-
tis mouse model [89]. In a mouse model of pulmonary hypersensitivity, reduced
IgE titers and eosinophil infiltration were reported upon administration of Cat S
inhibitors [90]. Most recently, a non-covalent Cat S inhibitor has been shown to
qualify as a new candidate drug for immunosuppressive therapy of allergies and
autoimmunity [91].

4.5.3
Chaperones for Peptide Loading

The Ii remnant CLIP needs to be removed from the MHC II peptide binding
groove before cognate self-peptide or foreign peptides can have access. Although,
in the context of particular MC II allelic products, a CLIP self-release mechanism
is operative [92], efficient removal of CLIP and peptide loading require an acces-
sory molecule, designated HLA-DM in humans and H2-DM in mice. Only in
B cells is peptide loading modulated by HLA-DO (H2-DO in mice).

4.5.3.1 HLA-DM/H2-DM
HLA-DM (short: DM) was first described in 1991 as a non-classical MHC II mole-
cule [93, 94]. The expression of DM a and b subunits is widely co-regulated with
classical MHC II molecules, but DM displays only very limited polymorphism
and cannot bind peptide ligands [95]. In further contrast to conventional MHC II
molecules, only a small subset of DM is found on the cell surface, in particular on
B cells and immature DCs [96], whereas most DM accumulates in endosomal/
lysosomal loading compartments [97]. In these compartments, DM catalyses one
of the rate-limiting steps in MHC II antigen processing, i.e., the removal of CLIP

104



4.5 Assembly of MHC II Molecules

[98]. Mutant APCs devoid of DM, therefore, have a defect in presentation of pro-
tein antigens, originally leading to the discovery of DM and the awareness that
accessory molecules may be critical in antigen processing [99].

DM-mediated exchange of CLIP for cognate peptide follows Michaelis–Menten
kinetics derived from enzyme catalysis, demonstrating that DM acts as a true cata-
lyst [100]. Consistent with a catalytic pH optimum around 4.5 in vitro, DM:DR
ratios of about 1:5 and acidic conditions characterized by pH 4.5–5.5 were found
in typical loading compartments where DM resides [101, 102]. After the release of
CLIP, the binding cleft is “empty”, which renders ab dimers susceptible to dena-
turation and aggregation, in particular at the low pH of endosomal/lysosomal
compartments (Figure 4.1). DM binds to peptide-receptive empty MHC II mole-
cules and prevents them from unfolding [101]. This property is regarded as the
chaperone function of DM [101, 103]. In B cells, about 20–25% of DR molecules
were shown to engage in DR-DM complexes, thereby constituting a pool of anti-
gen-receptive DR molecules that may respond promptly when confronted with an
antigenic challenge [101]. The structure of MHC II-DM complexes has not yet
been solved, as no co-crystal has been reported.

In vitro analysis suggests that the MHC II/DM interaction depends strongly on
anchoring of both molecules in a shared phospholipid bilayer or detergent micelle
[104]. In vivo, this may be accomplished by segregation of MHC II and DM mole-
cules into membrane microdomains [105], as discussed below (cf. Section 6.1). A
mapping study revealed a lateral, DM-interacting surface on DR molecules that
includes acidic and hydrophobic DR residues around the region where the N-ter-
minus of an antigenic peptide is located [106]. Accordingly, an acidic face that
may be protonated in acidic compartments serves, most likely, as the MHC II-
interacting surface on DM [107]. Protonated carboxy groups may be primary can-
didates to explain the chaperone function of DM in biochemical terms, as small
phenols, such as parachlorphenol, carrying an H-bond donor group, can induce a
peptide-receptive state in DR molecules, which is reminiscent of DM [108]. Thus,
an intermolecular hydrogen bonding network between the chaperone DM and
MHC II molecules may stabilize the peptide-receptive conformer of the MHC II
binding groove.

Recent findings suggest that conformational changes on MHC II molecules
imposed by engagement with DM are maintained after DM has dissociated. Initial
evidence came from the DR3-specific mAb 16.23 that recognizes DR3-DM com-
plexes and DR3 loaded with cognate peptide in B cells expressing DM [97]. In
DM-deficient B cells, however, DR3-peptide complexes remained 16.23-negative
[109]. The same study suggested that conformational changes imposed by DM are
relevant to T cell recognition, as T cells could discriminate between 16.23-positive
and 16.23-negative isoforms of DR3-peptide complexes [109]. There are at least
four other examples where defined immunodominant peptides and their respec-
tive MHC II restriction element form more than one isoform: in one example, a
peptide binds to murine Ek in a single registry, but in two distinct conformations,
as determined by NMR spectroscopy [110]. In a second case, myelin basic protein
peptide and Au form two isomeric complexes, where each isomer is recognized by
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a distinct T cell clone [111]. Recognition of the “aberrant” complex has been sug-
gested to be a critical pathogenic mechanism in the murine experimental auto-
immune encephalomyelitis model [112]. Moreover, Janeway and colleagues
described conformers of an Ea(52-68)-Ab complex that varied in their ability to
be negatively selected in mice that express Ea [113]. The most thoroughly
studied example of conformational variability is hen egg lysozyme peptide
HEL(48-61) presented by Ak (see Chapter 1). Type A T cells specifically recognize
the HEL(48-61)-Ak conformer generated from HEL protein in late endosomal/
lysosomal vesicles in the presence of DM, whereas type B T cells recognize com-
plexes generated from exogenous HEL(48-61) in early endosomes or on the cell
surface of APCs in the absence of DM [114]. The diversity in conformers of
HEL(48-61)-Ak complexes is mediated through the action of DM (Figure 4.2): DM
acts directly on the complex by binding to it and abolishing the type B conformer
[114]. These observations strongly favor the concept that DM is not merely an
endosomal/lysosomal chaperone of APCs but also behaves as a conformational
editor of MHC II–peptide complexes [50].

The conformational editor activity of DM, in mechanistic terms, is most likely
tightly linked to its earlier discovered potency to act as a peptide editor [115]. DM
not only exchanges CLIP for cognate peptide but also exchanges low-stability pep-
tides for peptides that display high-stability binding [116, 117]. Peptides that are
DM-resistant display low intrinsic off-rates whereas peptides with moderate or
high off-rates are more rapidly released by DM (similar to CLIP) [118]. The pres-
ence of appropriate anchor residues at the correct position within the peptide and
a length of >12 residues are features that favor DM resistance [116], whereas gly-
cine and proline residues at anchor and non-anchor positions increase susceptibil-
ity to DM-mediated release [119]. The ability of DM to catalyze the exchange of a
wide variety of peptides suggests that the catalytic mechanism involves features of
the MHC-peptide interaction common to all peptides, such as the network of
hydrogen bonds between the MHC II and the backbone of a bound peptide [118].
The network is composed of 12–15 hydrogen bonds [71]. Disruption of hydrogen
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Figure 4.2 Conformational editing by HLA-DM. Peptide load-
ing in the presence of bound HLA-DM produces type A con-
formers of MHC II–peptide complexes, whereas in the
absence of HLA-DM the same MHC molecule and the same
peptide give rise to type B conformers.
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bonds, involving DR a chain residues 51 and 53, by N-methylation or truncation
of the peptide led to accelerated peptide release [120]. These results provide a
structural rationale for the earlier finding that peptides shortened at their N-ter-
mini are rapidly edited by DM [116].

There is also a large body of evidence that DM alters sequence-dependent MHC
II–peptide interactions and, thereby, contributes to the generation of immunodo-
minant epitopes. A recent example is the finding that it is DM that influences the
selection of HEL epitopes presented on Ak by favoring high-stability peptides
[121]. Further support came from kinetic analysis of the autoantigen human carti-
lage glycoprotein gp39, demonstrating that kinetic stability of MHC II–peptide
complexes is a key determinant of immunogenicity in vivo [122]. DM editing is
also critical in the context of another autoimmune disease: presentation of the
immunodominant insulin-dependent diabetes autoantigen glutamate decarboxy-
lase GAD(273-285) was significantly diminished with increasing expression of
DM [123].

We conclude that DM acting as a peptide editor favors the formation and pre-
sentation of long-lived MHC II–peptide complexes on the surface of APCs. The
great benefit is that CD4+ T cells in T cell-rich areas of lymph nodes have sufficient
time to screen the surface of APCs for appropriate MHC II–peptide complexes – a
process that may last for 1–3 days. Conversely, the composition of the self- and
foreign peptide repertoire appears to depend on the MHC II:DM ratio, the DM
expression level and the transit time of MHC-peptide complexes in the respective
loading compartment. This knowledge opens the possibility that future studies
may deepen our understanding on the potential impact of aberrant regulation of
DM expression or DM activity in autoimmunity or allergy.

4.5.3.2 HLA-DO/H2-DO
HLA-DO (H2-DO in mice) is expressed mainly in B cells and in subsets of thymic
epithelial cells [99]. HLA-DO (short: DO) belongs to the non-classical MHC II
molecules and, similar to HLA-DM, is unable to bind peptides [124]. DO requires
association with DM to leave the ER [125]. DO reportedly remains engaged in
DO:DM complexes during intracellular transport and recycles between peptide
loading compartments and the cell surface [126]. In peripheral blood B cells, DO
is quantitatively associated to DM, whereas roughly 50% of DM is bound to DO
[127]. Moreover, in lymphoblastoid B cell lines, DR-DM-DO complexes have been
reported to be constituents of tetraspan microdomains in acidic peptide loading
compartments [128, 129]. The DOb cytoplasmic tail redistributes MHC II and
DM-DO complexes from internal to the limiting membrane of multivesicular
compartments, thereby probably favoring the lateral interaction between MHC II,
DM and DO molecules and tetraspanins within membrane microdomains [126,
128]. These findings imply that DO may play a role in modulating the function of
DM.

There is coherent evidence that DO affects the repertoire of self- and foreign
peptides presented by MHC II molecules [128, 130], although it is still open
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whether this is due to differential compartments or changes in the composition of
microdomains where loading takes place or modulation of DM editing.

The overall impact of DO on the efficacy and selectivity of peptide presentation
by B cells remains unresolved. Overexpression of DO (DO:DM >> 0.5) in various
transfectants has led to accumulation of MHC II-CLIP complexes at the cell sur-
face in some studies [131, 132]. This finding could not be confirmed by other stud-
ies involving DO-deficient mice [125, 133], and a decline in DR-CLIP levels upon
transfection with moderate amounts of DO was shown [128].

A clue to these apparently contradictory observations may be that DO downre-
gulates DM activity in endosomal compartments whereas it favors DM activity in
lysosomal compartments where antigen taken up via the BCR is being processed.
This concept is supported by most findings in this field. The down-modulatory
activity of DO on antigen presentation is observed only when the model antigen is
taken up via fluid-phase endocytosis, where loading can occur in any compart-
ment along the endocytic pathway [125, 134]. In contrast, when antigen is taken
up via the BCR, presentation of several epitopes is enhanced by DO [99, 125, 135].
The rationale for the latter aspect is that BCRs are likely to transport antigen into
late endosomal/lysosomal compartments, where DO-DM complexes are superior
to DM alone with regard to facilitating peptide loading. This conclusion is sup-
ported by experiments with purified proteins, demonstrating that DO favors
peptide loading at pH 4.5–5.0 [125, 128, 130] and appears to reduce loading at
pH 6.0–6.5 [125, 130]. Further biochemical studies showed that DO functions as a
co-chaperone at low pH in at least two ways: (i) DM–DO complexes prevent inacti-
vation of empty MHC II molecules more efficiently than DM alone [128], (ii) DO
stabilizes DM molecules themselves by delaying the pH-induced inactivation of
DM [128]. In support of the latter result, studies with murine B cells and DCs
ectopically expressing DO show that DO prolongs the half-life of H2-DM [136].

Recently, it was demonstrated that DO is not a static component of the antigen
processing pathway in B cells, but instead is regulated during B cell development
[127, 137]. Relative to naive and memory B cells, DO was down-modulated in
B cells upon entry into germinal centers (GC). The same GC B cells displayed
reduced levels of surface MHC II-CLIP complexes. It remains open whether the
reduction of DO expression in centrocytes and centroblasts occurs before or after
the initial T-B cell interaction that leads to the commitment of the B cell to the GC
reaction [127]. Assuming that DO promotes BCR-mediated antigen processing, as
described above, it is more likely that downregulation of DO in GC B cells follows
the initial T-B cell engagement.

In summary, the current model foresees that DO selectively supports loading of
antigen that has entered the B cell via a high-affinity BCR, as low-affinity BCRs
might lose their antigen cargo in early compartments where DO down-modulates
DM-mediated loading. Thus, DO most likely skews the humoral immune
response towards B cells expressing high-affinity Ig.
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4.6
Export of MHC II and Organization on the Cell Surface

A decade ago, when immunologists started thinking about how APCs may deliver
MHC II–peptide complexes to the surface for inspection by T cells, P. Cresswell
wrote in a review article: “it remains possible that class II ab dimers follow a
direct, as yet uncharacterized route from a late endosome or even a lysosome,
directly to the cell surface” [45]. Recent progress, in particular in the field of devel-
oping DCs, provided evidence that late-endosomal and lysosomal compartments
of APCs, indeed, are equipped in such a way that they can mature and transfer
their MHC II cargo directly to the cell surface via tubular processes [138]. Beyond
that, the maturation program of APCs also includes the reorganization of MHC
II–peptide complexes within the membrane: MHC II–peptide complexes cluster
in endosomal/lysosomal microdomains that are maintained further to facilitate
peptide presentation to CD4+ T cells on the cell surface [139].

4.6.1
Membrane Microdomains

In an attempt to find accessory molecules that aid classical and non-classical
MHC II molecules in endosomal/lysosomal loading compartments, the tetraspan
family members CD63 and CD82 were identified [129]. Both tetraspanins engage
in complexes with DR, DM and DO molecules, but, interestingly, did not co-pre-
cipitate together with abIi complexes [129]. CD63 is a lysosomal marker that co-
localizes with MHC II molecules in peptide loading compartments [140]. Regard-
ing their ultrastructural localization inside organelles, CD63 and CD82 have been
found enriched on internal vesicles of multivesicular endosomes, as originally
described for B cells [141]. This is precisely where most intracellular MHC II mol-
ecules reside in naive B cells or immature DCs [138]. Parallel studies revealed that
CD82 and CD63 form supramolecular assemblies together with other tetraspa-
nins and MHC II molecules on the surface of APCs [142, 143]. These initial obser-
vations gave rise to the hypothesis that tetraspanins expressed in APCs may be
involved in peptide loading and in antigen presentation to helper T cells (Figure
4.1).

Tetraspanins, first discovered in the early 1990s, are a large superfamily of
more than 150 members [144]. They are characterized by four transmembrane
domains and short cytoplasmic regions. They form homo- or heterodimers
through their stalk subdomain, while their head subdomain appears to serve as
an interface to contact other membrane proteins, such as integrins, signaling mol-
ecules or MHC molecules [139, 145]. Tetraspanins are expressed in a wide variety
of cell types and contribute to diverse physiological processes, such as cellular
adhesion, motility, activation and tumor invasion. APCs express almost 20 differ-
ent tetraspanins, with the core family members denoted as CD9, CD37, CD53,
CD63, CD81 and CD82 [144]. Together with their homologues, they are thought
to constitute a novel type of membrane microdomain, also named “tetraspan
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web”, which may act as a kind of membrane skeleton that forms the glue between
molecules destined to form a functional unit (Table 4.3).

Table 4.3 Tetraspanins expressed on APCs.

Tetraspanin Expression Function

DC Monocyte/
macrophage

B cell T cell Ag process/
presentation

Integrin
binding

B–T cell
interaction

CD9
CD37
CD53
CD63
CD81
CD82
CD151
NAG-2
Tspan-3

+
+
+
+
+
+
–
+
+

+
+
+
+
+
+
+
?
+

+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

+
–
–
+
+
+
–
?
?

+
–
+
+
+
+
–
?
?

+
+
–
–
+
–
–
?
?

In APCs, endocytic tetraspanins, such as CD63 or CD82, apparently keep to-
gether multimolecular complexes that are to be conserved for subsequent T cell
activation on the cell surface: HLA class II molecules loaded with cognate peptide
together with the co-stimulatory molecule CD86 [105]. The rationale is that cog-
nate antigenic peptide is generated in high copy number in a particular loading
compartment where antigenic parent protein has accumulated before. Thus, the
high local density of MHC II molecules loaded with cognate peptide in the partic-
ular loading compartment, a prerequisite for highly efficient T cell stimulation, is
worth preserving by preventing dissipation during export to and on the cell sur-
face. This may be best achieved by engagement in tetraspan microdomains [139].

Another critical characteristic of tetraspan microdomains, found with human B
cells and DCs, further improves the capacity to trigger T cells: tetraspan microdo-
mains carry a strongly selected set of peptides rather than the complex repertoire
representative for whole APCs [139, 146]. This is most likely accomplished by
recruitment of the peptide editor DM, which associates to CD82 even in the
absence of classical MHC II molecules [105, 129]. The presence of DM obviously
leads to accumulation of peptides that bind with moderate stability to MHC II
molecules, whereas high-stability MHC II–peptide complexes are excluded [105,
139]. Together, tetraspan microdomains preferentially form around MHC II–pep-
tide complexes of moderate stability, thereby compensating by a gain in avidity for
the usually lower copy number of those complexes (compared with those attaining
higher stability).

Consequently, dissipation of tetraspan microdomains by treatment with sapo-
nin impaired the capacity of APCs to activate T cells [105]. Accordingly, a B cell
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line deficient for tetraspan microdomains was unable to stimulate a T cell line spe-
cific for a peptide that localized to tetraspan microdomains in wild-type B cells
[105]. The importance of tetraspan microdomains in the interaction between
APCs and T helper cells could also be demonstrated with DCs. Human monocyte-
derived DCs upregulate their surface pool of tetraspan microdomains 15–25-fold
during maturation, whereas the surface MHC class II subset rises by only 3–5-
fold [105].

Strikingly, a single self-peptide, the Ii-derived CLIP, occupied about 50–80% of
the MHC II binding sites in these tetraspan microdomains on the surface of
mature DCs (Ref. 52). As 9–12% of the DR molecules on mature DCs reside in
tetraspan microdomains [105], CLIP covers 5–10% of the total population of DR
molecules, which equals ca. 4–8 � 105 molecules [52]. This is roughly the total
number of MHC II molecules expressed by human EBV-transformed B cell
clones. A similar enrichment of MHC II-CLIP complexes was found ex vivo in
tetraspan microdomains on APCs of human tonsils [52]. Confocal microscopy
studies revealed that DR-CLIP complexes can localize to both the central and pe-
ripheral molecular activation cluster, apparently depending on the exogenous anti-
gen to be recognized by the T cell receptor.

This is consistent with the observation that tetraspan microdomains segregate
to those areas where APCs get in contact with T cells [52] and that the tetraspanin
CD81 accumulates at the central zone of the immune synapse formed by B and
T lymphocytes [147]. The conclusion is that a network of tetraspan molecules
populates the APC side of the immune synapse, thereby stabilizing clusters of
MHC molecules loaded with cognate peptide and CLIP (Figure 4.1). Attempts to
define the physiological relevance of elevated MHC II-CLIP complexes embedded
in tetraspan microdomains on the surface of mature DCs revealed that CLIP
antagonizes T helper type 1 polarization [52]. In support of this finding, Ii-defi-
cient mice contain CD4+ T cells, preferentially displaying the TH1 phenotype
[148]; immunization of wild-type mice with CLIP along with cognate antigen
resulted in a TH2-like response [149] and splenocytes from H2-DM k.o. mice,
displaying the CLIP(high) phenotype, induced the TH2 type of helper T cell
responses [52].

Monoclonal antibodies (mAb), such as the mAb FN1, that have been instru-
mental in identifying tetraspan microdomains, recognize superdimers of HLA
class II molecules, embedded in a network of tetraspanins [139, 150]. Hence
CLIP, as a resident of tetraspan microdomains on the surface of APCs appears to
be the first example of an endogenous self-peptide that may aid in the dimeriza-
tion of T cell receptors (TCRs), as suggested in the “pseudodimer” model pio-
neered by M. Davis and colleagues [151, 152]. Pseudodimers have been defined as
heterologous superdimers of MHC II molecules carrying a self-peptide and an
agonistic peptide. In particular, in the initial phase of TCR docking, pseudodimers
localizing to the synapse may be essential in overcoming limitations in TCR trig-
gering caused by too low local density of agonistic MHC II–peptide complexes
[151–153]. This may apply especially to those TCRs that have been positively
selected through MHC II-CLIP complexes in the thymic cortex, as those TCRs are
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thought to recognize CLIP with moderate affinity. CLIP is one of the most abun-
dant self-peptides on APCs of the thymic cortex (cf. Chapter 6).

Later on, at the stage when the TCR begins to transmit signals, CLIP is sup-
posed to reduce the local density of agonistic ligands in the synapse, as compared
to the situation when only agonistic ligands engage the TCR. This would mirror
the situation in which very low doses of agonist or low-affinity agonists give rise
to low-avidity T cell interactions, thereby favoring TH2 polarization [154].

Apart from tetraspan microdomains, MHC II molecules in B cell and DCs have
been detected in cholesterol- and sphingolipid-rich membrane domains, which
are also termed “lipid rafts” [155, 156]. In B cells >90% of MHC II molecules were
described as associated to lipid rafts in a constitutive manner [155], whereas other
reports could find less than 5% [105]. Lipid rafts are thought to consist mainly of
tightly packed sphingolipids, cholesterol, and a subset of peripheral and integral
membrane proteins. The tight packing of sphingolipids and cholesterol in lipid
rafts is deemed responsible for their stability in 1% Triton X-100 at 4C (conditions
used to isolate raft structures). MHC II–peptide complexes localizing to lipid rafts
have been suggested to be critical for T cell stimulation, as they are visible in
immune synapses [156] and as lipid rafts concentrate relevant MHC II–peptide
complexes, thereby facilitating T cell activation at low antigen dose [155]. In con-
trast to tetraspan microdomains, raft microdomains prepared in Triton X-100 or
CHAPS do not enrich particular subsets of MHC II–peptide complexes [105, 139].
As detergent usage leads to artificial fusion of lipid rafts by removal of non-packed
lipids it is still questionable whether the aforementioned observations with raft
domains reflect the situation in vivo [157, 158].

4.6.2
Tubular Transport

Upon receiving a maturation stimulus, DCs are transformed into potent APCs
characterized by increased surface expression of MHC I, MHC II and multiple co-
stimulatory molecules, such as CD86, CD80 and CD40 [159]. The increase in sur-
face expression of MHC II is accomplished mainly by the redistribution of a pre-
synthesized pool from intracellular storage sites to the plasma membrane [13].
Similar to those in other APCs, the intracellular storage sites of DCs have the
characteristics of late endocytic multivesicular bodies (MVBs) or lysosomes. Col-
lectively, these compartments are referred to as MHC II enriched compartments
(MIIC) [160].

In murine immature D1 DCs, most MHC II molecules residing in MVBs were
stored in internal vesicles of MVBs [161]. In contrast, the peptide loading chaper-
one DM was located predominantly at the limiting membrane of MVBs [161]. In
melanoma cells transfectants, a sorting signal in the cytoplasmic tail of DO has
been suggested to be responsible for the fact that DM/DO complexes are also pref-
erentially found at the limiting membrane of MVBs [162]. As DCs do not express
DO, it is still open as to how DM and MHC II molecules are differentially sorted.
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Upon receiving a maturation stimulus, internal vesicles carrying stored MHC
II molecules are transferred to the limiting membrane of MVBs, thereby allowing
DM and MHC II molecules to contact each other laterally in the same membrane
domain, and so facilitating DM mediated peptide loading and editing [161]. Pro-
tein transport from inner to outer membranes cannot occur laterally in the plane
of the membrane, but required fusion between the exoplasmic leaflets of both
membrane domains [163]. In the next step, MVBs transform into long tubular
organelles that extend into the periphery of the cells towards the plasma mem-
brane [161]. Vesicles formed at the tips of the tubules are supposed to mediate
transport of MHC II–peptide complexes to the cell surface. These transport vesi-
cles are reminiscent of the class II MHC vesicles, named “CIIV”, originally
described in B cells [164] and in bone-marrow derived murine DCs [165].

In contrast to the tubule-derived vesicles of murine DCs, the CIIVs described
earlier were devoid of DM [161, 165]. The CIIV-type of transport vesicles in bone-
marrow-derived DCs co-expressed clusters composed of MHC I and II and CD86
molecules that persisted after their arrival at the cell surface [165]. Most likely, this
is because MHC and the co-stimulator CD86 in transport vesicles are not free in
their lateral movement but embedded in tetraspan microdomains, as suggested
above [105].

The retrograde transport pathway from lysosomes to the cell surface has been
visualized in live DCs by video microscopy most recently: using cells that express
MHC II tagged with green fluorescent protein it was shown that developing DCs
generate tubules from lysosomal compartments that finally fuse directly with the
plasma membrane [166]. In-depth analysis of the direction these tubules take dis-
closed that antigen-specific CD4+ T cells interacting with antigen-loaded DCs
induce the formation of long tubular MIICs that polarize towards the T cell [167].
T cells with TCRs of irrelevant specificity failed to do so. LPS-evoked tubules that
form in the absence of T cells are rather short (~ 5mm) and not necessarily micro-
tubule-driven, whereas those formed from polarized tubules in the presence of
maturation stimuli and appropriate T cells are rather long (15–20mm), strictly
antigen-dependent and require an intact microtubular apparatus [167]. Impor-
tantly, in myeloid differentiation factor 88 (MyD88)-deficient DCs, T cell polarized
endosomal tubules failed to form even in the presence of antigen-specific T cells.
Likewise, in the absence of LPS or other pro-inflammatory stimuli no tubulation
was observed [168]. The necessity of the adaptor MyD88, involved in signaling
through TLRs, clearly shows that a microbe-derived TLR ligand in addition to
engagement of the appropriate T cell is critical for the formation of long polarized
tubules in immature DCs.

Apart from TLR and TCR, other molecules constituting the immune synapse
obviously play a role in polarized tubulation. The adhesion molecules LFA-1 and
CD2, known to localize to the peripheral supramolecular activation cluster of the
synapse, are involved in both the stabilization of the DC–T cell interaction and the
initiation of intracellular signaling [169]. Antibodies against both LFA-1 and CD2
could partially inhibit tubulation [170]. Furthermore, the activation marker
CD40L, which was brought to the T cell surface after about 2 h of co-incubation
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with antigen-pulsed developing DCs, promoted tubulation of MIIC compartments
[170]. Most strikingly, antigenic peptide added to DCs did allow T cell stimulation
but failed to evoke T cell polarized tubulation – quite in contrast to DCs pulsed
with intact antigenic protein [170]. The most likely explanation for the differential
signal emanating from MHC-peptide complexes being formed at the cell surface
upon binding exogenous peptide versus MHC-peptide complexes originating
from MIICs is their organization in the membrane. As discussed above, MHC II–
peptide complexes formed in MIICs tend to be incorporated into tetraspan micro-
domains [52, 105]. This may not apply to peptide-receptive MHC II molecules on
the cell surface (Figure 4.1).

In summary, in the pre-tubulation phase, the TCR needs to be activated by
microdomains within the immune synapse filled with densely packed cognate
MHC II–peptide complexes, co-stimulatory and adhesion molecules. This initial
contact, employing a limited number of MHC–peptide complexes, generates a sig-
nal that mobilizes further cognate MHC II–peptide complexes from internal
MIIC stores, thereby triggering the tubulation phase. Making use of microtubule
tracks, tubules emanating from deep endocytic MIICs then deliver a steady supply
of class II–peptide molecules to the immune synapse for further engagement of
TCRs.

4.7
Viral and Bacterial Interference

During the past decade, several mechanisms have been explored as to how patho-
gens may evade antigen processing and presentation. Although more work has
focused on the MHC class I pathway, knowledge is accumulating on how
microbes interfere with the MHC II processing pathway.

A strategy pursued by both bacteria and virus is the suppression of MHC class
II expression. The most thoroughly studied example is Mycobacterium tuberculosis
(MTB) infection. Macrophages are critical to the control of MTB infection, because
they harbor the bacteria in early endocytic compartments and stimulate CD4+ T
cells [171]. Activated MTB-reactive CD4+ T cells secrete IFN-c to activate infected
macrophages and induce microbicidal function [172]. However, despite vigorous
immune responses, MTB persists inside macrophages. Chronic stimulation
(>16 h) of TLR2 by MTB 19 kDa lipoprotein inhibits IFN-c-dependent induction
of the class II transactivator CIITA and thereby downregulates MHC II and MHC
II-dependent antigen processing [173]. Likewise, other TLR ligands, such as CpG
DNA [174], LPS [175] and the MTB 24 kDa lipoprotein LprG [176], inhibit antigen
processing in macrophages in a TLR/MyD88 dependent fashion. Recently, the
mycolylarabinogalactan peptidoglycan was shown to inhibit macrophage
responses to IFNc independently of TLR2, TLR4 and MyD88 [177]. Together,
MTB exploits the fact that, in contrast to B cells or DCs, MHC II expression in
macrophages relies on IFN-c. Moreover, quite different from DCs that respond to
prolonged presence of TLR ligands by upregulation of MHC II expression, MTB-
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infected macrophages downregulate their MHC II-dependent antigen processing
machinery.

Although alveolar macrophages are the main targets of MTB infection, in the
airway mucosa DCs expressing DC-SIGN have been identified that are infected by
MTB as well. DC-SIGN is the main receptor for mycobacteria in DCs [178]; al-
though mycobacteria end up in lysosomes inside DCs, DCs are impaired by MTB
in their capacity to mature: increased secretion of the cell wall component lipoara-
binomannan (ManLAM) by infected macrophages or DCs targets DC-SIGN and
results in inhibitory signals that interfere with TLR-activating stimuli, normally
triggering DC maturation [178]. The ManLAM/DC-SIGN interaction also results
in secretion of the immunosuppressive cytokine IL-10, thereby interfering with
cellular immune responses against MTB. Hence, some pathogens seem able to
manipulate the balance between TLR stimulation and C-type lectin occupation,
resulting in immune suppression (cf. Section 3.3).

Similar to mycobacteria, other pathogens establish residence in host cells with-
in a membrane-bound vacuole, but have evolved different strategies for inhibiting
MHC II expression: Chlamydia trachomatis secrete proteases that degrade tran-
scription factors necessary for MHC II biosynthesis [179], whereas Leishmania
amazonensis amastigotes directly degrade MHC II molecules [180].

Viruses infecting APCs have evolved their own strategies that impair surface
expression of MHC class II and co-stimulatory molecules. Immature DCs infected
with human cytomegalovirus (HCMV) display reduced expression of HLA class
II, CD80 and CD86 molecules [181, 182]. Likewise, in mature DCs, HCMV
reduces the expression of MHC I, MHC II and CD83 molecules and the secretion
of IL-12 [181]. These effects may, at least in part, be mediated by the HCMV glyco-
protein US3: US3 binds to newly synthesized MHC II molecules, thereby prevent-
ing invariant chain from binding. The consequence is an impairment in sorting
of MHC II to peptide loading compartments and in presentation of endogenous
HCMV antigens to CD4+ T cells [183]. Independent from US3, US2 is the crucial
protein involved in an additional mechanism that may allow HCMV-infected
APCs to remain “invisible” to CD4+ T cells. In macrophages, US2 causes prema-
ture degradation of the loading chaperone DM and of HLA class II molecules
itself [184]. This is accomplished by inducing selective proteolysis of DMa and
DRa chains.

Infection with Herpes simplex virus (HSV) of DCs causes phenotypic changes
reminiscent of HCMV: HSV interferes with LPS-mediated upregulation of HLA
class I, class II and CD86 molecules [185]. In HSV-infected B cells Ii expression is
strongly reduced and the HSV envelope glycoprotein gB binds to both DR and
DM, thereby interfering efficiently with antigenic peptide loading [186].

Human immunodeficiency virus-1 (HIV-1) also impacts on the MHC II:Ii ratio,
albeit in a distinct way: HIV-1 Nef protein promotes the surface expression of
MHC II-Ii at the expense of MHC II–peptide complexes, thereby reducing the ca-
pacity of HIV-1 infected APCs to trigger CD4+ T cells [187].

Epstein-Barr virus (EBV) persists lifelong in B cells of infected hosts, indicating
that EBV may have also evolved effective ways to evade immune recognition. In
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the lytic phase, the EBV protein pg42 is critical in hampering T cell recognition.
Gp42 binds to HLA class II-peptide complexes, thereby creating a complex that is
not compatible with the engagement of TCRs [188]. This mechanism provides a
previously undescribed strategy for viral immune escape.

Helicobacter pylori colonizes the human gastric mucosa. This type of infection
can persist for decades and in most cases remains asymptomatic. A major viru-
lence factor of H. pylori is the protein toxin VacA [189]. VacA interferes with pro-
teolytic processing in the MHC II pathway. Similar to lysosomotropic agents,
such as monensin or chloroquin, VacA depresses the number of T cell epitopes
generated in MIICs of APCs. This mode of action may contribute to the persis-
tence ofH. pylori in the gastric mucosa.

4.8
Concluding Remarks

The efficacy and quality of loading of MHC II molecules with antigenic peptides,
being the final goal of antigen processing, is influenced by several factors, includ-
ing the uptake mechanism of antigenic protein, the structure of antigen, its resis-
tance to proteolysis and the accessibility of MHC II molecules in loading compart-
ments. Availability of MHC II is strongly determined by the activation state of
APCs, regulating the number of MHC II molecules and accessory molecules,
such as DM and DO. In addition, the rate of endocytosis and expression of appro-
priate receptor molecules for antigen-uptake is controlled by the activation state of
APCs and the export of MHC II to the cell surface is subject to regulation by the
degree and type of activation. As well as the quality and quantity of peptide load-
ing itself, other phenomena strongly contribute, such as the expression of co-sti-
mulatory molecules or secretion of cytokines that shape the environment of CD4+

T cells recognizing MHC II–peptide complexes.
Both self-peptides and foreign antigenic peptides are taken up, processed and

presented via MHC II in the same way. Thus, one might argue that APCs are
unable to discriminate between self and foreign. At first glance, this argument is
true. The uptake and processing machinery of APCs can not discriminate be-
tween an antigen of foreign or self origin. However, receptors, such as TLRs, that
can perceive the signal “foreign” may modulate the antigen processing pathway,
thus introducing changes to the quality and quantity of antigenic peptides to be
presented. In addition, the spacing and timing of the deposition of MHC II–pep-
tide complexes on the surface of an APC may contribute to discriminate the usual
“self” situation from an alerted “foreign” situation. Organization of MHC II in cer-
tain microdomains might be one way. Continuous presentation of self-peptides
derived from proteins taken up by fluid phase or derived from the APC’s own
membrane proteins may constitute the normal background of MHC II–peptide
complexes. As soon as a bolus of foreign antigen, derived from a pathogen or
aggregated via immunoglobulin, moves through the endosomal system, the APC
is flushed by a distinct set of antigens, high in copy number but low in diversity,
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giving rise to a few immunodominant antigenic peptide complexes presented in
high abundance in a narrow window of time.

Future studies will have to deepen our understanding of how temporal, spatial
and systemic organization of antigen processing inside and outside APCs govern
the capacity to trigger CD4+ T cell responses.
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5
Antigen Processing and Presentation by CD1 Family Proteins
Steven A. Porcelli and D. Branch Moody

5.1
Introduction

T cells play in key role in cellular immune responses generated during infection,
autoimmunity, tumor recognition and tissue transplantation. T cells are activated
by antigens that are generated within cells and then bind to antigen presenting
molecules for export to the surface of antigen presenting cells (APCs). For dec-
ades, it was thought that peptide antigens bound to MHC class I and II were the
only structurally diverse antigens recognized by T cells. The discovery of CD1 anti-
gen presenting molecules and their ability to display lipids to T cells greatly
expands the range of compounds that can function as antigens for T cells to
include lipids, glycolipids, lipopeptides and other small hydrophobic molecules.
Despite the relatively recent discovery of the CD1 antigen presentation system,
identification of T cells that recognize mammalian, bacterial and synthetic lipid
antigens now suggest that the normal function of CD1-restricted T cells is to sur-
vey cells for changes in their lipid content that occur in response to infection and
other stimuli. Here we summarize the molecular and cellular features of the CD1
antigen presentation system, and outline current views of how T cell recognition
of CD1-presented lipid antigens may influence infectious, neoplastic and autoim-
mune diseases.

5.2
CD1 Genes and Classification of CD1 Proteins

Human CD1 proteins are encoded on chromosome 1, and thus map to a genetic
locus that is unlinked to the human major histocompatibility complex (MHC) on
chromosome 6. The CD1 locus consists of five homologous genes, CD1A, CD1B,
CD1C, CD1D and CD1E [1]. Four of the genes encoded at this locus are expressed
on the surface of antigen presenting cells as transmembrane glycoproteins, and
these are designated CD1a, CD1b, CD1c and CD1d. The CD1E gene encodes the
CD1e protein and is expressed as translational products of several differentially



spliced mRNA transcripts, which include a soluble form and a transmembrane
form that is retained intracellularly. However, CD1e is not known to be expressed
at the cell surface, and at present it has no established role in antigen presentation
[2]. Shortly after the molecular cloning of the human CD1 locus, the predicted
products of the five human CD1 genes were divided into two groups based on
their sequence homologies [3]. Group 1 proteins, which include CD1a, CD1b and
CD1c, are most homologous to one another and are least homologous to CD1d,
the sole group 2 isoform. The CD1e protein is not unambiguously classified
according to homology as group 1 versus group 2, and its unique localization
within cells suggest that it constitutes its own category (i.e., group 3 CD1).

Although there is some overlap in the functions of groups 1 and 2 CD1 pro-
teins, emerging information about the separate functions of individual CD1 iso-
forms in immune responses has generally reinforced this classification scheme.
For example, CD1a, CD1b and CD1c are coordinately expressed on dendritic cells
and function in presentation of foreign lipids in host defense [4]. The group 2 pro-
tein, CD1d, mediates activation of a unique population of innate-like T lympho-
cytes known as NKT cells [5]. As detailed below, NKT cells play significant roles in
a wide variety of immune reactions, including inflammation, autoimmunity and
host defense.

CD1 orthologs have been found in all mammalian species examined to date,
including mice, rats, guinea pigs, rabbits, sheep, dogs and monkeys [6–13]. CD1
proteins in non-human species are named according to the human isoform with
which they show the highest level of homology. For example, guinea pigs express
at least 7 CD1 proteins, including three orthologs of human CD1c, which are
named CD1c1, CD1c2 and CD1c3. Muroid rodents (mice and rats) express ortho-
logs only of CD1d, which stands in contrast to all other mammals, which have
larger CD1 gene families. In humans, each of the human CD1 isoforms is differ-
entially expressed on B cells, DCs and LCs. Detailed studies of each of the human
isoforms have shown that these have different routes of intracellular trafficking,
and contain antigen binding grooves that differ in their molecular specificity for
antigen. This information, along with the diversification and retention of multiple
CD1 genes in most mammalian species, supports the argument that each human
CD1 isoform has a somewhat distinct function in the immune response and that
each of these functions provides a survival advantage.

5.3
Structure and Biosynthesis of CD1 Proteins

It was appreciated from the very earliest studies of CD1 proteins that they are
strikingly MHC class I-like in their overall protein structure [14]. In general, CD1
molecules are expressed as heterodimeric proteins composed of the CD1 heavy
chain noncovalently associated with b2-microglobulin (b2m). CD1 heavy chains
are glycoproteins with short cytoplasmic tails, a transmembrane region and three
extracellular domains that, as for classical MHC class I molecules, are designated
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a1, a2 and a3. In some cases, CD1d proteins have been detected as heavy chains
that are not bound to b2m, though immunological functions of free CD1d heavy
chains are not well understood [15, 16]. Because of the association with b2m and
the obvious similarities of CD1 domain organization to classical MHC class I,
CD1 proteins are often referred to as MHC class I-like molecules. However, based
on their levels of amino acid homology, CD1, MHC class I and MHC class II are
equally related to one another [17]. These three classes of antigen presenting mol-
ecules are thus believed to have diverged from a primordial ancestral protein fam-
ily at a similar point in evolutionary time, and can be considered three distinct
lineages of antigen presenting molecules.

Despite the strong overall structural similarity of CD1 to MHC class I proteins,
the functions of CD1 proteins can in certain ways be more readily compared to
MHC class II than class I. For example, in contrast to the ubiquitous expression
of classical MHC class I molecules on nearly all cells of the body, both CD1 and
MHC class II are typically expressed only on certain cell types, typically special-
ized antigen presenting cells. In addition, both are mainly focused on the presen-
tation of antigens that gain access to endosomes, as opposed to MHC class I mol-
ecules, which mainly present antigens that gain access to the cytosol.

All human CD1 sequences contain a hydrophobic leader peptide at the N-termi-
nus of the newly synthesized heavy chain, which signals co-translational insertion
of CD1 heavy chains into membranes such that the a1, a2 and a3 domains are in
the lumen of the endoplasmic reticulum and a short C-terminal tail protrudes
into the cytoplasmic compartment. CD1b and CD1d proteins, and likely all other
CD1 isoforms, associate with the protein folding chaperones calnexin and calreti-
culin in the ER [18–20]. There has been considerable speculation that CD1 pro-
teins may initially fold around one or more self ligands available in the ER to sta-
bilize the markedly hydrophobic ligand binding groove formed within the a1 and
a2 domains of CD1 heavy chains. In support of this possibility, there is evidence
that lipids can promote proper folding of CD1 proteins in vitro [21]. Also, endo-
genous phospholipids appear to be loaded onto CD1 within the secretory pathway,
and such lipids might play a role in stabilizing and blocking the CD1 groove prior
to encounter with exogenous lipids during trafficking through later stages of the
secretory or endocytic compartments (Figure 5.2 below) [22–24].

A second event in ER assembly involves the association of CD1 heavy chains
with b2m, which is generally necessary to promote cell surface expression of CD1
proteins at high levels [18, 25]. The functional importance of b2m association
with CD1d has been shown in studies of b2m knockout mice, which have reduced
development of CD1d-restricted NK T cells and decreased efficiency of CD1-
restricted T cell activation [5, 26]. After exit from the ER, CD1 proteins rapidly
traffic through the Golgi compartment, where they undergo processing and
maturation of their N-linked glycans before appearing at the cell surface [27, 28].
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5.3.1
Three-dimensional (3D) Structures of CD1 Proteins

X-ray crystal structures of CD1 proteins bound to lipid ligands now provide de-
tailed insights into the 3D structure of CD1 proteins and helps to explain how
CD1 heavy chains can simultaneously bind to b2m, lipid antigens and T cell anti-
gen receptors (Figure 5.1) [29–32]. The most membrane-proximal domain of the
CD1 heavy chain, a3, associates with b2m, and the 3D structure of these two
domains is largely conserved among CD1 structures and with MHC class I. The
a1 and a2 domains of the CD1 heavy function together as a single unit, the a1-a2
superdomain, which delimits a hollow cavity that functions as the CD1 antigen
binding groove (Figure 5.1). The groove is situated above six b-strands that form a
b-sheet platform and between two anti-parallel a-helices that form the lateral walls
of the groove. The inner surface of the ligand binding grooves of all CD1 mole-
cules studied thus far are lined almost exclusively by non-polar amino acids, so
that the surface of the protein that contacts the ligands bound in the groove is
hydrophobic and therefore well adapted for interactions with lipids.

CD1 antigen-binding grooves are larger and sequestered more deeply within
the a1-a2 superdomain than those present in MHC class I and II. All known crys-
tal structures of CD1 proteins show that the a1 and a2 domain helices are 4 to
6� higher above the b-sheet platform than are the two analogous antiparallel
a-helices present in structures of MHC class I and II proteins. This basic differ-
ence in groove architecture results in part from bulky amino acids at positions
18, 40 and 49 of CD1 heavy chains [29]. The positioning of large amino acids just
under the a1 helix of CD1 serves as a scaffold to elevate the a-helical regions
of CD1 high above the floor of the groove. Thus, CD1 grooves can have almost
twice the volume (~1300–2200�3) than those seen in MHC class I proteins
(~1000–1200�3). Although 3D structures of all CD1 proteins are not yet known,
bulky amino acids are present at positions 18, 40 and 49 in human and mouse
CD1 proteins, suggesting that the deep grooves are a general structural feature
that characterizes CD1 proteins (Figure 5.1).

Whereas peptides sit nearly atop MHC proteins, lipids are inserted deeply with-
in CD1. The opening to the CD1 antigen binding groove can be thought of as a
gap between the a1 and a2 helices (Figure 5.1). Compared to the approximately
11� wide gap in MHC class I and II grooves, the gap in CD1 proteins is narrower,
ca. 7 �. Furthermore, CD1 proteins studied to date have interdomain contacts be-
tween the a1 and a2 helices, which act like a zipper to cover part of the superior
aspect of the groove. Thus, the narrow entrance to the groove can be thought of as
a portal that connects the outer solvent-exposed face of the protein with the inner
hydrophobic interior of the CD1 groove, which is sequestered from the solvent-
exposed surface of the protein.

These structural features of CD1 explain the general molecular mechanism by
which CD1 proteins bind amphipathic lipids and present them to T cells, as illus-
trated in the structure of CD1b bound to phosphatidylinositol (Figure 5.1). The
alkyl chains of lipid and glycolipid antigens are inserted deeply within the CD1
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groove, where they make extensive Van der Waal’s interactions with the non-polar
side chains of the hydrophobic amino acids that line the interior of the groove.
The more hydrophilic portions of the antigen, which are typically composed of
carbohydrate, polyalcohol, peptide, phosphate or sulfate, protrude through the
narrow portal present between the a1 and a2 helices. This mode of binding posi-
tions the hydrophilic caps of antigen to lie on the outer surface of the CD1 heavy
chain,where they can directly contact Tcell antigen receptors (TCRs) [30]. The interac-
tion between TCRs and the hydrophilic caps of antigens has not been directly ob-
served in crystal structures. However, the binding of TCRs to CD1-lipid complexes,
and detailed studies of how antigen structure affects TCR-mediated recognition, pro-
vide strong evidence that the overall mechanism of CD1-restricted T cell activation
involves the contact of TCR with a lipid ligand bound in the CD1 protein [33–38].

5.3.2
Molecular Features of CD1–Lipid Complexes

CD1 proteins show very low levels of allelic polymorphism, so that CD1 antigen
binding groove structure does not vary significantly among individuals in a popu-
lation. Yet, despite the nearly invariant structures of CD1 antigen binding grooves,
many types of lipids are presented by CD1 proteins (Figure 5.2). Whereas the nat-
ural ligands for MHC class I and II grooves are essentially peptides or glycopep-
tides ranging from 8 to 22 amino acids in length, no such generic description
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Figure 5.1 Structures of CD1 antigen bind-
ing grooves. Antigen binding grooves of CD1
proteins vary in size, architecture and ligand
specificity. (A) The crystal structure of
human CD1b bound to phosphatidylinositol
shows that the two alkyl chains of the anti-
gen are inserted into the A¢ and C¢ pockets,
and the inositol moiety protrudes from the
groove so that it can contact T cell antigen
receptors [30]. (B) The grooves of CD1

proteins are composed of two or more
discrete pockets. A schematic of the CD1b
groove shows how it is divided into four
pockets (named A¢, C¢, F¢ and T¢), and
illustrates the two portals located at the top
of the F¢ pocket and the bottom of the C¢
pocket. The smaller mCD1d groove has two
pockets and only one portal. (This figure also
appears with the color plates.)



5 Antigen Processing and Presentation by CD1 Family Proteins

could summarize the range of ligands that bind to CD1 molecules and can be pre-
sented by them for T cell recognition. Even a single CD1 isoform, such as CD1b,
can present structurally diverse lipids that vary greatly in the size and shape,
including mycolates, phosphatidylinositols, gangliosides, sulfatides and acyl sul-
fotrehaloses. This raises basic questions about how CD1 antigen binding grooves
of nearly invariant structure could bind and present such chemically diverse lipid
structures.

Much of the energy of binding of lipids with CD1 proteins comes from Van der
Waal’s interactions between the lipid anchors and the hydrophobic surface of the
interior of the CD1 groove cavity. For example, CD1a uses four hydrogen bonds,
no ionic interactions and 112 van der Waal’s interactions to capture a bound sulfa-
tide glycolipid ligand [32]. These hydrophobic interactions occur largely between
the bland, repetitive structures of alkyl chains with the hydrophobic surface that
lines the interior of the groove. Such interactions do not generally require precise
positioning of any particular methylene unit at any point on the hydrophobic sur-
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Figure 5.2 Lipid antigens presented by CD1.
CD1a, CD1b, CD1c and CD1d proteins pre-
sent various bacterial, mammalian and syn-
thetic lipids to T cells. The structures of

representative lipids are shown and labeled
according to the CD1 isoform that mediates
T cell activation, except for sulfatides, which
can be presented by multiple CD1 isoforms.
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face, in contrast to the hydrogen bond networks that anchor peptide side chains
very precisely within the more shallow pockets of MHC class I and II. For CD1,
binding is favored when the total number of hydrophobic interactions is
increased, as would be the case when the lipid ligand fully occupies the groove.
Further, openings in the base or side of the groove (the F¢ and C¢ portals; see
below) may provide CD1 proteins greater flexibility to bind lipids that are variable
in length and exceed the capacity of the groove by allowing antigens with long lip-
ids tails to protrude from the interior of the groove, much as the open ends of the
MHC class II groove allows the ragged ends of longer peptides to protrude [30, 39].
Thus, the CD1 system can use a relatively small number of proteins to capture
many antigens by employing a series of less specific binding interactions, and
thereby present a wide diversity of chemical classes of lipids and other hydropho-
bic small molecules.

5.3.3
CD1 Pockets and Portals

The molecular configuration of CD1 antigen binding grooves can be described by
dividing them into either two or four contiguous antigen binding pockets. All
CD1 structures studied to date have two pockets, named A¢ and F¢ following their
initial description in the murine CD1d crystal structure [29]. The large CD1b
groove contains these two pockets and two additional pockets, designated C¢ and
T¢ (Figure 5.1) [30]. The A¢, C¢ and F¢ pockets derive their names from their side by
side locations that correspond to the A, C and F pockets of MHC class I. The
fourth pocket was named T¢ because it functions as a “tunnel” running along the
bottom of the CD1b groove (Figure 5.1). In addition, CD1 proteins have either one
or two portals, which are narrow gaps that connect the outer, solvent exposed sur-
face of the protein to the inner, antigen binding surface of the groove. All CD1
proteins studied so far have a portal connecting the TCR contact surface to the
groove, which is created by the ca. 7� wide gap between the a1 and a2 helices.
This portal is known as the F¢ portal because it is located just above the F¢ pocket.
CD1b has a second portal, which exits below the a2 helix and connects the distal
portion of the C¢ pocket to the outer surface a1-a2 superdomain. This C¢ portal is
so named because it likely functions to guide long alkyl chains from the interior
of the C¢ pocket to the outer surface of CD1 at a point that is distant from the TCR
recognition surface (Figure 5.1).

The A¢ pockets of human and mouse CD1 proteins are buried within the a1-a2
superdomain, and they do not directly communicate with the outer surface of
CD1. Thus, the central function of A¢ pockets is to anchor the alkyl moieties of
lipid antigens within the groove. The shape of the A¢ pockets of human CD1 pro-
teins is influenced by bulky amino acids that protrude from the roof and floor
towards the center of the pocket. The resulting partial (mouse CD1d) or complete
(human CD1a and CD1b) connection between the roof and floor forms a vertical
pole, which transects the A¢ pocket. The key difference among A¢ pockets in var-
ious CD1 isoforms is the degree to which lipid ligands can wrap around the A¢
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pole. For example, large lipids can wrap 360 around the pole in the A¢ pocket of
hCD1b or mCD1d and extend into other pockets. For this reason, CD1b has been
referred to as a maze for alkyl chains because the largely interconnected pockets
allow many different ways for lipids to fit within the groove [30, 31]. This contrasts
with the A¢ pocket of CD1a, which only partially encircles the pole and then
abruptly terminates, so that its distal end is not connected to any other pocket.
Thus, the A¢ pocket of CD1a is an isolated, narrow tube that can accommodate
antigens with lipid tails of a discrete length, leading to the description of the A¢
pocket of CD1a as a molecular ruler for alkyl chains [32].

The antigen binding grooves in different CD1 isoforms differ in their overall
volume, and therefore each is likely to show a preference for binding lipid anti-
gens of differing sizes. For example, structural analysis of crystallized CD1 pro-
teins estimate that the volumes of human CD1a, murine CD1d and human CD1b
grooves are 1300, 1650, and 2200�3, respectively [29, 30, 32]. The larger volume of
the CD1b groove is accounted for by two additional pockets, C¢ and T¢, which are not
yet known to exist in other CD1 proteins (Figure 5.1). The C¢ pocket lies between the
A¢ and F¢pockets and guides an alkyl chain from the F¢portal to the C¢ portal, located
at the bottom of the groove, as depicted in the CD1b-phopshatidylinositol structure
(Figure 5.1). The T¢ tunnel of CD1b is at the bottom of the CD1b groove, where it
connects the A¢ and C¢ pockets to form the A¢T¢F¢ superchannel, which can bind
particularly long alkyl chains. The larger volume of the CD1b groove, along with
the C¢ portal (which may allow particularly large lipids to escape from the interior
of the groove), suggests that CD1b is specialized to bind antigens with particularly
long alkyl chains. For example, a glucose monomycolate antigen with a C56 lipid
moiety can fit within the CD1b groove, whereas a dideoxymycobactin lipopeptide
with a C20 lipid can completely fill the CD1a groove (Figure 5.2) [31, 40].

5.4
Foreign Lipid Antigens Presented by Group 1 CD1

Human, mouse and guinea pig CD1 proteins have now been shown to present
various different classes of lipid antigens to T cells (Figure 5.2). Antigens pre-
sented by the group 1 CD1 system have been found among mammalian cellular
lipids such as sphingolipids [41–44], as well as specialized types of bacterial lipids,
including mycolates [38, 45], lipoarabinomannan [46], mannosyl phosphomycoke-
tides [47], dideoxymycobactins [40] and acylated sulfotrehaloses [48]. With increas-
ing appreciation of the structural diversity of antigens presented by the CD1 sys-
tem, it appears that the function of CD1-restricted T cells involves a survey of cells
for alterations in the composition or structure of both endogenous self lipids and
bacterial lipids introduced into cells as the result of infection. As outlined in Fig-
ure 5.2, three general types of lipids are presented by the CD1 system, which are
self lipids derived from mammalian cells, foreign lipids from bacterial cell walls
and synthetic lipids. These three classes mirror the three proposed functions of
CD1-restricted T cells: host response to bacterial infection, immunoregulation of
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other immune effector cells through endogenously produced lipids, and modula-
tion of immune responses using synthetic lipids as pharmacologic agents.

The antigen presenting function of CD1 proteins was first discovered through
the use of human T cell clones that were responsive to lipid components of myco-
bacterial cell walls [4, 45, 46, 49] These early studies led to the identification of the
first microbial lipid antigens presented by the group 1 CD1 system. These were
Mycobacterium tuberculosis mycolic acids, which are a-branched, b-hydroxy fatty
acids with unusually long alkyl chains (C70–86) (Figure 5.2) [45]. Mycolic acids are
so-called because they are only produced by mycobacteria and related species.
These foreign lipids can be readily distinguished from all types of mammalian
fatty acids based on their chemical structures, as mammalian fatty acids are much
shorter (C12–22) and lack a-branches and b-hydroxyl groups. Studies of the molecu-
lar specificity of CD1b-mediated T cell activation by a mycolyl lipid, known as glu-
cose monomycolate, showed that these chemical features, which define these lip-
ids as foreign, are also crucial for control of their recognition by T cells [38]. Other
bacterial lipids presented by this system, such as lipoarabinomannan (LAM),
mannosyl phosphomycoketide, didedeoxymycobactins and acylsulfotrehaloses,
also differ structurally from all known mammalian lipids and can thus be consid-
ered foreign in the classical sense of the term [40, 46–48].

The display of foreign lipids bound to CD1 proteins on the surface of APCs that
are either directly infected or near a site of infection is the molecular basis of the
emerging hypothesis that CD1-restricted T cells play a significant role in host
responses to infection [50]. Analysis of human T cells restricted by CD1a, CD1b
and CD1c in vitro has found that these cells can inhibit growth of mycobacteria in
cells, express anti-microbial proteins such as granulysin and secrete c-interferon,
which is an important Th1 effector cytokine during mycobacterial infection [51,
52]. Also, studies of clinical specimens have shown that CD1-restricted, lipid-reac-
tive T cells are selectively expanded in the bloodstream of tuberculosis patients as
compared to uninfected control subjects [47, 48, 53]. These studies suggest that
human T cells recognize and respond to foreign lipids as part of the protective
host response to mycobacterial infection.

5.5
Self Lipid Antigens Presented by CD1

Many examples have been reported of human and murine CD1-restricted T cells
that respond to cells expressing CD1 proteins in the absence of infection or addi-
tion of other exogenous antigens. This apparent CD1-restricted autoreactivity is
thought to reflect the presentation of self antigens, presumably lipid in nature, as
a normal part of CD1 function [54, 55]. More recent studies have directly shown
that CD1 proteins bind to endogenous self lipids and under certain circumstances
can activate T cells. For example, crystal structures of human CD1a and CD1b pro-
teins show how these human proteins bind to two different self lipids, sulfatide
and phosphatidylinositol (Figure 5.1) [30, 32]. In addition, phosphatidylinositol-
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containing glycolipids have been eluted from cellular CD1d proteins, suggesting
that such self lipids might play a role as non-antigenic chaperones that occupy the
antigen-binding groove until more antigenic lipids can be loaded, analogous to
the function of the MHC class II-associated invariant chain (Ii) in stabilizing and
facilitating peptide loading of newly synthesized MHC class II molecules [22–24].
However, in other systems mammalian glycolipids, including phosphatidylinosi-
tol, gangliosides or sulfatides, lead to CD1-mediated T cell activation when they
are applied to CD1-expressing antigen presenting cells at high concentrations [41,
43, 44, 56]. These studies show that mammalian lipids of normal structure can,
under some circumstances, be sufficient to activate CD1-restricted T cells, raising
the possibility that self-lipid antigens could mediate autoreactive T cell responses,
including those that lead to autoimmune diseases.

5.6
Group 2 CD1-restricted T Cells

It is now well established that CD1d controls the development and functions of a
subset of T lymphocytes known as Natural Killer T cells (NKT cells), which bear
this name because they were initially defined by their coexpression of both T cell
and NK cell markers (e.g., TCRab and NK1.1) [57, 58]. A major population of cells
in this phenotypic group undergo positive thymic selection by recognition of
CD1d, which they recognize using antigen receptors consisting of an invariant T
cell receptor (TCR) a chain (Va14 rearranged to Ja18 in mice, and a strikingly
homologous Va24-Ja18 rearrangement in humans) [59]. These invariant TCRa
chains pair with heterogeneous TCRb chains, although these show a marked
skewing of Vb gene usage (especially Vb8 in mice, and its closely homologous
Vb11 in humans) [59–61]. This population of cells, often referred to as “invariant”
or “classic” CD1d-restricted NKT cells, is believed to be highly conserved in num-
ber, distribution and function in most mammals, including mice and humans
[62, 63].

Many studies have pointed to a role for NKT cells as potent regulatory T cells
that have the capacity to both initiate and shut down a wide variety of immune
responses [58, 64]. For example, activation of CD1d-restricted NKT cells occurs
early in various infectious disease models in mice, and such activation can lead to
a so-called “adjuvant cascade” that reinforces innate immunity and promotes sub-
sequent adaptive immunity [65, 66]. In addition, NKT cells have been implicated
in immune surveillance for tumors in mice, as their deletion can promote tumor
growth [67–71]. However, in the absence of a microbial or neoplastic trigger, many
studies now suggest that the dominant effect of NKT cells may be to regulate the
adaptive immune response in a way that prevents harmful autoimmunity. The
evidence for this is particularly strong from mouse models of autoimmune dis-
ease, including experimental allergic encephalomyelitis (EAE) and type 1 diabetes
mellitus [72–76]. For example, NOD mice, which spontaneously develop autoim-
mune diabetes, have fewer NKT cells than normal mice and also show a pro-
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nounced defect in the capacity of these cells to produce anti-inflammatory cyto-
kines such as IL-4 [77, 78]. NOD mice that carry a homozygous CD1 knockout
allele, which entirely lack NKT cells, show acceleration of diabetes development
[79, 80]. Remarkably, similar NKT cell defects have been found in some studies of
humans with type 1 diabetes and deficiencies of NKT cells have been documented
in humans with other autoimmune diseases [81–85].

5.6.1
Antigens Recognized by Group 2 CD1-restricted T Cells

In an early attempt to discover CD1d-presented ligands, peptide phage display
libraries were used to identify peptides that bound to recombinant murine CD1d.
[86]. This study demonstrated that CD1d could, in principle, bind and present
peptide ligands, although the frequency and physiologic significance of peptide
presentation by CD1d is not yet known. In contrast, abundant evidence for the
binding and presentation of lipid-based ligands by CD1d has emerged, thus reca-
pitulating the central theme of the earlier studies on the lipid antigens presented
by human group 1 CD1 proteins.

At present, the most extensively studied CD1d-presented antigens are synthetic
glycosylceramides, and in particular a form of a-galactosylceramide (aGalCer)
containing a phytosphingosine base and a long chain (C26) fatty acid (Figure 5.2).
This unusual glycolipid was initially identified as the active component of marine
sponge extracts that possessed anti-tumor activity in mice [69]. Subsequent studies
showed that aGalCer was a potent ligand for human and murine CD1d-restricted
natural killer T cells (NKT cells) [87, 88]. While the identification of aGalCer as a
CD1d-presented ligand and a powerful agonist for NKT cells has provided an ex-
tremely useful tool for the study of CD1d function, attempts to identify a natural
homologue of aGalCer in either mammalian tissues or in relevant microbial
pathogens have been unsuccessful.

While it is generally accepted that the frequent CD1d-restricted autoreactivity
observed among murine NKT cells is likely to be due to recognition of self-anti-
gens presented on CD1d, the precise identity of these putative natural self ligands
remains unknown [89]. Some initial clues toward the identification of such self
ligands may be provided by reports that CD1d-restricted NKTcells can be activated
by natural and synthetic glycosyl phosphatidylinositol (GPI) [90] and other com-
mon phospholipids, including phosphatidylinositol (PI), phosphatidylethanola-
mine (PE) and phosphatidylglycerol (PG) [56, 91]. Together, these findings on the
binding of endogenous lipids by CD1 have suggested a model in which some
endogenous lipids might play a chaperone-like role during the biosynthesis of
CD1 molecules. As recently described for PI in the case of CD1d molecules, the
binding of these endogenous lipids is likely to occur in the ER, shortly after asso-
ciation of the CD1 heavy chain with the b2-microglobulin, [22, 24]. Such endogen-
ously loaded chaperone lipids might serve to stabilize the molecule and protect
the binding site until they are subsequently exchanged for other endogenous gly-
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colipids, the identity of which may vary between different tissues [89, 92], or exo-
genous lipids internalized into endocytic compartments.

There has been scant evidence for the existence of natural microbial pathogen-
associated antigens presented by CD1d, despite a considerable body of published
work on the role of CD1d in various infectious diseases and disease models [93].
However, a recently published study found that a mycobacterial glycolipid known
as phosphatidylinositol mannoside (PIM) was able to bind to CD1d, and that it
activated a subset of human and murine CD1d-restricted NKT cells. [94]. Whether
recognition of PIM by CD1d-restricted T cells contributes to the immune response
against mycobacterial infection remains to be determined.

5.7
Tissue Distribution of CD1 Proteins

Analysis of the tissue distribution of CD1 molecules provides further support for
the classification of CD1 molecules into at least two distinct groups. The distribu-
tion of group 1 CD1 molecules is relatively restricted, with strong expression lim-
ited mostly to immature cortical thymocytes and various specialized antigen-pre-
senting cells, most notably myeloid lineage dendritic cells and a subset of B lym-
phocytes [95]. In contrast, CD1d is expressed on both hematopoietic cells and non-
hematopoietic cell types in both human and mice [96, 97]. In humans, CD1d is
expressed on B cells, macrophages, blood monocyte-derived dendritic cells and on
dermal [98] and epidermal dendritic cells (Y. Dutronc & S.A. Porcelli, unpublished
data). In addition, CD1d but not group 1 CD1 proteins are expressed by epithelial
cells in the intestine [16, 99] and the skin [100], as originally suggested by the
study of Canchis et al. [101]. A second important difference is that CD1d is consti-
tutively expressed on monocyte precursors of myeloid DCs, whereas CD1a, CD1b
and CD1c appear on monocytes only after they have received signals that induce
differentiation to immature dendritic cells [4, 102, 103] The inducible and regu-
lated nature of group 1 CD1 protein expression on myeloid DCs suggest that nat-
ural adjuvants could control the expression and functions of group 1 CD1 iso-
forms on this cell type [104].

5.8
Subcellular Distribution and Intracellular Trafficking of CD1

An additional aspect of the diversity of CD1 molecules resides in their divergent
subcellular distribution. CD1 proteins rapidly traverse the secretory pathway to
the cell surface, and then undergo a significant level of localization to the endo-
cytic system, although the extent and precise positioning of each different CD1
isoform can vary substantially (Figure 5.3). The following sections summarize the
differences in subcellular localization and trafficking that have been reported for
the various CD1 isoforms.
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5.8.1
Trafficking and Localization of CD1a

At steady state, human CD1a molecules are prominently expressed at the plasma
membrane of blood monocyte-derived dendritic cells (DC) and epidermal Langer-
hans cells (LC). They are absent from the late endosomal and lysosomal compart-
ments, but can be detected in the early/recycling endosomes [105]. Analysis of
CD1a trafficking in human LC suggests that CD1a molecules present at the cell
surface spontaneously internalize via clathrin-coated vesicles. Most likely, they are
rapidly distributed to the early/sorting endosomes and delivered to early/recycling
endosomes, and from this site they recycle back to the plasma membrane [106].
CD1a molecules are also present in Birbeck granules, rod-shaped structures spe-
cific to LC, which have been recently identified as part of the endosomal recycling
compartment [107]. It is still unclear which mechanisms drive the intracellular
trafficking of CD1a, since its short intracytoplasmic tail does not contain any
recognizable sorting motif, in contrast to most other CD1 molecules. Possibly,
CD1a simply follows the bulk flow of plasma membrane into endocytic vesicles in
order to gain entry into the endosomal pathway [108], or CD1a may interact with
other proteins at the cell surface that influence its trafficking. One candidate for
such a role as an interacting protein is langerin, a recently identified C-type lectin
specific to Langerhans cells, which functions as an endocytic receptor and coloca-
lizes with CD1a in recycling endosomes and Birbeck granules [107, 109, 110].

5.8.2
Trafficking and Localization of CD1b

Human CD1b was the first CD1 protein for which the subcellular localization and
mechanisms of intracellular trafficking were studied, thus establishing many of
the general principles that apply in subtly different ways to other human CD1 iso-
forms and to CD1 proteins in nonhuman species. Human monocyte-derived DC
express high levels of CD1b at their surface, but the molecule is also present in
endosomes, lysosomes and the closely related MHC class II compartments
(MIICs) of specialized antigen presenting cells [111, 112]. Pulse-chase experi-
ments performed on B lymphoblastoid cells stably transfected with CD1b suggest
that, after synthesis, CD1b molecules are transported rapidly to the cell surface via
the secretory pathway, and from this site they are then internalized by clathrin-
mediated endocytosis. This internalization is dependent on a tyrosine-based motif
of the cytoplasmic tail (YXXU where Y is tyrosine, X is any amino acid, and U is a
bulky hydrophobic residue), which is a canonical signal for interactions of trans-
membrane proteins with cytosolic adaptor protein (AP) complexes known as
AP-1, AP-2, AP-3 and AP-4 [27]. These AP complexes are heterotetramers com-
posed of two large subunits (a, c, d or e paired with b1, b2, b3 or b4), one medi-
um subunit (l1–l4) and one small subunit (r1–r4) [113, 114]. Internalization of
CD1b from the plasma membrane to early recycling/sorting endosomes is most
likely dependent on the AP-2 complex, whereas subsequent sorting to the late
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endosomal compartment may depend on interaction of CD1b tail with another
adaptor protein, AP-3 [27, 111, 115]. Supporting this hypothesis is the observation
that CD1b trafficking in AP-3 deficient cells derived from patients with Her-
mansky-Pudlak Syndrome type 2 is altered, showing increased surface expression
and accumulation of CD1b molecules in the early endosomes with reduced locali-
zation to lysosomal compartments [116]. Compared to other group 1 CD1 pro-
teins, only CD1b binds AP-3 efficiently [27, 116]. Notably, these features of traf-
ficking and localization have been described for human CD1b, but may not apply
in all cases to orthologues of this protein in other species. For example, the guinea
pig expresses several proteins that appear to by closely related in sequence to
human CD1b, but one of these, designated gpCD1b3, shows a pattern of cellular
localization that is similar to that of human CD1a [117]. In this regard, the
gpCD1b3 protein notably lacks the tyrosine residue in the cytoplasmic tail motif,
and thus presumably is unable to interact with AP-2 and AP-3 complexes.
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Figure 5.3 Cellular distribution and traffick-
ing of human and mouse CD1 molecules.
Top left: human CD1a. After association with
b2-microglobulin in the endoplasmic reticu-
lum (ER), CD1a molecules are transported to
the plasma membrane (PM) through the
secretory pathway. CD1a spontaneously
internalizes via clathrin-coated vesicles. After
internalization, CD1a recycles to the plasma
membrane through early/sorting and early/
recycling endosomes (EE/RE). Top right:
human CD1b and mouse CD1d. The cellular
distributions of human CD1b and murine
CD1d (mCD1d) molecules are similar.
Human CD1d has been less well analyzed,
and limited data suggest that it may more
closely resemble human CD1c in its intracel-
lular trafficking properties [116]. After expres-
sion at the cell surface, the interactions of
the intracytoplasmic tails of CD1b and
mCD1d with the cytosolic adaptor complex
AP-2 mediate their internalization into cla-
thrin-coated pits and delivery to early endo-
somes. From there, they access the late
endosomes (LE), the lysosomes and the
MHC Class II compartments (MIIC/Lys)
through their interaction with another cyto-
solic adaptor, AP-3. CD1b and mCD1d

molecules undergo several rounds of
recycling to and from the cell surface, and
over time accumulate in the LE and MIIC/
Lys. Molecules that have been loaded with
lipid antigens within the endocytic system
escape to the cell surface and accumulate
there for antigen presentation. Bottom left:
human CD1c. CD1c molecules transit to the
cell surface through the secretory pathway
and are internalized via clathrin-coated
vesicles through their interaction with AP-2.
Since the cytoplasmic tail of CD1c fails to
interact with AP-3, most of the molecules
recycle to the cell surface through the EE/RE,
and only a small fraction can be detected in
the LE. Bottom right: human CD1e.
Alternative splicing potentially leads to the
generation of various forms of CD1e in the
ER (see text). Only CD1e molecules with
three lumenal a domains can associate with
b2-microglobulin (b2-m) and leave the ER. In
immature dendritic cells (DC), most CD1e
molecules are present in the Golgi. After
activation and maturation of DC, CD1e
molecules accumulate in the late endosomes
and lysosomes, where they are cleaved into a
soluble form.
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5.8.3
Trafficking and Localization of CD1c

The distribution of human CD1c partially overlaps those of CD1a and CD1b mole-
cules. CD1c is expressed at the cell surface and most likely is internalized by cla-
thrin-mediated endocytosis like CD1b. CD1c is abundantly present in the early/
recycling compartment, but also colocalizes partially with CD1b in late endo-
somes [112]. Despite the presence of a tyrosine-based endosomal targeting motif
very similar to that in CD1b, CD1c does not accumulate to any consistently appre-
ciable extent in the MIIC compartment, probably because it cannot interact
strongly with AP-3 [27, 112]. The different affinity of CD1b and CD1c for AP-3
may be linked to the identity of the amino acids adjacent to the YXXU motif, as
the proline present at the C-terminus of the cytoplasmic tail of CD1b, but absent
in CD1c, has been reported to strongly influence binding to AP-3 [116].
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5.8.4
Trafficking and Localization of CD1d

The steady state localizations of human and murine CD1d molecules are similar
to that of human CD1b, as all three proteins are expressed at the plasma mem-
brane and in late endosomal and lysosomal compartments. However, one study
has suggested that human CD1d may be less strongly directed to late endosomes
than are human CD1b and murine CD1d [116]. Like CD1b and CD1c, CD1d mol-
ecules contain in their cytoplasmic tails a tyrosine-based internalization motif that
mediates their internalization from the cell surface [28]. In similar fashion to
CD1b, the cytoplasmic tail motif of murine CD1d interacts with both AP-2 and
AP-3 complexes, whereas in vitro studies suggest that human CD1d may interact
with AP-2 but not with AP-3 [116, 118]. Studies of AP-3 deficient mice have shown
that the lysosomal trafficking attributable to this sorting complex is required for
the normal thymic selection of CD1d-restricted NKT cells [118]. However, two
studies have revealed the existence of additional trafficking mechanisms for deliv-
ery of human and mouse CD1d to MIIC compartments through their association
with the MHC class II-associated invariant chain (Ii) or with MHC class II mole-
cules themselves [28, 119]. Jayawardena-Wolf et al. [28] suggest that, after synthe-
sis, CD1d molecules are quickly transported to the cell surface and progressively
accumulate in the lysosomes and MIICs after several rounds of recycling between
the plasma membrane and the endosomes. A fraction of murine CD1d co-precipi-
tates with the Ii, implying that the two molecules associate in vivo. The role of Ii
on CD1d trafficking is supported by the observation that, in cells expressing mur-
ine CD1d lacking the tyrosine-based targeting signal, transfection of Ii results in
redistribution of the mutant CD1d from the cell surface to late endosomes and
lysosomes. Conversely, Ii-deficient B cells and dendritic cells show an increased
level of cell surface CD1d compared to normal cells [28].

Thus, while most CD1d appears to be rapidly transported to the cell surface
after its release from the endoplasmic reticulum and then reinternalized to accu-
mulate in the MIICs, a fraction might be delivered directly from the Golgi to the
MIIC through its association with Ii. There, cleavage of Ii by resident proteases
would allow loading of endosomal glycolipids and transfer to the cell surface, fol-
lowing a pathway similar to that followed by MHC class II molecules. This possi-
bility has gained support by two studies implicating members of the cathepsin
family of lysosomal proteases in the normal expression and function of mouse
CD1d, although the mechanism for cathepsin involvement has not been fully
resolved [120, 121]. Interestingly, Kang and Cresswell identified very similar
mechanisms in their study of human CD1d, which demonstrated the formation
of CD1d/Ii complexes that also contained MHC class II molecules [119]. These
investigators further demonstrated that an association between human CD1d and
MHC class II proteins could be detected even at the plasma membrane, suggest-
ing that the preservation of this association all the way to the cell surface could
potentially have effects on recycling of CD1d from the membrane and on its inter-
actions with T cell receptors.
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Taken together, these studies suggest the coexistence of two pathways of intra-
cellular trafficking for CD1d. One pathway allows newly synthesized CD1d mole-
cules to move directly to the cell surface where they subsequently internalize to
reach endosomes and MIICs. A second pathway is followed by CD1d molecules
that associate with Ii/MHC class II complexes in the ER. These would be pre-
dicted to enter the MIIC compartments directly as a result of intracellular sorting
at the Golgi, and then subsequently be released to the cell surface after degrada-
tion of Ii and, apparently, in some cases still in association with MHC class II mol-
ecules. The former pathway appears to be quantitatively dominant, as the latter
pathway is not sufficient to rescue the positive selection of NK T cells [122], and is
most readily detected only when cytoplasmic tail-mediated sorting is abrogated
[28]. While the currently published studies examined Ii association only for CD1d,
preliminary studies indicate that this can also be demonstrated for human CD1b
(M. Sugita and S.A. Porcelli, unpublished data). Thus, it is possible that a similar
alternative trafficking pathway resulting in direct Golgi to MIIC transport exists
for at least some group 1 CD1 proteins.

5.8.5
Trafficking and Localization of CD1e

Although the human CD1e gene and its transcripts were discovered more than
two decades ago, only recently has CD1e protein been demonstrated to be
expressed by myeloid lineage DCs [2]. Analysis of mRNA from monocyte-derived
DCs identified more than 15 mRNA species encoding CD1e generated by alterna-
tive splicing. Two of these transcripts encode apparently full-length transmem-
brane proteins with 3 extracellular domains (a1, a2 and a3) and a cytoplasmic tail
of either 63 or 51 amino acids. Other transcripts encode forms of membrane-asso-
ciated CD1e with only one (a3 only) or two a domains (a2a3, a1a3), and yet
others lack transmembrane domain sequences and appear to encode putative sol-
uble forms of the protein.

Several antibodies were generated to study the cellular localization of the differ-
ent CD1e isoforms expressed individually by transfection in HeLa and M10 cells.
This study showed that only the membrane-associated isoforms with all three
extracellular domains can leave the endoplasmic reticulum (ER), probably after
they associate with the b2-microglobulin. These molecules are exported through
the trans-Golgi network to an acidic compartment, most likely the late endosomes
or lysosomes, where they are cleaved into a soluble form and accumulate. This
intracellular traffic is controlled by a short sequence in the C-terminal end of the
cytoplasmic tails containing two overlapping dilysine motifs (KKXK). Analyses of
monocyte-derived DC and freshly isolated LCs confirm these data obtained with
transfected cell lines. In immature DC, CD1e molecules are found mainly in the
Golgi compartments and trans-Golgi network (TGN), whereas in LPS-treated DC,
CD1e molecules accumulate in late endosomes and lysosomes. Notably, CD1e
molecules seem never to reach the cell surface, which appears to exclude their
direct participation in antigen presentation. Homologues of human CD1e have
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been identified in guinea pigs and in several other mammals, but their expression
and intracellular distributions have not been studied [11]. However, the marked
conservation of many predicted structural features of CD1e in humans and other
mammals suggests that the unusual intracellular localization may be conserved,
and thus may be associated with some important function of this molecule.

5.9
Antigen Uptake, Processing and Loading in the CD1 Pathway

As for the MHC class I and II pathways of peptide antigen presentation, the CD1
pathway is facilitated by a series of processes within antigen presenting cells that
enhance the ability of these cells to generate complexes of specific lipid antigens
with CD1 proteins. These processes include mechanisms for enhancing the
uptake of lipid and glycolipid antigens and for delivering these to compartments
in which CD1 molecules are abundantly concentrated. In addition, these compart-
ments contain specific cofactors that assist in the formation of CD1/lipid com-
plexes that form the targets of specific T cells.

5.9.1
Cellular Uptake of CD1-presented Antigens

Relatively little is known about how various lipids and glycolipids become asso-
ciated with the surface of APCs such as dendritic cells, and through what routes
these are subsequently internalized. However, two studies have identified cell sur-
face receptors that appear to facilitate the cellular uptake and subsequent presen-
tation of CD1-presented glycolipid antigens. These studies have identified two
endocytic pattern recognition receptors in the C-type lectin family as potential
antigen uptake receptors for the CD1 presentation pathway. In one case, the
macrophage mannose receptor (MR) was shown to be involved in the binding and
uptake of mycobacterial lipoarabinomannan (LAM), a complex glycolipid that was
found to be presented to CD1b-restricted T cells [123]. Blockade of MR expressed
on monocyte-derived dendritic cells could be shown to inhibit presentation of
LAM to CD1b-restricted T cells in vitro, thus implicating this receptor as a major
factor for LAM uptake. Consistent with the proposed role of MR, this receptor was
demonstrated to colocalize with endocytosed LAM in late endosomal/lysosomal
compartments of monocyte-derived dendritic cells. A similar role in antigen
uptake has been attributed to the C-type lectin receptor known as langerin
(CD207), which is highly expressed by human epidermal Langerhans cells that
express several CD1 proteins, including very high levels of CD1a [109]. Langerin
is expressed exclusively by Langerhans cells and plays a critical role in the forma-
tion of Birbeck granules, a unique endocytic compartment of these cells that has
been proposed as a possible antigen loading compartment for CD1a molecules.
The presentation of mycobacterial antigens to CD1a-restricted T cell clone could
be effectively blocked by preincubation of APCs with anti-langerin antibodies, sug-
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gesting that this C-type lectin was involved in the uptake of antigen for appropri-
ate processing and presentation by CD1a [110].

In addition to the likely effects of receptor-mediated uptake on the routing of
CD1-presented lipid antigens to particular intracellular compartments, there is
evidence that this may also be controlled to some extent by structural features of
the lipids themselves. For example, a study on the uptake and intracellular traf-
ficking of mycobacterial glucose monomycolates, a CD1b-presented antigen,
revealed that the intracellular sorting of this antigen was strongly influenced by
the length of the alkyl chains of the lipid [39]. Thus, a GMM molecule with a very
long C80 mycolate chain was shown to accumulate significantly in dense late
endosomal/lysosomal compartments in antigen presenting cells, whereas a GMM
molecule with a C32 mycolate did not reach these compartments as efficiently.
This correlated with a markedly higher efficiency of presentation to GMM specific
T cells of the C80 form. Similarly, other CD1-presented lipid antigens show prefer-
ential localization to particular subcellular sites, such as sphingolipids, which
accumulate in the Golgi compartment, and isoprenoid phospholipids, which are
normally retained in the ER. Thus, regulated delivery of CD1 proteins to distinct
intracellular compartments likely represents a means of controlling which types
of lipids are ultimately presented to T cells.

5.9.2
Endosomal Processing of CD1-presented Antigens

In the MHC-restricted antigen presentation pathways, the term processing is gen-
erally used to refer to the proteolytic cleavage of protein antigens into the peptide
fragments that eventually become associated with the MHC class I or class II mol-
ecules. Thus, processing can be defined generically as any process that modifies
the covalent structure of an antigen to allow or enhance its presentation. Whether
such modification or processing of lipid and glycolipid structures occurs at any
biologically significant level for CD1-presented antigens is unclear. Initial studies
of mycobacterial mycolyl glycolipids presented by human CD1b suggested that
deglycosylation of these in the endosomes of human APCs was unlikely to occur
in myeloid dendritic cells [124]. However, some of the earliest studies on CD1b-
restricted presentation of mycobacterial LAM suggested that this very heavily
glycosylated structure was likely to undergo enzymatic removal of a portion of its
glycan structure prior to presentation to T cells [46]. Although there are no un-
equivocal examples of a requirement for enzymatic processing of natural CD1-
presented antigens, the basic principle has been investigated using synthetic
glycolipid ligands for CD1d-restricted NKT cells. Thus, a form of a-glycosyl cera-
mide bearing a Gal(a1fi2)Gal disaccharide could not be presented to NKT cells
unless it was first delivered to late endosomes or lysosomes where the terminal
galactose was cleaved by a resident galactosidase [125]. Although not yet clearly
shown for a natural glycolipid antigen, it seems likely that processing of glycolipid
oligosaccharide or polysaccharide head groups by glycosidases will be involved in
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the generation of CD1-presented self antigens, such as gangliosides and other
complex glycolipids.

5.9.3
Accessory Molecules for Endosomal Lipid Loading of CD1

As alluded to earlier, efficient presentation of lipid antigens by most CD1 mole-
cules often requires endosomal localization of both the antigen and the CD1 pro-
tein. This implies that factors exist within the endosomes that facilitate the trans-
fer of lipid antigens onto the CD1 protein to create complexes that are recognized
by T cell receptors. In some cases, it appears likely that the acidic pH of endo-
somes and lysosomes is partly responsible for the enhanced lipid antigen loading
of CD1 in these compartments. This is supported by studies showing that agents
that neutralize the acidity of endosomes, such as the weak base chloroquine or the
proton pump inhibitor concanamycin A, can reduce or prevent presentation of
particular lipid antigens by CD1 proteins [4, 46, 87]. This effect is particularly evi-
dent with presentation of mycobacterial lipid antigens by human CD1b proteins,
which are known to prominently localize to strongly acidified lysosomal and late
endosomal compartments. The mechanism by which acidic pH facilitates lipid
antigen loading onto CD1 is unknown, although existing data suggest that acidic
conditions cause conformational changes in the CD1 structure that may facilitate
access to the antigen binding groove [126, 127].

In addition to the physical properties of endosomes such as low pH, there
clearly exist specific cofactors within these compartments that facilitate the load-
ing of lipid antigens onto CD1 proteins. Three studies have demonstrated that
several known endosomal lipid transport proteins (LTPs) function as such cofac-
tors [128–130]. These proteins include the four members of the saposin family
(saposins A, B, C and D), which are small dimeric proteins produced by endoso-
mal proteolytic cleavage of a single prosaposin precursor protein. These proteins
have been previously described as required cofactors for the activation of glyco-
sphinglolipids for enzymatic processing and degradation in the lysosome [131–
133]. Another protein involved in the processing of glycolipids in the lysosome,
the GM2 activator protein [134–136], has also been implicated in CD1 function
[130].

The role of the endosomal LTPs in antigen presentation by CD1 is most likely
linked to their ability to promote the exchange of lipids between the membrane
bilayer and the CD1 lipid binding groove. Studies of human T cells specific for
endocytosed mycobacterial lipid antigens presented by CD1b showed a marked
deficiency in presentation by cells lacking prosaposin expression. Experiments in
which recombinant saposins were used to complement this defect revealed that
only saposin C, and not other members of the saposin family, could reverse the
defect in antigen presentation [128]. Studies of human and murine CD1d-
restricted NKT cells likewise provided evidence for a significant role for saposins
in lipid antigen loading. With human CD1d-restricted NKT cells, the absence of
prosaposin, and thus of all four saposin molecules, eliminated the binding of an
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exogenous lipid antigen, aGalCer, to CD1d in the endosomal pathway. This defect
could be reversed by reconstitution of prosaposin by transfection [129]. Murine
NKT cells were shown to depend on saposins for their autoreactivity, which pre-
sumably reflects the presentation of endosomally loaded self lipids. Most strik-
ingly, CD1d-restricted NKT cells failed to develop in mice that lacked saposins as a
result of targeted deletion of the prosaposin gene [130].

Subcellular localization and biochemical studies provide further support for the
importance of saposins in lipid antigen presentation by CD1. For example, sapo-
sins colocalize with CD1 molecules in late endosomes and lysosomes, which is
consistent with their proposed role in lipid antigen loading in those compart-
ments [128–130]. Furthermore, biochemical studies suggested that direct binding
occurs between CD1b and saposin C in antigen presenting cells, and in vitro lipid
solubilization studies showed that saposin C could extract mycobacterial LAM
from an artificial membrane bilayer [128]. In vitro studies using mouse CD1d and
purified saposins or GM2 activator protein also revealed the ability of these pro-
teins to promote lipid exchange between liposomes and the CD1 protein. A sur-
prising feature of the interactions between LTPs and CD1 proteins in the mouse
CD1d studies is their apparent specificity in interacting with some but not all
CD1d-glycolipid complexes, which appears to be dependent on the particular gly-
colipid bound to CD1d. Given that the lipid tails are sequestered in the CD1
groove, this suggests that the LTPs must perform some degree of recognition of
the exposed head groups of the bound lipid or glycolipid ligands. Thus, it has
been proposed that LTPs not only have a detergent-like function in promoting lip-
id exchange into the CD1 groove, but that they also may perform an editing func-
tion that involves binding to and removing certain lipids from CD1 while leaving
other CD1-lipid complexes intact [130]. Such lipid-editing could have a substantial
impact on the repertoire of antigens presented by CD1, similar to the influence of
editing of MHC class II-bound peptides by HLA-DM on the selection and
responses of conventional CD4+ T cells [137].

5.9.4
Non-endosomal Loading of Lipids onto CD1 Molecules

In addition to specific protein cofactors within the endosomal system, it is also
possible that lipid exchange proteins in other compartments of the cell or in the
extracellular space could influence the expression and function of CD1 proteins.
In fact, one example of a non-endosomal cofactor for lipid loading of CD1 has
recently been proposed, which is the microsomal triglyceride transfer protein
(MTP). This lipid transfer protein resides in the endoplasmic reticulum of hepato-
cytes and intestinal epithelial cells, and is essential for the lipidation of apolipo-
protein B [138]. One study has found that deletion of the MTP gene alters the dis-
tribution of CD1d expression in murine hepatocytes, with increased levels in the
endoplasmic reticulum, suggesting abnormal entry of CD1d into the secretory
pathway. The absence of MTP was also associated with a reduction in the function
of CD1d, in that cells lacking this protein were unable to activate CD1d-restricted
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NKT cells [139]. These findings suggest that MTP may regulate lipid association
with CD1d in the endoplasmic reticulum, thus altering its initial assembly and
subsequent trafficking and function. Whether specific self or foreign antigens
that can be recognized by T cells might be loaded onto CD1 in the ER remains to
be determined.

Several studies also indicate that in some cases CD1 molecules can acquire lip-
id ligands at the cell surface. For example, some normal mammalian lipids can be
loaded onto recombinant CD1 proteins at neutral pH [56], and mammalian glyco-
sphingolipids that are presented to CD1-restricted T cells can associate with CD1
molecules at the cell surface [41, 42]. This may also be true for certain exogenous
microbial lipid antigens, especially those that have relatively short lipid tails and
are not efficiently sorted to endosomes [39]. It is currently unknown whether fac-
tors such as lipid exchange proteins in the extracellular environment might be
involved in promoting the cell surface loading of CD1 molecules with exogenous
lipids, and the functional importance, if any, of these putative non-endosomal
pathways for lipid antigen loading onto CD1 remains unclear. It is probably signif-
icant that most examples of non-endosomal loading of CD1-presented antigens
require relatively high concentrations of the exogenously added lipid antigen to
induce specific T cell responses, suggesting that this pathway is likely to be less
efficient than the endosomal loading pathway. These observations provide further
support for the idea that an important mechanism by which APCs can control
which lipids are presented by CD1 to T cells is by the selective sorting of lipids
with intrinsically foreign structural features into endosomes, while lipids that are
more characteristic of normal mammalian cell membranes may be largely
excluded from such compartments [39]. Nevertheless, the non-endosomal path-
way could promote the formation of CD1–self lipid complexes that are involved in
the development and selection of CD1-restricted T cells, or required for the home-
ostasis and long-term survival of these T cells.

5.10
Conclusions

The CD1 system represents a surprising but extremely logical variation on the
more familiar theme of MHC-restricted peptide antigen presentation. This system
of MHC-related proteins provides a fundamentally different set of targets for
immune recognition, and thus is likely to play many roles that complement or
synergize with peptide antigen presentation. For group 1 CD1 proteins, there is
clearly the potential to augment the protective immune response against patho-
gens that express lipids of intrinsically foreign structure. The advantage in having
this additional level of recognition to augment the repertoire of peptide antigen
specific T cells seems obvious, although the extent to which CD1-restricted T cells
contribute to protective immunity in human infectious diseases remains to be de-
termined. For group 2 CD1 proteins, currently available evidence indicates that
these may generate signals for immunoregulation or innate immune responses
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mainly through the display of self lipid antigens. In either case, the mechanisms
leading to the processing and loading of lipid antigens onto CD1 proteins are of
fundamental importance to understanding and manipulating this unique antigen
presentation pathway. The great challenge presented by the CD1 system is to
understand the processes that allow the efficient handling of lipids in an environ-
ment that permits proteins and cells to function normally. As our insight and
understanding into these processes advances, the potential of the CD1 system for
augmenting immune responses or regulating harmful autoimmunity will likely
become an area of increasing interest and importance.
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6
Naturally Processed Self-peptides of MHC Molecules
Harald Kropshofer and Sebastian Spindeldreher

6.1
Introduction

Almost 20 years have passed since pioneering work has revealed that most MHC
class II molecules are constantly occupied by peptide antigens derived from self-
proteins, termed self-peptides. The same phenomenon turned out to be true for
MHC class I molecules.

These seminal findings gave rise to the idea that self-peptides may not solely be
present on thymic antigen presenting cells (APCs) to allow for positive and nega-
tive selection of thymocytes, but may play a broader role in the adaptive branch of
our immune system. Several years later it became clear that MHC class II-asso-
ciated self-peptides on professional APCs, in particular dendritic cells (DCs), are
critical for the survival of the CD4+ helper T cell pool in the periphery and in the
maintenance of peripheral tolerance against self-proteins.

Most recently, confocal microscopy technology disclosed that self-peptides
apparently collaborate with foreign antigen derived peptides in triggering foreign
antigen-specific helper T cells: there is evidence for focused co-localization of ago-
nistic foreign peptides and non-agonistic self-peptides in the immunological
synapse, encompassing the contact zone between an activated APC and a T cell.
From these studies the concept emerges that self-peptide-MHC class II complexes
favor rather than compete against recognition of foreign antigenic peptides.

Accordingly, to understand the pathogenesis of autoimmune diseases it may be
essential to know the identity of the respective self-peptides that activate autoreac-
tive helper or cytotoxic T cells, but is not sufficient in case foreign antigens do col-
laborate with self-peptides in triggering auto-reactivity. Finally, the knowledge of
self-peptides derived from tumor-specific neo-self antigens may be critical for the
design of more powerful vaccination strategies in the fight against cancer. Hence,
MHC class II-bound self-peptides obviously play a considerably broader role in
controlling helper T cell homeostasis than anticipated a decade ago. Yet, the natu-
rally occurring self-peptides responsible for the aforementioned diverse tasks in
health and disease remain to be identified in most instances.
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6.2
Milestone Events

In the early 1980s, immunologists realized that either peptide digests or synthetic
peptides of model antigens, such as ovalbumin or hen egg lysozyme, in combina-
tion with the appropriate MHC class II molecules are sufficient to stimulate CD4+

helper T cells [1–4]. At the same time it was established that protein antigens need
to be physically altered or “processed” by the APC before being recognized by
T cells [5–7]. From then on, laboratories attempted to characterize binding of a
small variety of foreign antigens, either native proteins, protein fragments, or fully
synthetic peptides, to intact MHC class II-bearing cells, membrane bilayer-
embedded or solubilized MHC molecules [4, 8–10].

Most attempts using fresh APCs resulted in a high background of non-specific
binding or poor T cell reactivity. This was because more than 90% of the sole
MHC peptide sites were obviously pre-occupied with so-called “autologous” or
“endogenous” peptides derived from the APC’s own self-proteins [4, 11]. This view
was supported by the first X-ray structural analysis of an MHC molecule, the
human class I molecule HLA-A2: although no exogenous antigen was added, the
peptide binding cleft of HLA-A2 was filled with “electron-dense material”, which
has been explained by the presence of a large variety of endogenous peptides [12].
This latter findings fuelled the awareness derived from protein studies, whereafter
macrophages and other professional APCs cannot discriminate between self and
non-self antigens [13, 14], because MHC molecules bind both types of antigens in
the very same peptide binding cleft. The conclusion was that self-peptides appar-
ently compete against foreign peptides at the level of antigen presentation to
T cells. No wonder a race started in the mid-1980s to elucidate the identity of the
postulated endogenous or autologous peptides that are constantly being generated
by APCs and presented via MHC molecules.

Some of the burning questions at the time were:
1. Typical self-peptides are derived from which self-proteins?
2. How great is the diversity of self-peptides?
3. Different types of APCs harbor different sets of self-peptides?
4. What is the function of self-peptides in APCs of peripheral tissue?
5. Does the typical self-peptide repertoire contain epitopes triggering auto-

reactive T cells?

6.2.1
Nomenclature

6.2.1.1 Autologous Peptides

“Autologous peptides” is the original term used to define naturally processed
MHC-associated peptides [15]. In the narrowest sense, autologous peptides are
fragments from proteins derived from the same type of APC that expresses the
MHC molecule the peptide has been found associated to. The term “self-peptides”
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is equivalent to the term “autologous peptides”. It is used to underline the differ-
ence from “foreign peptides” that are derived from antigenic proteins of invading
microorganisms.

6.2.1.2 Endogenous Peptides
Self-peptides purified from a particular type of APC can be derived either from
the APC’s own protein repertoire or from a protein that is expressed by another
cell type of the same individual and has been taken up by the APC. In the former
case the peptides are termed “endogenous”, in the latter case they are termed “exo-
genous”. Babbit et al. reported already in 1986 that the murine MHC class II mol-
ecule I-Ak was capable of binding the endogenous and autologous mouse lyso-
zyme peptide 46–61 and the homologous exogenous xenogenic hen egg lysozyme
peptide equally well [14]. This finding was also regarded as convincing evidence
that MHC molecules do not distinguish between peptides representing self and
non-self. Originally, it was believed that exogenous peptides are exclusively bound
and presented by MHC class II molecules, whereas endogenous peptides can
bind to both MHC class I and II molecules. Meanwhile, it became clear that
APCs, such as DCs or macrophages, present exogenous peptides via MHC class I
molecules, a phenomenon termed “cross-presentation” [16, 17].

6.2.1.3 Natural Peptides Ex Vivo and In Vitro
Table 6.1 lists the origin of naturally processed MHC class II-associated peptides
derived from various cellular sources. Obviously, from the definitions given above,
peptides derived from MHC molecules, the invariant chain, membrane, cytosolic
or nuclear proteins are real “self-peptides” or “autologous peptides” with regard to
human DCs [18], human peripheral blood mononuclear cells [26] or murine
B cells [27]. However, peptides derived from serum proteins in preparations from
cultured DCs or B cells are not of “endogenous” origin, as they are derived from
the culture medium. Hence, exogenous peptides from serum proteins of cultured
cells do not belong to the category of typical “self-peptides”. However, the very
same serum proteins, e.g., serum albumin or apolipoprotein, give rise to real
“self-peptides” in the case of human peripheral blood mononuclear cells (Table
6.1). Here, “self” refers to the human body of the respective blood donor and not
to a particular cell-type. In conclusion, it is essential to be aware of the context in
order to use and interpret the aforementioned terms appropriately.
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Table 6.1 Origin of class II MHC-associated natural peptides
from different APC.

Origin

%

Ref.Human DC
HLA-DR [18]

Human PBMC
HLA-DR [26]

Murine
B cells
I-Ab [27]

Donor 1 Donor 2

MHCmolecules 3 2 4 5 18–23, 26, 27

Invariant chain 4 0 0 7 18–27

Membrane and vesicular proteins
(e.g. receptors, cathepsins)

38 2 21 41 18–23, 26, 27

Cytosolic proteins
(e.g. ribosomal proteins, actin)

24 64 8 36 18, 23, 26, 27

Nuclear proteins
(e.g. histones, hnRNP)

7 14 4 0 18, 23, 26

Serum proteins
(e.g. albumin, apolipoproteins)

24 18 63 11 18–23, 26, 27

6.2.2
Extra Electron Density Associated to MHC Molecules

Throughout the 1970s, possible X-ray crystallographic analysis of MHC molecules
was the focus of numerous informal discussions. However, all attempts failed
until Pamela Bjorkman in the laboratory of Don Wiley obtained suitable crystals
of the MHC class I molecule HLA-A2 in 1979. Another 8 years passed before the
three-dimensional structure of HLA-A2 was published [28], giving rise to a vastly
growing immunological subspecialty, the study of antigen presentation. A deep
groove formed by polymorphic parts of the MHC class I heavy chain was seen to
be filled with slurry “extra electron density”, apparently coming from a mixture of
naturally processed endogenous peptides. Likewise, extra electron density was
detected in the X-ray analysis of the first class II MHC molecule HLA-DR1 [29]
(Figure 6.1). With refinement of the second MHC class I molecule, HLA-Aw68, it
became clear that the peptide binding cleft contains substructures, so-called “spec-
ificity pockets” A–F, that were also filled with extra electron density [30]. The pre-
cise shape of these pockets turned out to differ between MHC alleles, thereby
determining which set of peptides can fit into the peptide binding cleft.

Due to the high degree of heterogeneity of the set of bound self-peptides, their
shapes remained decidedly uncertain. Realizing the complexity of peptide-sized
structures in both the HLA-A2 and HLA-Aw68 crystals, and triggered by the

162



6.2 Milestone Events

increasing certainty that the groove-embedded material is central to immune rec-
ognition, numerous of immunologists, biologists and chemists set out to develop
techniques to solve the mystery of the identity of the visualized self-peptides.

6.2.3
Acidic Peptide Elution Approach

In the mid-1980s, at least three independent lines of evidence indicated that self-
peptides may constitutively occupy the binding site of MHC molecules:

1. Endogenously expressed murine lysozyme peptide 46–61 was found to
bind with high affinity to murine MHC class II I-Ak molecules [14].

2. X-ray crystallographic structures of human MHC class I molecule HLA-A2
unraveled electron-dense material occupying the putative peptide binding
groove [28].

3. Only about 5–10% of affinity-purified MHC class II molecules have the ca-
pacity to bind foreign antigenic peptides [11].

The pioneering work essential to studying natural self-peptides was performed
in 1988 in the laboratory of Howard Grey. It was Soren Buus in collaboration with
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Figure 6.1 Extra electron density in the MHC
class II HLA-DR1 crystal structure. Top view
on the peptide binding domain reveals elec-
tron density (cf. arrow) that does not pertain

to the class II MHC sequence. The rationale
for this observation is the presence of a
large variety of self-peptides. (Adapted
from Ref. 29.)
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Alessandro Sette who realized that I-Ad or I-Ed molecules do not lose putatively
bound self-peptides when subjected to pH 10.5 treatment – a step included in
their affinity purification protocol [15]. Therefore, they treated affinity-purified
I-Ad and I-Ed molecules with acetic acid, pH 2.5, separated the low-molecular-
weight (LMW) material from the MHC molecules by gel-filtration and fractio-
nated the LMW pool by reversed-phase high-performance liquid chromatography
(RP-HPLC) (Figure 6.2).

The broad peak that eluted at 23–43% acetonitrile in the HPLC fractionation
contained material that displayed five critical features:

1. Material eluted from I-Ad inhibited binding of an I-Ad-restricted reporter
peptide.

2. I-Ad-eluted material hardly bound to I-Ed.
3. The material lost its inhibitory capacity upon protease digestion.
4. The mean molecular weights were 3500 and 2000 for I-Ad and I-Ed, respec-

tively, as judged by gel-filtration.
5. The broad RP-HPLC elution profile points to a high diversity, with regard

to the hydrophobicity of the material.
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Figure 6.2 Strategy for isolating naturally processed MHC-associated
peptides. Shown is the extraction method pioneered by Buus et al. [15]
and optimized by Demotz et al. [31]. This technique was fundamental
to numerous studies performed at later stages in both the MHC
class I and class II field.
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These results demonstrated for the first time that MHC molecules constitu-
tively carry a heterogeneous set of naturally processed low-molecular-weight pep-
tides that can be eluted by acid treatment. The two-step methodology introduced
here, consisting of acid elution and RP-HPLC fractionation, was ground-breaking
for both the MHC class II and MHC class I-field, and is still fundamental to the
analysis of natural antigenic peptides almost two decades later.

6.2.4
First Natural Foreign Peptides on MHC Class II

Stephan Demotz and colleagues at Cytel were the first to apply successfully the
acid elution/HPLC fractionation technique to characterize naturally processed
length variants of a known foreign antigenic epitope, the I-Ed-restricted hen egg
lysozyme-derived HEL(107-116) [31]. To detect the eluted peptides with maximal
sensitivity, Demotz et al. introduced a T cell activation read-out: they prepared
acid-eluted peptides from HEL-pulsed B lymphoma A20 cells and loaded them
onto I-Ed purified from unpulsed A20 cells, incorporated the newly generated
I-Ed-peptide complexes into planar membranes and measured IL-2 production of
an I-Ed/HEL(107-116)-specific T cell hybridoma [31]. The significant extent of
T cell stimulation proved that the mixture of eluted peptides contained the
HEL(107-116) sequence and that functional I-Ed-HEL(107-116) complexes could
be reconstituted by using acid-eluted peptides.

Beyond that, the T cell read-out of HPLC-fractionated natural peptides
revealed that A20 lymphoma cells generated more than one length variant of
HEL(107-116): from the HPLC retention time of synthetic HEL(107-116) and
HEL(105-120) it was concluded that at least 2–3 length variants were eluted from
A20 cells [31]. The microheterogeneity obtained upon HPLC analysis was later
confirmed by sequence analysis of natural self-peptides eluting as nested sets of
length variants of a single epitope [22].

Finally, by calibrating the T cell activation capacity per ng of synthetic
HEL(107-118), the authors estimated that 10–40% of I-Ed molecules were original-
ly occupied by HEL-derived naturally processed peptides. However, this astonish-
ingly high number may rely on an over-estimation as, according current knowl-
edge, it cannot be excluded that some natural HEL(107-116) length variants may
be more potent than synthetic HEL(107-116) in activating T cells. Likewise, co-
eluting self-peptides unrelated to HEL(107-116) may have contributed to T cell
activation, according to the pseudodimer model (cf. Section 6.5.4).

6.2.5
First Natural Viral Epitopes on MHC Class I

A very similar strategy led to the isolation and sequence identification of the first
endogenously processed MHC class I-restricted antigenic peptide by Grada van
Bleek and Stanley Nathenson in 1990 [32]. They infected EL4 tumor cells with ve-
sicular stomatitis virus (VSV) and fractionated the set of natural Kb-associated
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peptides. Compared with uninfected cells, material from [3H]Tyr and [3H]Leu
metabolic radiolabeling experiments was sequenced and resulted in the octapep-
tide N(52-59) from the nucleocapsid protein of VSV that displayed allele-specific
binding to Kb. This octapeptide turned out to be the major VSV antigenic determi-
nant by both its sequence and biological activity, thereby supporting earlier reports
showing that from a whole virus only one dominant peptide epitope is recognized
per MHC allele [33, 34].

By an alternative strategy, where natural peptide extracts of whole tumor cells
were used, the first sequences of influenza virus-specific T cell epitopes were elu-
cidated [35]. From previous studies influenza nucleoprotein obviously contains
two epitopes recognized by murine MHC class I molecules: the Db-restricted
16-mer NP(365-380) and the Kd-restricted 12-mer NP(147-158).

Fractionation of the synthetic 12-mer and 16-mer by RP-HPLC revealed that
several peptide truncation variants were far more potent in activating cytotoxic
T cells recognizing these NP epitopes [35]. In both cases, one of these by-products
appeared to be identical to the natural influenza NP epitope extracted from
infected tumor cells. The respective sequences could be determined by a combina-
tion of mass spectrometry and comparison of their HPLC retention time with sev-
eral synthetic length variants. Both natural influenza epitopes are nonamers: the
Db-restricted NP(366-374) and Kb-restricted NP(147-155).

Rough estimates indicated that 200–600 copies of both epitopes were present
per infected cell [36]. Both nonamers were 102–103-fold more effective than their
larger synthetic length variants [35, 36]. Likewise, a greater than 1000-fold lower
off-rate for the natural NP(366-374) peptide as compared to the longer
NP(Y365-380) variant has been described [37].

The same type of studies gave rise to the observation that most naturally pro-
cessed peptides can only be extracted from cells that express the restricting MHC
molecule [35, 38, 39]. A striking example is the Kb-restricted minor H antigen
(H-4b) that is at least 3000-fold enriched in Kb-transfected tumor cells compared
with Kb-negative cells. The rationale for this finding is that peptides are rendered
inaccessible to proteases and peptidases by binding to MHC molecules. Otherwise
they are rapidly degraded.

6.2.6
Self-peptide Sequencing on MHC Class I: the First Anchor Motifs

The methods applied between 1987 and 1990 to characterize natural MHC ligands
were limited to the identification of peptides for which specific T cells were avail-
able. Thus, novel epitopes for true self-peptides remained undiscovered. A major
breakthrough in the characterization of class I MHC-associated peptide motifs
was the approach of pooled sequencing of self-peptides eluted from purified
MHC class I molecules by Edman degradation [40]. This methodology was devel-
oped in the laboratory of Rammensee and led to the elucidation of numerous
allele-specific MHC class I ligand motifs based on naturally-processed self-pep-
tides [40–42].
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The idea to sequence the whole mixture of eluted self-peptides, rather than pur-
suing the conventional strategy to purify single peptides to homogeneity first, was
driven by several considerations: (i) the main obstacle arguing against conven-
tional techniques is the high heterogeneity of self-peptides bound to a single type
of MHC molecule, rendering it difficult to obtain single peptides by RP-HPLC
fractionation or alternative chromatographic steps; (ii) due to limitations in the
sensitivity of the microsequencing technology, billions of cells are necessary to do
sequence analysis; and (iii) even sharp peaks in HPLC fractionations may harbor
more than a dozen different peptide sequences with similar degree of hydropho-
bicity. Thus, the concept arose that the radioactivity obtained by van Bleek and
Nathenson in a previous report [32] in sequencing cycles 3 and 5 after metabolic
labeling of EL4 cells with [3H]Tyr following RP-HPLC fractionation of Kb-asso-
ciated natural peptides and further analysis of the major VSV-induced peptide
material may reflect the dominance of Tyr at positions 3 and 5 not only of the VSV
nucleoprotein peptide N(52-59), as originally thought [32], but of several other Kb-
bound self-peptides co-eluting with N(52-59).

Indeed, pool sequencing of the whole self-peptide mixture eluted from Kb mol-
ecules revealed a strong increase of Tyr and Phe in sequencing cycle 5 and a rise
on Leu in cycle 8. In addition, a less pronounced increase was seen with Tyr in
cycle 3 and Met in cycle 8 [40]. The result of these studies indicated that class I
molecules follow stringent rules that are different for each individual class I allele.
Allele-specific interactions rely on appropriately positioned anchor side-chains to
fit into specificity pockets of the peptide binding groove [30]. The sum of allele-
specific peptide-class I MHC interaction requirements defines the binding motif
for a given MHC molecule, characterized by the number, spacing and specificity
of anchors. Most of the motifs determined by pooled sequencing of naturally pro-
cessed class I-associated self-peptides have anchor residues at positions P2, P3 or
P5/P7 in addition to a C-terminal anchor [41–43].

The motifs deduced from pooled sequencing were subjected to refinement by
in vitro peptide studies. Udaka et al. used octapeptide libraries and found that the
Kb binding ligands do not solely rely on the major anchor residues, located at posi-
tions 5 and 9, but that all amino acids in octapeptides contribute to the overall
binding affinity [44]. The combinatorial peptide library approach clearly showed
that almost at each position particular amino acids are disfavored. These disfa-
vored residues can prevent a peptide from binding to an MHC molecule even
when the peptide bears allele-specific anchors at the appropriate positions [44].

6.2.7
First Murine MHC Class II-associated Self-peptides: Nested Sets

Only 5 months after the seminal report on pool sequencing of MHC class I self-
peptides by Falk et al. [40], the group of Charles Janeway published the first de
novo sequences of self-peptides eluted from MHC class II molecules [19]. The
peptides were derived from a murine B cell lymphoma cell line and eluted from
I-Ab and I-Eb molecules. Fortunately, as became clear later, Rudensky et al. did not
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chose the pooled sequencing technique: they used affinity-purified MHC class II
molecules from 18 billion B cells, acid eluted the peptides, subjected them to RP-
HPLC and sequenced them peak-by-peak via Edman microsequencing [19].

The conclusions drawn from the first set of 12 peptides differed in most
instances from the characteristics of MHC class I-associated peptides described
before:

1. The length varied from 13 to 17 residues, in a follow-up paper from the
same group even a 22-mer was described [45].

2. The peptides displayed ragged ends.
3. It was difficult to define anchor motifs [19].

A first attempt to propose such motifs turned out to be unreliable, e.g. peptide
binding to I-As does not solely depend on two anchors P1, P7 with the spacing i,
i+6, as suggested originally [45], but on four anchors (P4, P6, P7 and P9), as
shown almost a decade later [46].

Since the 1991 paper by Rudensky et al. was the first report involving classical
sequence analysis, the immunological community was most interested in know-
ing to which parent proteins the self-peptides presented by MHC class II have to
be assigned. In the context of I-Ab, only five parent proteins covering nine natural
peptides were found [19, 20, 45]: the invariant chain, I-Ea chain, I-Ab chain, IgVH

chain and the murine leukemia virus envelope protein (MuLV) (Table 6.2). Like-
wise, the seven self-peptides eluted from I-Eb were derived from bovine serum
albumin and MuLV envelope protein. Finally, again MuLV envelope protein,
IgG2a and the transferrin receptor served as the sources for six self-peptides asso-
ciated to I-As molecules (Table 6.2). Importantly, the same parent proteins gave
rise to I-As-associated self-peptides when another B lymphoma line was investi-
gated recently [46]. Even the “undefined” protein source, as described originally
[20], was elucidated: it is the mosaic protein LR11 [46]. In conclusion, besides
MHC molecules themselves and the accessory invariant chain, in particular mem-
brane proteins from the endocytic pathway and serum albumin turned out to fuel
the MHC class II processing pathway in generating autologous peptides. Most
strikingly, only a few dominant epitopes and length variants thereof apparently
constituted most of the natural peptide repertoire of cultured murine B cell lym-
phomas.

The first successful sequence analysis of MHC class II-associated peptides also
allowed us to draw an interesting link between self-peptides presented by B cells
and APCs in the thymus. The determinant recognized by the monoclonal anti-
body Y-Ae turned out to be the self-peptide Ea(52-68) bound to I-Ab [19, 47]. The
remarkable feature of Y-Ae is that it readily stains medullary thymic epithelial cells
(mTECs) but not cortical thymic epithelial cells (cTECs), albeit both types of thy-
mic APCs express I-Ab and Ea molecules [48]. Thus, the Ea(52-68) self-peptide in
the context of I-Ab is likely to contribute to negative selection of thymocytes
through its presence on mTECs, whereas it is unlikely to trigger positive selection
due to its absence on cTECs.
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Table 6.2 The first class II MHC-associated self-peptides.

Allel Parent protein Length Cell source Ref.

Murine I-A
b

MuLV protein 13, 14 Lymphoma 19
I-E a chain 15, 17 B cells 20
Invariant Chain 15 Splenocytes 45

45
45

I-A b chain 12 Spenocytes
Ig VH chain 15 Splenocytes

Murine I-A
s

MuLV protein 15, 13 Lymphoma 19
Transferrin receptor 16, 15 B cells 45

45IgG2a 16, 17 B cells

Human HLA-DR1 Unknown 16 EBV-transformed B cells 50

6.2.8
First Human MHC Class II-bound Self-peptides: Hydrophobic Motifs

To the astonishment of experts in this field, the first naturally processed peptides
identified from class II MHC molecules did not display an apparent anchor motif,
which was one of the hallmarks of both murine and human MHC class I-asso-
ciated self-peptides. The situation changed when, about 6 months later, the first
studies on human self-peptides from class II HLA-DR molecules were published.
Our laboratory described the first human self-peptide sequence and named it
“SP3”, as the parent protein remained unknown [49]. SP3 was eluted from HLA-
DR1 expressed by an EBV-transformed B lymphoblastoid cell line and was
sequenced by Edman microsequencing (Table 6.2). According to the HPLC pro-
file, it was one of the most abundant self-peptides. Systematic binding analysis
with the synthetic counterpart of SP3 revealed a two-residue ligand motif for
HLA-DR1 [49]: two bulky hydrophobic anchor residues with the relative spacing i,
i+8 were sufficient for binding to HLA-DR1. Later studies revealed that SP3
belongs to the subset of high-affinity self-peptides in the context of HLA-DR1 [50].
In successive studies, it became clear that a bulky aliphatic or aromatic N-terminal
anchor residue (P1 anchor) is of particular importance for binding to HLA-DR
molecules [22, 51].

This phenomenon was also reflected when self-peptide mixtures eluted from
different DR alleles were subjected to pooled sequencing [52]: in most instances,
hydrophobic residues were enriched in cycles 2–4 of the microsequencing analy-
sis. Due to the ragged ends of most self-peptide epitopes derived from class II
MHC the pooled sequencing technology was unsuitable to define exact anchor
positions. More refined anchor motifs were elucidated by in vitro binding analysis
involving M13 phage peptide libraries [53]. Regarding HLA-DR1, the phage dis-
play approach confirmed and extended the findings deduced from the self-peptide
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SP3: an aromatic residue was shown to be the optimal P1 anchor, an aliphatic resi-
due was favorable at P9. In addition, Met or Leu can serve as a further anchor at
P4. At P6, only very small amino acids, such as Gly, Ala or Pro, are allowed.
Importantly, most HLA-DR1-associated self-peptides described in the meantime
share only 2–3 of the characteristic features of the ligands motif described here,
with only the P1 feature being obligatory. Accordingly, self-peptide SP3 can bind
in at least two registers into the binding groove of HLA-DR1, with either Phe at
position 5 or Ile at position 2 functioning as a P1 anchor (Figure 6.3).

Besides giving insight into anchor motifs of class II ligands, the initial Edman
sequencing efforts gave us also clues as to what rules may govern antigen process-
ing: in sequencing cycles 2 and 3, irrespective of the HLA-allele, there was a
strong enrichment of Pro residues [52]. The rationale is that Pro acts as a stop sig-
nal for aminopeptidases. This means that the N-terminus of natural self-peptides
is very frequently the result of successive trimming by exopeptidases, which is ter-
minated by Pro residues [54].

Two additional reports, generated in the laboratory of Jack Strominger, were
ground-breaking in defining further critical characteristics of class II HLA-DR
associated self-peptides. Chicz et al. established a powerful combination of Edman
microsequencing and matrix-assisted laser desorption mass spectrometry [22, 51].
They analyzed six HLA-DR alleles from a respective number of EBV-transformed
human B cell lines and identified more than 200 self-peptide sequences. More
than 85% of the peptides were of endogenous origin and most of them were de-
rived from vesicular or membrane-spanning parent proteins. A similar distribu-
tion has been found with cultured human dendritic class and murine B cells but
not with human PBMCs (Table 6.1). Strikingly, 20–25% of the self-peptides were
derived from other MHC class I or II molecules, co-expressed by the respective
B cell [54]. Moreover, numerous self-epitopes were represented by nested sets of
N- and C-terminally truncated length variants, e.g. the set of Igk chain peptides
eluted from HLA-DR4 comprised 15-mers to 21-mers [51]. Overall, the shortest
peptides were 13-mers, the longest were 30-mers; the majority attained a length of
15–17 residues.

Several epitopes were eluted from more than one HLA-DR allelic product, e.g.
the HLA-A2-derived peptide A2(103-117) or the invariant chain peptide CLIP [22,
51]. The phenomenon of promiscuous binding to several HLA-DR allelic products
is reminiscent of a few foreign epitopes, such as those derived from tetanus toxoid
or influenza virus hemagglutinin [55].
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Figure 6.3 Computer modeling of the HLA-
DR1:SP3 self-peptide complex. According to
the X-ray crystal structure of the HLA-DR1
molecule, the self-peptide SP3 can bind into
the peptide binding cleft in two different reg-
isters: either F-5 binds into the P1 pocket
(upper panel) or I-2 (lower panel). The latter

option foresees the hydrophobic residues L-3
and F-11 pointing towards the hydrophilic
outer milieu, which is energetically
disfavored. (Kindly provided by L. Mozyak,
Harvard University, Boston, USA.)
(This figure also appears with the color
plates.)
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6.3
Progress in Sequence Analysis of Natural Peptides

In the early 1990s when the first self-peptide sequencing attempts were envisaged,
immunologists had to get used to at least two innovations: mass cell culture and
HPLC technology. However, although several billions of cells had to be prepared,
the heterogeneity of the self-peptide mixtures, the limitations in the resolution of
1D chromatography and the poor sensitivity of conventional Edman degradation
rarely allowed identification of more than a dozen self-peptides per MHC allele.

One alternative to escape these limitations was the pooled sequencing tech-
nique, which was very successfully applied for the elucidation of anchor motifs in
the MHC class I field. This technique failed in the MHC class II field due to the
ragged ends of class II MHC-associated self-peptides.

The inclusion of mass spectrometry was the next step that led to an increase in
the fidelity of the analysis and the number of peptides that could be identified. In
particular, electrospray ionization tandem mass spectrometers directly coupled to
RP-HPLC devices became powerful tools in the second half of the 1990s for
sequencing natural peptides released from both MHC class I and class II mole-
cules.

In the past 5 years, the objective was to increase the sensitivity of the whole
methodology to such an extent that self-peptides from tissue samples rather than
only peptides from cultured cells became accessible. To this end, sample prepara-
tion and peptide fractionation techniques were continuously optimized. In addi-
tion, HPLC separation and mass spectrometry were coupled in such a way that
sample losses were minimized. The currently most advanced high end procedure
is the so-called Multidimensional Protein Identification Technology (MudPIT).
Compared with the original Edman technique, MudPIT reduced the cell require-
ments by about 1000- to 100-fold and increased the sequence output by about 30-
to 50-fold. The following sections outline a few more details of the key sequencing
technologies by describing a few key achievements attained with the respective
technologies.

6.3.1
Edman Microsequencing

The heterogeneity of the self-peptide repertoire of MHC-associated peptides was
so high that HLPC fractionation yielded only a handful of peptides that were pure
enough for Edman sequencing. Beyond that, several milligrams of MHC mole-
cules had to be eluted to gain sufficient self-peptide material. Therefore, only cells
growing rapidly and easily in cell culture could by analyzed – mainly transformed
B cell lines.

Shortly after the pooled sequencing attempts by Rammensee and colleagues,
Jardetzky et al. published the first study on MHC class I-associated self-peptides,
where a dozen individual self-peptides were identified by classical Edman sequen-
cing and a binding motif was precisely elucidated [56]. As expected from a typical
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MHC class I molecule that is responsible for the presentation of endogenous non-
vesicular antigen sources, HLA-B27 displayed self-peptides derived from abun-
dantly expressed proteins: ribosomal proteins, translation factors, cytosolic heat
shock proteins and nuclear proteins. Apart from two apparently artificial HLA-
B27 fragments, all peptides were nonamers and shared a common Arg anchor
residue at position P2. Most of the peptides had a second positively charged
anchor residues at P9.

These findings are relevant because the HLA-B27 genotype is strongly linked to
the autoimmune disease ankylosing spondylitis [57]: knowing the ligand motif of
HLA-B27 gives us a better chance of elucidating the autoantigenic peptides that
contribute to this disease.

6.3.2
Electrospray Ionization Tandem Mass Spectrometry

In 1992, Hunt et al. pioneered the use of electrospray ionization tandem mass
spectrometry (ESI-MS/MS) for sequence analysis of natural peptides eluted from
MHC molecules [58]. This strategy relies on fractionation of peptide mixtures by
microcapillary RP-HPLC and on-line coupling of the HPLC capillary with a mass
spectrometer. The technique is not only able to determine the molecular mass,
and therefore maximum length of each peptide component, it also allowed the
analysis of HPLC fractions that contained more than one peptide. Sequence infor-
mation can be obtained on sub-picomolar amounts of peptides by subjecting
them to collision-activated dissociation on the triple-quadrupole mass spectrome-
ter. Although, in principle, this technique is considerably more sensitive than the
Edman technology, 200mg to several mg of MHC protein were necessary – this
corresponds to 109 to 1010 B cells [21, 58, 59].

Peptides eluted from the class I MHC molecule HLA-A2 may be representative
of the value this technique has added to the field of naturally processed antigenic
peptides [58, 59]. In human B lymphoblastoid cells, the existence of at least 200
distinct self-peptide species could be shown and eight of them could be sequenced
[58]. They were all 9-mers, sharing a Leu at the P2 anchor position and Val, Leu or
Ile at the P9 anchor position, which broadly agrees with the originally proposed
HLA-A2 anchor motif deduced from pooled sequencing data [40] (Table 6.3). Anal-
ysis of a corresponding mutant B cell line that is defective in the transporter asso-
ciated with antigen processing (TAP) revealed that HLA-A2 can bind self-peptides
derived from the signal peptide domains of ER-resident proteins [59]. These pep-
tides were usually larger than nine residues: 10- to 12-mers were described that
were comparable to 9-mers with regard to their binding affinity.

Assuming that 10-mers or longer variants bind with the same P2 and P9
anchors into the peptide binding groove of HLA-A2 as 9-mers do, natural peptides
can, obviously, protrude by 1 or 2 residues from the MHC class I groove. System-
atic binding analysis involving synthetic peptide libraries have confirmed that
9-mers and 10-mers can bind with high affinity to HLA-A2 and that not only the
two major anchor positions P2 and P9 but also residues at positions P3 to P7 con-
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tribute positively or negatively to the overall stability of HLA-A2 peptide complexes
([60]; Table 6.3).

The ESI-MS/MS technique also shed light on the natural peptide repertoire of
class II MHC molecules. Again, Hunt et al. provided primary evidence that be-
tween 650 and 2000 distinct peptides are associated with the murine I-Ad mole-
cule [21]. Sequences of nine self-peptides were described – all derived from secre-
tory or integral membrane proteins. Interestingly, four of the five epitopes, where
the parent proteins could be identified, were also described later in the context of
human class II HLA-DR molecules [18, 23, 51, 61], albeit the sequence homology
between the murine and human sequences of the respective epitopes was, in at
least two cases, less than 70% (Table 6.4). These epitopes were derived from the
murine I-Ed a chain that is highly homologous to the monomorphic HLA-DR a
chain, the transferrin receptor, the exocytic protease inhibitor cystatin C and the
invariant chain-derived peptide CLIP that has also been described as a self-peptide
of I-Ab [19].
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Table 6.3 Peptide binding motif of HLA-A*0201.

Report Method Anchor
typea

Residues relevant for binding
Length

P1 P2 P3 P4 P5 P6 P7 P8 P9

Falk et al.
1991 [40]

Pooled
sequencing

A1 L V 9

A2 M E V K

K

Hunt et al.
1992 [58, 59]

ESI-MS/MS A1 L V 9–12

L

I

Ruppert et al.
1993 [60]

Peptide
binding assays

A1 L V 9–10

A2 Y S Y A P

F T F

W G W

R D R D

E K E

R H R

a The following anchor types have been defined: A1, primary anchor residue;
A2, secondary anchor residue; R, residue with repulsory capacity.
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Table 6.4 Reoccurring self-peptide epitopes on human and murine MHC class II.

Self-peptides from
murine I-Ad [18]

Parent
protein

Human analogues

Sequence HLA class II
allele

Ref.

ASFEAQGALANIAVDKA E
d
a

(a)
GRFASFEAQGALAN DR1/DR5 18

SFEAQGALANIAVDKA DQ7 61

VPQLNQMVRTAAEVAG TfR
(b)

XPELNKVARAAAEVAG DR5/DRw52 23

DAYHSRAIQVVRARKQ Cys-C
(c)

DEYYRRLLRVLRAREQIV DR8 51

KPVSQMRMATPLLMRPM CLIP
(d)

PPKPVSKMRMATPLLMQALP DR1/DR2 51

(a) I-E
d
a.

(b) Transferrin receptor.
(c) Cystatin C.
(d) Class II MHC associated invariant chain peptide.

6.3.3
Automated Tandem Mass Spectrometry

ESI-MS/MS rendered the sequence analysis of MHC-associated peptide mixtures
more reliable and increased the efficacy of sequencing. However, slow data acqui-
sition and laborious manual interpretation of MS spectra limited the output of
this technology. Technical improvements of the mass spectrometry devices, auto-
mated mass-spectral data acquisition and, in particular, data analysis by novel
computer algorithms significantly increased the number of discernible peptide
sequences. The most important example is the algorithm SEQUEST, which uses
protein and nucleotide sequence databases to perform cross-correlation analyses
of experimental and theoretically generated tandem mass spectra [62]. An alterna-
tive and very frequently employed algorithm is MASCOT.

The group of Alexander Rudensky used this strategy and discerned 128 self-
peptides displayed by the murine class II MHC molecule I-Ab in activated B cells
and macrophages [27]. This is about ten-fold more sequences than in the equiva-
lent attempt by conventional Edman sequencing a decade earlier [19]. The novel
finding, which became possible through the large number of identified distinct
epitopes, was that 21% of peptides were derived from cytosolic proteins [27].
Moreover, these cytosolic self-peptides are constitutively displayed by splenic and
thymic DC, thereby tolerizing self-reactive T cells. The same self-epitopes were
hardly presented by resting B cells or thymic cortical epithelial cells [27].
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6.3.4
MAPPs: MHC-associated Peptide Proteomics

The latest progress in mass spectrometry-based analysis of naturally processed
peptides relies on the optimization of two critical steps: sample preparation and
high-resolution fractionation of enormously complex peptide mixtures. Solubiliza-
tion of natural MHC-peptide complexes from tissues or cells requires detergents.
Most suitable detergents, however, interfere with the performance of HPLC and
ESI-MS/MS. Therefore, a detergent depletion step based on ultrafiltration had to
be introduced prior to HPLC fractionation. The inclusion of the so-called “Multi-
dimensional Protein Identification Technology (MudPIT)” led to further improve-
ments [63]. MudPIT separates complex peptide mixtures by 2D HPLC (Figure
6.4). The separation needle is packed with a strong cation exchange material
directly followed by C18 RP material that extends up to the tip of the needle. The
peptides leaving the needle tip are sprayed directly into the orifice on an ion trap
mass spectrometry device. In the total set-up, dead volumes are minimized,
thereby increasing the sensitivity and resolution of the separation and reducing
sample loss. Finally, a rapidly scanning ion-trap MS replaces the former ESI-MS/
MS device; sequence determination is carried out with the computer algorithm
SEQUEST.

MAPPs technology is a high-throughput approach yielding several hundred
peptide sequences from 1–5mg purified HLA-DR molecules [18]. Compared with
previous attempts, at least 100-fold less cell material is sufficient. Consequently,
MAPPS allows sequence analysis of self-peptide repertoires from low-abundance
cell types, blood samples, tissue biopsies or micro dissections. Applying MAPPs,
the first comprehensive self-peptide analysis of human monocyte-derived DCs
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Figure 6.4 Multidimensional protein identifi-
cation technology (MudPIT). This method is
based on two-dimensional liquid chromato-
graphy followed by electrospray mass spec-
trometry (2D-LC-MS/MS) and can also be
used to sequence complex peptide mixtures,

e.g., MHC-associated peptides. Peptide
mixtures are separated on a cation-exchange
matrix (SCX) combined with a reversed-
phase (RP) matrix. The capillary column is
connected directly to the orifice of an ion
trap mass spectrometer.
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was feasible [18]. Only 5 � 106 DCs were necessary to identify 215 self-peptide
sequences derived from 55 parent proteins. Some 38% of the peptides originated
from transmembrane and vesicular proteins of the endocytic pathway and, sur-
prisingly, 31% from nuclear and cytosolic proteins (Table 6.1). More than 80% of
the self-peptide epitopes were represented in both immature DCs and after LPS-
induced maturation. Interestingly, epitopes from leukocyte elastase, inter-a-tryp-
sin inhibitor and nicotin nucleotide pyrophosphorylase were only present in
immature DCs, whereas epitopes from mannose receptor, TNFa, aminopeptidase
N and invariant chain-derived peptide CLIP were strongly enriched in mature
DCs [18]. The latter observation gave rise to the intriguing finding that mature
DCs utilize surface CLIP-HLA complexes to antagonize TH1 cell polarization (cf.
Section 6.5.4).

6.4
Natural Class II MHC-associated Peptides from Different Tissues and Cell-types

Initially, only naturally processed peptides extracted from lymphoblastoid B cells
grown in culture could be studied. With increasing sensitivity of the sequencing
techniques the self-peptide repertoire of other professional and non-professional
APCs became accessible. Very recently, MAPPs technology has allowed us to iden-
tify self-peptides from ex-vivo sources, e.g. APCs from blood or the thymus. The
following sections present an overview of these studies.

6.4.1
Peripheral Blood Mononuclear Cells

When human peripheral blood leukocytes are subjected to Ficoll density gradient
centrifugation, a fraction strongly enriched in monocytes, NK cells, B and T lym-
phocytes can be obtained, denoted as “peripheral blood mononuclear cells
(PBMCs)”. In PBMCs, mainly B cells and monocytes carry class II MHC-asso-
ciated self-peptides. Regarding the expression level, resting B cells and monocytes
carry 10- to 50-fold less class II MHC molecules than B lymphoblastoid cell lines
(i.e. about 1–5 � 104 molecules per cell). From the conventional amount of blood
to be obtained from a single donor, which is up to 500ml, only about 1–5mg of
HLA-DR molecules can be purified.

Analysis of the self-peptide repertoire of PBMCs from several healthy blood
donors [26] revealed considerable variability in the frequency of peptides derived
from endogenous cytosolic or exogenous serum proteins (Table 6.1). With regard
to serum proteins, at least four parent proteins have been repeatedly found (Table
6.5): serum albumin, apolipoprotein A-II, a1-antitrypsin and b2-microglobulin.
Interestingly, the epitope HSA(444-457) has been described several times before:
in murine splenocytes and thymic APCs [64], in human splenocytes [65] and in
human EBV-transformed B cells [66]. Likewise, b2-microglobulin(24-35) has been
eluted from HLA-DR6 molecules of EBV B cells [67]. A rationale for the presenta-
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tion of the HSA(444-457) epitope by both peripheral and central APCs could be
that thymic tolerance induction by deletion of HSA(444-457)-reactive thymocytes
is essential for the maintenance of self-tolerance against most abundant serum
proteins, such as serum albumin.

Table 6.5 Major serum protein epitopes eluted from PBMC [26].

Serum protein Sequence
(shortest length variant)

Residue
numbering

Truncation
variants

Previous source

Tissue Ref.

Serum albumin TPTLVEVSRNLGK 444–457 8 Spleen, thymus 66–68

Apolipoprotein A-II SKEQLTPLIKKAGTEL 68–83 5 – –

a1-Antitrypsin KAVLTIDEKGTEAA 359–372 4 – –

b2-Microglobulin TPKIQVYSRHPA 24–35 5 – –

6.4.2
Myeloid Dendritic Cells

Myeloid dendritic cells (mDCs) can be purified from peripheral blood cells by
usage of antibodies recognizing the mDC-specific surface marker BDCA-1 [68].
The MAPPs technology enabled us to sequence eight prominent epitopes from
seven parent proteins (Table 6.6). It was six serum proteins and one endocytic
membrane protein, HLA-DP. Strikingly, two of the eight self-epitopes derived
from serum albumin and a1-antitrypsin were identical to the self-epitopes found
in PBMCs (cf. Tables 6.5 and 6.6). As it is most likely B cells that give rise to both
self-peptides in the PBMC fraction, B cells and myeloid DCs share a common pro-
cessing program with regard to two of the most abundant serum proteins, serum
albumin and a1-antitrypsin. This may be a very critical aspect for the maintenance
of peripheral self-tolerance against major serum self-proteins. Resting B cells
alone may not suffice and, therefore, may require help from myeloid DCs in toler-
izing CD4+ helper T cells that specifically recognize the outlined self-epitopes
from serum albumin and a1-antitrypsin.
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Table 6.6 Prominent HLA-DR-associated self-epitopes eluted
from peripheral blood myeloid DCs.

Donor protein Sequence Residue
numbering

Previous source

Tissue, cell-type Ref.

Complement C1R GDRWILTAAHTLYPK 493–507 – –

HLA-DP a chain MFYDLDKKETVWH 62–75 – –

a1-Antitrypsin KAVLTIDEKGTEA 359–371 PBMC Table 6.5

a1-Acid glycoprotein 1 AHLLILRDTKTYMLA 117–131 – –

Ficolin 1 GNHQFAKYKSFKVADE 213–228 – –

Apolipoprotein J KNPKFMETVAEKALQ 426–440 – –

Albumin LGEYKFQNALLVRYT 442–436 – –

TPTLVEVSRNLGKVG 444–458 Spleen, Thymus,
PBMC

65–67

6.4.3
Medullary Thymic Epithelial Cells

The experimental demonstration of acquired self-tolerance and clonal deletion of
self-reactive lymphocytes were important milestones in attaining our current
understanding of how the adaptive immune system fights foreign invaders but
prevents deleterious self-reactivity [69]. Tolerance to tissue-specifically expressed
self-proteins has been ascribed to extrathymic (peripheral) tolerance mechanisms,
whereas the thymus was viewed as the organ of central tolerance induction focus-
ing on thymic and blood-borne self-antigens [70]. However, the recent past has
provided increasing evidence that there is a pool of genes, covering 5–10% of all
currently known genes, that are ectopically expressed in thymic APCs, in particu-
lar in medullary thymic epithelial cells (mTECs) [71]. These findings suggest that
mTEC may be able to present self-peptides not only derived from thymus-specific
endogenous self-proteins or blood-borne self-antigens but also from tissue-specific
antigens that are aberrantly expressed in mTECs [72].

As yet, only a handful of reports have addressed the question of which naturally
expressed self-peptides are actually presented by mTECs or other thymic APCs.
As mentioned above (cf. Table 6.4), Murphy et al. described a natural epitope in
mice that was only expressed in the thymic medulla, and not in the cortex [48].
This self-peptide turned out to be the I-Ab- and I-Ad-restricted epitope Ea(52-68)
[16–18]. In another report, length variants of the naturally processed b2-micro-
globulin epitope b2-m(46-60) were described to be presented by various murine
tissues, including the thymus of BALB/c mice [73, 74]. The length variant
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b2-m(50-63) was found in the thymus and in the spleen of C3H/HeJ mice, asso-
ciated to I-Ek and, likewise, on I-Es of DY mice [64]. The major conclusion from
the latter study was that a few self-peptides of unknown origin are tissue-specifi-
cally distributed, as they were only found on splenic APC, but there were no fun-
damental differences discernible with regard to the presence of the most abun-
dant self-peptides in spleen or thymus [64].

When medullary thymic epithelial cells (mTECs) were isolated from murine
thymus, about 2 � 106 highly purified mTECs were analyzed by MAPPs technolo-
gy. In accordance with previous findings described above, serum proteins, such as
serum albumin, b2-microglobulin or apolipoprotein E, were parent proteins of
very abundant self-epitopes (Table 6.7). In total, serum proteins accounted for
roughly 25% of the 134 self-peptide species. Some 55% of the self-peptides were
derived from typical endogenous self-proteins that are known from B cells, macro-
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Table 6.7 Self-peptides from medullary thymic epithelial cells (mTEC).

Origin Parent protein
Previous reports

Cell type Ref.

mTEC CLIP B cells, macrophages 27

A(a) b chain B cells, macrophages 27

GAPDH B cells, macrophages 27

Aspartat-aminotransferase B cells, macrophages 27

Calnexin – –

Serum Serum albumin Splenocytes, thymus 65

Apolipoprotein E – –

Complement C3 – –

b2-Microglobulin B cells 27

Serum amyloid A-1 – –

B lymphocytes L-Plastin – –

Heart, liver Cytochrome c oxidase – –

Liver, monocytes Carboxylesterase 1 – –

Liver, intestine Cadherin-17 – –

Liver, intestine Carboxylesterase 2 – –

B lymphocytes IgM l chain – –

Liver Monooxygenase R – –
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phages or other APCs (Table 6.7). Among this subset, the invariant chain-derived
CLIP was the most prominent self-peptide. In striking contrast to other APCs,
about 20% of the peptides eluted from I-Ad from mTECs originated from cells
normally found in extra-thymic tissues (Table 6.7). Most of these parent proteins
are expressed in the liver or intestine. Beyond that, the membrane-bound form of
the IgM l chain or L-Plastin are expressed in B lymphocytes. In summary, we
conclude from the emerging evidence that promiscuously expressed genes of
mTECs give rise to ectopically expressed tissue-specific self-peptides: Thymocytes
recognizing these self-peptides on the surface of mTECs with high avidity are
prone to deletion for the benefit of self-tolerance.

6.4.4
Splenic APCs

A reoccurring question in research on natural MHC-associated peptides was
whether the self-peptides found on APCs in cell culture would really reflect the
self-peptide repertoire of the same type of APC in vivo. To address this question,
I-Ab-associated self-peptides were prepared from splenocytes of a B6 mouse and
subjected to high-throughput MAPPs analysis.

The data obtained from this ex vivo approach can be compared with that
obtained from lymphoblastoid B cells in vitro [19, 20, 27] (Table 6.2). It turned out
that most self-proteins constituting the self-peptide repertoire of B lymphoblastoid
cells in culture, such as the invariant chain, I-Ab, apolipoprotein B, immunoglobu-
lins, interleukin receptors and the transferrin receptor [27], are also serving as par-
ent proteins for the very abundant I-Ab-bounded self-peptides of splenic APCs in
vivo [26].

However, with the exception of the invariant chain CLIP or the transferrin
receptor, the epitopes presented on splenocytes were different from the ones
eluted from lymphoblastoid B cells. This is, most likely, because the activity and
type of proteases and H2-M, which are the major contributors to endocytic anti-
gen processing [75], are different in vivo than in vitro. Another notable aspect
relates to the protein half-lives in naive B cell versus virus-transformed, and hence
activated, B cells. Rapidly dividing transformed B cells may have a higher turn-
over in certain proteins, which may alter the sequence of proteolytic processing
steps and, thereby, generate another set of immunodominant self-peptides in rela-
tion to slowly dividing naive B cells that are dominant in the spleen. Thus, it is
obviously advisable for future attempts to study naturally processed peptides ex
vivo, in particular in those cases where we want to improve our knowledge on
self-antigens that drive life-threatening diseases.

6.4.5
Tumor Cells

The relevance of T cell mediated anti-tumor immunity has been demonstrated in
both animal models and human cancer therapy [76, 77]. The identification of
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MHC class I-restricted tumor epitopes has generated increasing interest in immu-
notherapy for cancer. However, therapeutic strategies that have focused on the use
of only MHC class I-associated tumor peptides were merely transiently effective
in eliminating cancer cells in patients [78]. Novel strategies aim at prolonging
tumor antigen presentation by the use of DC and the inclusion of MHC class II-
restricted tumor antigens. Given the importance of CD4+ T cells in anti-tumor
immunity, it is critical to identify class II MHC-restricted self-peptides originating
from tumor cells [79]. Several approaches have been developed for this purpose,
including a genetic targeting expression system [79], biochemical purification
using tumor cell lysates [80] or self-peptide elution from tumor cells [81].

The value of identifying natural peptides from class II MHC molecules on
tumor cells is exemplified by the melanoma cell line FM3 [81]. FM3 was estab-
lished from metastatic melanoma of a 70-year old woman. It was shown to express
several common melanoma antigens, including Melan-A, MAGE-1, MAGE-3, tyr-
osinase and gp100 [82]. When HLA-DR molecules were purified from FM3 cells
and self-peptides eluted, two 16-mers were identified that were derived from par-
ent proteins known to be over-expressed in different types of tumors [81]:
gp100(44-59) and annexin II(208-223). The gp100 protein is a lineage restricted
melanocyte marker and several melanoma antigens are known in the context of
recognition by HLA-A2-restricted T cells. Annexin II, however, is a ubiquitously
expressed protein that is over-expressed in tumors. Both gp100(44-59) and
annexin II (208-223) sensitised T cells for effective HLA-DR4-restricted recogni-
tion of melanoma cells [83]. In a one study, the self-peptide annexin II(208-223)
was presented by autologous DC and induced CD4+ T helper cells, which
responded to melanoma cells over-expressing annexin II by secreting large
amounts of type 1 cytokines [84]. Although this annexin II-derived self-peptide is
a candidate epitope to be incorporated into tumor vaccines against malignant mel-
anoma, it remains to be established whether it will function as a good tumor rejec-
tion antigen and how it can be used effectively in active immunotherapy. In partic-
ular, intracellular delivery of MHC class I and II tumor self-peptides into DCs
may be a promising, novel approach to be tested in forthcoming clinical settings.

6.4.6
Autoimmunity-related Epithelial Cells

In inflammatory conditions, such as autoimmunity and organ transplantation, pe-
ripheral epithelial cells are induced to express class II MHC molecules [85, 86]. In
both cases, self-antigens can either be presented by epithelial cells themselves or
by professional APCs. Whatever the case, epithelial cells become the unique tar-
gets of the pathogenic mechanisms in organ-specific autoimmune diseases and
transplant rejection [87]. A role for class II MHC molecules in epithelium is pos-
tulated either in the triggering of the initial autoimmune reaction or in the perpe-
tuation of the response. This is indicated by the class II MHC-restricted reactivity
to antigen presented by autologous epithelial cells and not by conventional APCs,
as shown by CD4+ T cells isolated from autoimmune glands [88]. Thus, the self-
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peptide repertoire displayed at the surface of class II-expressing epithelial cells
must be relevant to the understanding of the autoreactive T cell response. The rat
insular neuroendocrine epithelial cell line RINm5F has been widely used for
human studies of autoimmune diabetes and, therefore, has been chosen to
explore the self-peptide repertoire [89]. RINm5F transfected with the human
genes encoding HLA-DR4, HLA-DM and the invariant chain revealed a remark-
ably heterogeneous pool of self-peptides from the cell surface, secretory vesicles
and the cytosol [90]. In marked contrast, a lymphoblastoid B cell line displayed a
very restricted and homogeneous peptide repertoire, where a few epitopes from
surface molecules were predominant [90]. Although many of the parent proteins
found with RINm5F epithelial cells were ubiquitous, some self-proteins, e.g.,
GD3 ganglioside synthase, neprilysin or carboxypeptidase H, were specific of neu-
roendocrine cells. Importantly, carboxypeptidase H peptides have been proposed
as putative autoantigens in type I diabetes mellitus [91]. Thus, class II molecules
expressed on epithelial cells could lead to the display of altered sets of self-pep-
tides capable of stimulating otherwise silent T cells.

The two most critical chaperones of the class II antigen processing pathway,
HLA-DM and the invariant chain (Ii), turned out to govern the composition of the
self-peptide repertoire of RINm5F cells [92]. In the absence of HLA-DM and Ii,
HLA-DR4 was mostly associated to peptides from cytosolic proteins. This is con-
sistent with preferential loading in the ER which is fuelled with cytosolic self-pep-
tides via the TAP transporter [93]. Expression of Ii alone forced the association of
CLIP to HLA-DR4, but also of several other self-peptides of endogenous and exo-
genous sources [92]. This agrees with a switch of the loading location from the ER
to the endocytic pathway. HLA-DM expression resulted in a similar composition
of the self-peptide repertoire, although the sequences from the respective transfec-
tants were very different from the transfectants discussed before. These data sup-
port the notion that the reported variability in the relative expression of class II
MHC, Ii and HLA-DM in autoimmune tissues relates to the maintenance of auto-
immunity [94]. Low or absent HLA-DM expression can prevent the presentation
of dominant epitopes, thereby allowing new or cryptic endogenous epitopes to be
presented at the surface of endocrine cells and to potentially stimulate non-toler-
ant T cell pools. In summary, more accurate knowledge of the expression of Ii,
HLA-DM and HLA-DR molecules in target organs of autoimmune diseases is cru-
cial to identify epithelial cell-specific self-peptides and to understand the dynamics
in the presentation of autoepitopes.

6.5
The CLIP Story

In 1992, Peter Cresswell and colleagues analyzed human TxB hybrid cell lines
defective in antigen processing and identified a naturally processed peptide de-
rived from the class II MHC-associated chaperone Ii [24]. This class II MHC-asso-
ciated Ii peptide was named “CLIP”– and it became the most frequently cited nat-
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ural peptide. The striking observation was that in these types of mutant APCs,
CLIP covered 70–80% of the HLA-DR-associated self-peptide repertoire [24, 25].
However, the murine equivalent of CLIP has already been described as a very
abundant self-peptide in wild-type APCs: by Rudensky et al. in murine B cells [19]
and by Chicz et al. in human EBV-transformed B cells [22]. As soon as it became
clear that it is the CLIP region that is mainly responsible for the interaction of
intact Ii with the peptide binding groove of any class II MHC molecule [95, 96] it
was easy to understand why CLIP is binding promiscuously to class II MHC pro-
teins [97]. Furthermore, as Ii and class II MHC molecules are widely co-expressed,
CLIP is a key representative in the vast majority of naturally processed self-peptide
repertoires of class II MHC.

6.5.1
CLIP in APCs Lacking HLA-DM

Class II MHC null APCs, such as 721.174 or T2, that displayed the CLIPhigh phe-
notype upon transfection with the genes for class II heterodimers [24, 25] were
widely defective in antigen presentation; however, they could be fully rescued
upon transfection with the genes encoding the non-classical MHC molecule HLA-
DM [98, 99]. Indeed, HLA-DM could be shown to release CLIP from class II-CLIP
complexes [100] and exert this task in a true catalytic fashion [101]. HLA-DM-me-
diated CLIP release is accomplished by binding of HLA-DM to class II dimers,
induction of conformational changes, preferentially affecting the P1 specificity
pocket [102] and by stabilizing the empty binding cleft in a chaperone-like fashion
[103].

As HLA-DM is only capable of releasing peptides of moderate or low kinetic
stability [104], the sequence of CLIP had to be evolutionarily adapted to the poly-
morphism of the class II alleles, so that critical anchor residues, such as P1 and
P4 or P6, do not fit too tightly into the specificity pockets. Otherwise, a long-last-
ing CLIP release step would become limiting in antigen presentation and prevent
the host from mounting a cellular immune response. Met-91 (P1), Ala-94 (P4)
and Pro-96 (P6) are highly conserved in all known species and appear to contrib-
ute exquisitely to promiscuous but low-stability binding in the context of the mul-
titude of allelic variants of class II binding grooves [105]. Conversely, the evolution
of further allelic class II variants is restricted by the conserved CLIP sequences,
since the incompatibility with CLIP removal will be disfavored by natural selection
mechanisms.

6.5.2
Flanking Residues and Self-release of CLIP

A closer look at the naturally occurring CLIP length variants in the human system
reveals that there are two principal variants: CLIP(long), consisting of 21- to
26-mers, and CLIP(short), consisting of 14- to 19-mers [22, 51, 66]. X-ray structural
analysis of the HLA-DR3-CLIP crystal shows that CLIP(short) contains the resi-
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dues critical for interacting with the peptide binding groove [105]. According to
this crystal structure, the N-terminal flanking residues of CLIP, positions 81–89,
have no defined folding, as they remained invisible. However, CLIP(long) disso-
ciated rapidly from HLA-DR molecules at endocytic pH, whereas CLIP(short)
displayed a lower off-rate [101, 106]. These findings suggested that the N-terminal
9 residues of CLIP, which are positioned outside the 9-mer region occupying the
binding cleft, are functionally relevant.

The critical impact of flanking residues is reminiscent of naturally occurring
hen-egg-lysozyme (HEL) derived epitopes: C-terminal Trp-residues enhance the
immunogenicity of HEL(52-63), resulting in altered T cell receptor variable region
usage [107]. Likewise, the N-terminal flanking region of CLIP augments the
immunogenic potential of the cryptic “self” epitope from the C-erb oncogene
(Her2/neu), leading to protective antitumor immunity of the chimeric tumor anti-
gen [108].

Although most class II allelic products depend on HLA-DM with respect to
CLIP removal, no necessity for HLA-DM or the murine counterpart H2-DM is
apparent for DRB1*0401, I-Ak or I-Ad [109, 110]. Likewise, loading with conven-
tional self-peptides other than CLIP has been demonstrated with several HLA-
DM-defective mutants [25, 111]. The rationale is that, at endosomal pH, the N-ter-
minal residues 81–89 facilitate rapid release of CLIP(long) [111]. Furthermore,
CLIP(81-89) catalyzes the release of CLIP(short) and a subset of other self-pep-
tides. Flanking residues of CLIP, in particular Lys-83, Lys-86 and Pro-87, are
thought to interact with an effector site outside the binding-cleft. This would be
consistent with an allosteric mode of action [111]. Interestingly, a lateral HLA-DM-
interacting surface on HLA-DR that includes acidic and hydrophobic HLA-DR res-
idues near the N-terminus of the peptide has been mapped [112]. Hence, from
these parallels one could envisage that class II molecules bear a binding-site outside
the groove close to the P1 pocket that allows induction of conformational changes
in and around the P1 pocket, thereby initiating the release of bound peptides.

According to this model, HLA-DM would be an optimized effector molecule
that has release capacities superior to the original effector, the N-terminal flanking
residues of CLIP.

6.5.3
CLIP in Tetraspan Microdomains

The density of MHC class II on the surface of APCs is a critical parameter in acti-
vating helper T cells. Being aware that cognate antigenic peptides can only be a
minority in relation to the multitude of endogenous self-peptides, such as CLIP,
the question emerges as to how T cells manage to track down the few copies of
cognate peptide. At least 200–300 class II-peptide complexes are estimated to be
required to fully activate a naive CD4+ T cell so that it can acquire effector func-
tions in immune defense [113, 114]. However, it remained open whether abun-
dant self-peptides, such as CLIP, can be excluded from the contact zone where
cognate T cell receptors recognize cognate antigenic peptide.
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Until recently, it was believed that supra-molecular assemblies of monospecific
T cell receptors on the T cell surface drive cluster formation of cognate class II-
MHC peptide complexes on APCs [115]. Novel evidence suggests that professional
APCs actively organize the lateral distribution of class II MHC-peptide complexes
on their own – before they emerge in immunological synapses with T cells – by
segregation of class II molecules into membrane microdomains [116]. B cells and
some other APCs concentrate class II-peptide complexes in detergent-resistant
cholesterol- and glycosphingolipid-enriched microdomains at the cell surface,
denoted as “lipid rafts” [117, 118]. This type of microdomains can accumulate in
synapses and thereby favor antigen presentation at low doses of antigen; however,
lipid rafts do not seem to be equally important in all types of APCs [119, 120].

Microdomains formed by so-called tetraspanins seem to be more broadly dis-
tributed across leukocytes [121]. Tetraspanins, such as CD9, CD53, CD81 or CD82
are proteins that contain four membrane-spanning domains and have a strong
tendency to build up so-called tetraspan webs by homo- and hetero-dimerization
with each other through their luminal stalk subdomains. Class II MHC molecules
segregate in tetraspan microdomains already in endosomal compartments, prefer-
entially bound to CD82 and CD63 and to the co-stimulator CD86 [120].

In developing DC, class II molecules loaded with cognate antigen co-localize
with CD86 in membrane domains of transport vesicles and remain co-associated
upon arrival on the surface [122]. Hence, tetraspan microdomains appear to facil-
itate clustering of proteins relevant for class II-restricted antigen presentation
assemblies during transport to the cell surface and until synapses with T cells are
generated. Strikingly, tetraspan microdomains revealed to carry a rather narrow
and selected set of self-peptides [120]. This is probably due to the presence of the
peptide editor HLA-DM. In mature DCs tetraspan microdomains display a strong
enrichment of CLIP, although it may attain an abundance of less than 10% in the
total self-peptide repertoire [116]. In agreement with this observation, the tetraspa-
nin CD82 co-precipitates readily with HLA-DR-CLIP complexes in DCs [18] and
in human B lymphoblastoid cell lines [120].

When we explored the total self-peptide repertoire of tetraspan microdomains,
affinity-purified from human peripheral blood mononuclear cells [26], we found a
strong enrichment of epitopes from nuclear and cytosolic proteins, in particular
several ribonuclear proteins (hnRNP) (Figure 6.5). Strikingly, none of the self-pep-
tides were derived from serum, plasma membrane or endocytic proteins. How-
ever, most self-peptides found in tetraspan microdomains displayed another inter-
esting feature: several pairs of self-peptides originated from regions adjacent to
each other in the respective parent protein. Table 6.8 shows two examples, derived
from LckBP1 and hnRNP A2/B1. As one peptide of each pair has an apparent
class II binding motif, whereas the other peptide lacks such a motif, it is tempting
to speculate that the “null” peptide is a processing by-product protected from deg-
radation by neighboring class II molecules or tetraspanins in the same microdo-
main. Future studies will have to expand on the peptide repertoire of tetraspanin
domains of other APCs.
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Figure 6.5 Tetraspan microdomains carry a
select self-peptide set. Indicated are the
parent proteins of the natural peptides found
exclusively in tetraspan microdomains (A) or
bound to HLA-DR molecules but not to

microdomains (B). Self-peptides were
purified from peripheral blood mononuclear
cells. Also indicated is the number of
identified length variants of a given epitope
in the respective self-protein.
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Table 6.8 Self-peptides in tetraspan microdomains of PBMC [26].

Protein name Sequence Epitope

Hematopoietic
cell-specific
LYN substrate 1
(LckBP1)

TIEGSGRTEHINIHQLRNK
MMEGSGRTEHINIHQL
MMMGSGRTEHINIHQL
MMMMMMMTEHINIHQL
MMMMMMMTEHINIHQLR
MMMMMMMTEHINIHQLRNK
MMMMMMMMMMMMMMMMRNKVSEEHDVLR
MMMMMMMMMMMMMMMMRNKVSEEHDVLRK
MMMMMMMMMMMMMMMMMNKVSEEHDVLR
MMMMMMMMMMMMMMMMMMMVSEEHDVLR
MMMMMMMMMMMMMMMMMMMVSEEHDVLRK
MMMMMMMMMMMMMMMMMMMVSEEHDVLRKK

42–60
44–57
45–57
49–57
49–58
49–60
58–69
58–70
59–69
61–69
61–70
61–71

Heterogeneous
nuclear
ribonucleo-
protein A2/B1
(hnRNP A2/B1)

GIKEDTEEHHL
GIKEDTEEHHLR
GIKEDTEEHHLRD
GIKEDTEEHHLRDYF
GIKEDTEEHHLRDYFEEY
GIKEDTEEHHLRDYFEEYGK
MMMMFEEYGKIDTIEIITDRQSGKKRGFGFVT
MMMMEEYGKIDTIEIITDRQSGKKRGFGFVT
MMMMMGKIDTIEIITDRQSGKK
MMMMMGKIDTIEIITDRQSGKKRGFG
MMMMMMGKIDTIEIITDRQSGKKRGFGFVT
MMMMMGKIDTIEIITDRQSGKKRGFGFVTF

118–128
118–129
118–130
118–132
118–135
118–137
132–159
133–159
136–152
136–156
136–159
136–160

6.5.4
CLIP as an Antagonist of TH1 Cells

Many investigators have proposed that endogenous self-peptides may be critical
for the extraordinary sensitivity of T cells for foreign antigen [123–125]. This view
is supported by the fact that T cells rely on the weak interaction with MHC–self-
peptide complexes in the thymus to progress to full maturity [126] and in the per-
iphery to guarantee survival [125]. In addition, along with agonist ligands, large
quantities of class II MHC-self-peptide complexes, attaining up to 20% relative
abundance, accumulate in the immunological synapse [124, 127]. One of the mod-
els attempting to explain how self-peptides may influence T cell responses is the
heterodimer model [123, 127]: MHC-agonist peptide and MHC-self-peptide com-
plexes form heterodimers that induce dimerization of TCRs, thereby facilitating
T cell activation. Until most recently, it remained open whether each self-peptide
can influence T cell responsiveness in a similar manner or whether distinct self-
peptides modulate T cell activity in distinct way. CLIP is the first defined self-pep-
tide that could be demonstrated to have an impact on the quality of T cell activa-
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tion [18]. During maturation, DCs strongly up-regulate class II-CLIP complexes
on the surface, apparently driven by down-regulation of the abundance and cata-
lytic activity of HLA-DM. Class II-CLIP complexes attain an abundance of up to
10% of the total class II-self-peptide pool on the surface of mature DC [18]. CLIP
and cognate antigen co-segregate in immunological synapses of DCs and naive
CD4+ T cells, which is in accordance with class II-CLIP complexes being constitu-
ents of tetraspan microdomains. The increase in class II-CLIP complexes on
mature DC led to a significant shift in the polarization of naive T cells [18]: CLIP
reduced the number of TH1 cells secreting IFN-c and promoted the secretion of
the TH2 cytokine IL-4. Likewise, APCs from H2-DM mice favored polarization of
TH2 cells, whereas APCs from wild-type mice gave rise to more TH1 cells [18].
Mechanistically, CLIP may interfere with signaling relevant for TH1 polarization.
This would be equivalent to the situation when low doses of agonist or low-affinity
agonists give rise to low-avidity APC-T cell interactions, thereby favoring TH2 po-
larization.

Alternatively, CLIP may promote the formation of a particular type of TCR
dimers, as described in the pseudodimer model [128]. Compared to other self-pep-
tides, CLIP may play a special role in this scenario as it contributes to positive
selection of T cells in the thymus and, thus, may preferentially attract those pe-
ripheral T cells that have been positively selected by thymic MHC-CLIP complex-
es. In the presence of exogenous antigenic peptide, these T cells may undergo TH2
polarization. Class II MHC alleles linked to autoimmune diseases, such as rheu-
matoid arthritis, juvenile dermatomyositis, autoimmune hepatitis and Graves dis-
ease, form unstable class II-CLIP complexes [18]. As most autoimmune diseases
rely on TH1 cells, a lack of CLIP may be accomplished by a low capacity to counter-
balance TH1 polarization. Thus, the CLIPlow phenotype may increase the risk for
autoimmunity, whereas the CLIPhigh phenotype may confer protection. This
mechanism may normally prevent the organism from excessively strong TH1
responses, but maintain balance in the task to combat foreign invaders without
losing tolerance against the set of self-antigens.

6.6
Outlook: Natural Peptides as Diagnostic or Therapeutic Tools

Recent advances in genome sequencing have provided us with the complete
genome sequence of both pathogens and the host homo sapiens (cf. http://
www.ncbi.nlm.nih.gov/Genomes). In parallel, the ongoing refinement of MHC
allele-specific ligand binding motifs in combination with the sophistication of
computational tools allowed us to set-up algorithms for the identification of T cell
epitopes. As a consequence, expectations are high that we may be able to predict
those natural self-peptide sequences that confer susceptibility to autoimmune dis-
eases, would be suitable for immunotherapy of tumors or may serve as biomar-
kers for certain diseases and the severity of a malignancy.
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However, it is still the lack of fundamental data on the cooperative or interfer-
ence interactions of various adjacent and non-adjacent amino acids and our ignor-
ance on proteolytic processing of antigenic peptides that limit our current predic-
tion algorithms. One way out of this situation is to expand the field of high-
throughput sequencing of naturally processed peptides. In particular, the MAPPs
approach is a powerful tool that will pave the way to generate comprehensive self-
peptide sequence databases that can be exploited for diagnostic and therapeutic
purposes. One obstacle in the usage of self-protein sequences from the genome
sequencing approach is that, as yet, in most instances only unmodified sequences
are available in database searches. However, in both the oncology and autoim-
mune fields, mutations and post-translational modifications, such as phosphoryl-
ation, glycosylation or citrullination, play a critical role. Future mass-spectrome-
try-based search algorithms will have to take this into account.

As the MAPPs technology is sensitive enough to generate self-peptide profiles
from peripheral blood samples, it becomes feasible to search for novel self-peptide
markers that are linked to clinical events. An obvious field that could benefit from
such a diagnostic innovation is the autoimmune disease area. Rheumatoid arthri-
tis (RA) would be particular amenable to self-peptide profiling, as not only blood
samples but also synovial fluid from RA-patients’ joints could be used in an indi-
vidualized manner. Apart from diagnostic purposes, the same strategy could give
us more direct insight into disease-related alterations of putative autoantigenic
self-peptides and the dynamics of epitope spreading at later stages of RA progres-
sion. The great advantage of this type of biomarker search is that it is strictly
focused from the beginning: it is well established that certain MHC class II alleles
function as susceptibility or severity factors in RA and other autoimmune dis-
eases, and we are persuaded that it is some critical self-peptides that trigger auto-
reactive T cells. Hence, it is only matter of time before we will identify them via
self-peptide profiling.

Another aspect that could be addressed by high-throughput self-peptide analy-
sis is the phenomenon of naturally antagonized T cells that can be found in late
phases of the immune response to HIV-1, Epstein-Barr Virus or melanoma anti-
gens. This is most likely due to antagonist self-peptides [129]. In support of this
view, many self-peptides that induce positive selection in the thymus exhibit
antagonist activity for mature T cells. Thus, antagonist self-peptides might influ-
ence immune responses as a rule, rather than as an exception. Antagonist self-
peptides may vary in their number and potency towards different epitopes and
MHC alleles, thereby explaining why certain MHC alleles have an inhibitory effect
on immune responses. The identification of this type of antagonist self-peptides
could be of particular value in exploring infectious diseases and in oncology.

A key challenge facing researchers in oncology is the need to supplement cur-
rent cancer vaccines with tumor-specific class II MHC-restricted tumor antigens.
As yet, only a dozen helper T cell epitopes have been defined, most of which are
connected to malignant melanoma. Pilot studies are underway using DCs and
necrotic tumor cells in vitro to mimic the situation in vivo. MAPPs technology
will be suitable for identifying more class II-restricted tumor antigens by sequen-
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cing those naturally processed peptides from DCs that are newly presented upon
engaging tumor cells. Mixtures of naturally processed helper T cell epitopes may
prove to be critical in conditioning DCs so that they are potent enough to trigger a
long-lasting cytotoxic anti-tumor response by CD8+ T cells. Future clinical trials in
cancer patients may benefit from the availability of an increasing number of class
I- and class II-MHC-restricted, tumor-specific self-peptides; in particular, at the
beginning of a century when individualized health care is no longer a foreign
word but the focus.
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7
Target Cell Contributions to Cytotoxic T Cell Sensitivity
Tatiana Lebedeva, Michael L. Dustin and Yuri Sykulev

7.1
Introduction

Functioning of the immune system is mediated by multiple cell-cell contacts. In
particular, antigen recognition by T cells requires interaction of immune receptors
on T cells with their ligands on target cells and antigen-presenting cells (APC) and
leads to large-scale redistribution of immune receptors and formation of special-
ized intercellular junction, termed immunological synapse (IS). While redistribu-
tion of immune receptors on T cells is well documented, initial or preexisting dis-
tribution of these molecules is less well understood. It is also not clear whether
the preexisting distribution may change upon activation and differentiation of
T cells. Even less is known about initial distribution of immune receptors on target
cells and APC. In particular, it is unclear whether the redistribution of the
immune receptors on target cells and APC may be an active process or whether
these receptors just follow a pattern of redistribution of their counter receptors on
T cells.

In this chapter we focus on the distribution of major histocompatibility com-
plex (MHC) and adhesion molecules on the surface of target cells and APC. Based
on our own and other published data we propose that, in addition to well-docu-
mented role of intercellular adhesion molecule 1 (ICAM-1, CD54) to function as
an adhesion receptor, productive engagement of ICAM-1 leads to the induction of
cell surface and intracellular molecular events that facilitate antigen presentation
to T cells.



7.2
Intercellular Adhesion Molecule 1 (ICAM-1)

7.2.1
Adhesion Molecules on the Surface of APC and Target Cells

Antigen recognition by T cells requires conjugate formation between the T cell
and target cell or APC. Upon recognition of specific target cells, CTL adhesion to
the target cell precedes antigen recognition (Spits et al., 1986). In fact, CTL-target
cell conjugates could be formed in the absence of antigen, but their contacts with
CTL do not lead to target cell lysis. In addition, CTL may utilize regulated changes
in adhesion to control immune recognition events (Dustin and Springer, 1989).

Among others, adhesion molecule ICAM-1 plays a key role in CTL interactions
with target cells. Since ICAM-1 and MHC-I are the ligands for LFA-1 (lymphocyte
function associated antigen-1, CD11a/CD18) and TCR (T cell receptor), respec-
tively, which segregate upon productive CTL-target encounter, these systems are
generally thought to cooperate at a distance due to the molecular segregation at
the interface (Somersalo et al., 2004; Springer, 1990 ; Stinchcombe et al., 2001).

7.2.2
ICAM-1 Structure and Topology on the Cell Surface

ICAM-1 is composed of five Ig-like domains, a transmembrane segment, and 28
amino acids cytoplasmic tail (Staunton et al., 1990). Electron microscopy studies
revealed a fixed 90 bend between domains 3 and 4 such that monomers are
L-shaped (Kirchhausen et al., 1995; Staunton et al., 1990). It is expressed at low
basal level on various cells and could be significantly up-regulated in response to
activation or immune challenge, augmenting immune response in inflamed tis-
sues (Dustin et al., 1986).

Oligomerization and clustering of adhesion receptors promote adhesion by
favoring rebinding of receptors and ligands after dissociation. This can be a very
significant effect since adhesion molecule interactions tend to have fast mono-
meric dissociation rates. Cell surface fluorescent resonance energy transfer
(FRET) with bivalent monoclonal antibodies (mAb) revealed that ICAM-1 mole-
cules may self-associate as well as form clusters with other cell surface molecules
(Bacso et al., 2002; Bene et al., 1994). Biochemical approaches supported the orga-
nization of ICAM-1 into non-covalent homodimers on the cell surface (Miller et
al., 1995; Reilly et al., 1995). Consistent with these data, analysis of the crystal
structure of the three C-terminal domains (D3-D5) of ICAM-1 shows that this
molecule can form dimers. Domain 4 (D4) of ICAM-1 has a 16 amino acid residue
disordered region enabling formation of the energetically favorable D4-D4 dimer
(Yang et al., 2004). The ICAM-1 D1-D2 structure also suggested a D1-D1 dimer
interface on the side of D1 opposite the LFA-1 binding surface (Casasnovas et al.,
1998). All these data suggest that at high ICAM-1 cell surface density D1-D5
ICAM-1 molecules form D4-D4 dimers that could be brought together by D1-D1
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interactions, resulting in W-shaped tetramers capable of further propagation into
linear arrays. In this structure the LFA-1 binding site in D1 and Mac-1 binding
site in D3 are favorably oriented and readily accessible for ligation of LFA-1. The
ICAM-1 clustering offers a plausible model for IS formation. The linear array, cre-
ated by ICAM-1 and zigzagging between the two cells, can likely bend and close to
form a circle, i.e., adhesion ring. Could this molecular ring be related to formation
of the adhesion ring of the immunological synapse? The adhesion ring in the
immunological synapse involves thousands of LFA-1-ICAM-1 interactions and
has a thickness of several microns and so it would have to incorporate many of
these molecular scale rings. Nonetheless, the ability of LFA-1-ICAM-1 interactions
to form linear arrays may account for the sharp dividing line between the cSMAC
and pSMAC (Grakoui et al., 1999). In fact, CTL also form antigen-independent
micron scale adhesion rings in response to high surface densities of ICAM-1 in
the planar glass-supported bilayer (Somersalo et al., 2004).

Early electron microscopy studies of integrins showed globular structures sup-
ported on two straight “legs” connected to the membrane, with a total height of
20 nm (Carrell et al., 1985). Subsequent studies supported the notion that the
globular domain contains the ligand binding sites, which are then 20 nm from
the membrane. The crystal structure of integrins revealed unexpected conforma-
tional flexibility. One crystal structure of an integrin showed a “genuflected” con-
formation in which “knees” in the leg domains are folded back to position the li-
gand binding domain within 7.5 nm of the membrane (Xiong et al., 2001), similar
to the size of the TCR. The ICAM-1 D1 may be up to 18 nm from the membrane
when this angle between domain 5 and the membrane is 45 or as close as 7.5 nm
when D5 is perpendicular to the membrane surface (Kirchhausen et al., 1995).
Thus the LFA-1–ICAM-1 interaction may be able to reach 40 nm to initiate interac-
tions, but may then be able to pull the membranes to within less than 15nm to
allow nearby TCR–pMHC interaction. This possibility would not have seemed
likely (Shaw and Dustin, 1997) until the surprising crystal structure was pub-
lished, making it possible to explain how LFA-1–ICAM-1 interactions directly
facilitate TCR-pMHC binding. A caveat to this idea is evidence that the genu-
flected form of integrins have a very low affinity for ligand. However, this evidence
was obtained for a different integrin, not LFA-1. Thus, it is possible that LFA-1
may have a structural difference to allow high-affinity ICAM-1 binding in the gen-
uflected conformation.

7.2.3
ICAM-1 as Co-stimulatory Ligand and Receptor

Usually, the signal received by a T cell via TCR binding to MHC is designated as
signal 1, while the signal received via accessory or co-stimulatory molecules is
referred to as signal 2. This model is typically focused on events in the T cells
where signal 2 is mainly mediated by co-stimulatory molecules such as CD28
(Johnson and Jenkins, 1994; Mueller et al., 1990; Schwartz et al., 2002; Slavik et
al., 1999), but also by adhesion molecules such as CD2 (Bierer and Hahn, 1993;
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Davis et al., 2003) and others. The APC can also receive signals that have impor-
tant immunoregulatory functions, including activating signals through CD40 and
the CD28 ligands CD80 and CD86. ICAM-1 is expressed on both the T cell and
APC and may also function as a co-stimulatory ligand on APC signaling through
LFA-1 to the T cells, and also as a co-stimulatory receptor on the signaling directly
into the APC. Since the APC often express LFA-1, it is also possible for ICAM-1 to
act as a co-stimulatory receptor on certain T cells. Thus, this versatile adhesion
system may provide information to the T cell and APC at several levels to facilitate
MHC-II or MHC-I restricted immune responses. The role of ICAM-1 as a co-sti-
mulatory receptor may vary in regard to different subsets of T cells involved in
intercellular contacts. For example, memory T cells express ICAM-1, which is
absent from na�ve T cells (Buckle and Hogg, 1990).

MHC-II restricted antigen presentation is limited to professional APC that also
have the capacity to express intermediate or high levels of B7, depending upon
their state of activation. CD4+ T cells, thus, seldom encounter antigens in the total
absence of B7 ligand, but different levels of co-stimulation may make the differ-
ence between tolerance and a productive response. In contrast, virtually all
nucleated cells express MHC-I. Most of these cells lack expression of B7 family
proteins such that MHC-I restricted presentation often takes place in the absence
of CD28 ligands. Under these conditions overall expression of ICAM-1 and its up-
regulation by inflammatory stimuli would provide an important source of co-stim-
ulation to CD8+ T cells through engagement of LFA-1. High level of ICAM-1
expression on APC provides effective co-stimulation and enhances the activation
of CD8+ T cells isolated from spleen; the extent of this enhancement is more pro-
found at lower peptide concentration (Oh et al., 2003). In addition, LFA-1-ICAM-1
co-engagement, even at a very high level of signal 1, stimulates greater CD8+ T cell
proliferation than the TCR-mediated signal alone. LFA-1-ICAM-1 interactions are
thought to act specifically by increasing cell contact and, thus, TCR avidity and,
consequently, the TCR occupancy (Bachmann et al., 1997). Cytotoxic T lympho-
cytes (CTL) induced with high levels of ICAM-1 kill tumor cells expressing low
levels of tumor-associated antigen very effectively. ICAM-1 is more effective in co-
stimulation of IL-2 production by CD8+ T cells, than by CD4+ T cells (Deeths and
Mescher, 1999). Thus, under conditions of B7-independent co-stimulation of
CD8+ T cells, the level of ICAM-1 signal becomes a crucial factor for initiation of
CTL response to MHC-I antigens presented by non-professional APC. ICAM-1 co-
stimulation may also facilitate activation of CD4+ T cells (Gaglia et al., 2000). All
these data support the notion that ICAM-1 plays an important role as a co-stimu-
latory ligand for LFA-1 in T-cell signaling in addition to its role as an adhesion
ligand.
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7.2.4
ICAM-1-mediated Signaling

Various membrane receptors signal via dimerization. Similarly, ICAM-1 dimerizes
and/or oligomerizes upon ligation with LFA-1 or with other multivalent ligands
such as fibrinogen to initiate intracellular signaling. Experimentally, anti-ICAM-1
antibodies can be used to trigger signaling. ICAM-1-mediated signaling events
include phosphorylation of several proteins, including Src family kinases p53/p56
lyn and pp60 src, actin-binding protein p85 cortactin, focal adhesion kinase
(FAK), paxillin, as well as transient phosphorylation of 34kD cdc2 cyclin-depen-
dent protein kinase, a regulator of cell cycle (Greenwood et al., 2002; Hubbard and
Rothlein, 2000). The 28 amino acid cytoplasmic tail of ICAM-1 lacks intrinsic
enzymatic activity. The IKKY(485)RLQ sequence in the ICAM-1 cytoplasmic
domain bears weak similarity to the immunoreceptor tyrosine inhibition motifs
(ITIM) that generate docking sites for protein phosphatases with Src homology 2
(SH2) domains. Upon engagement with multivalent ligand ICAM-1 becomes
phosphorylated at Y485 and can bind SH2-containing phosphatase-2 (SHP-2)
(Pluskota et al., 2000). SHP-2 dephosphorylates certain substrates, but can also
serve as scaffolding protein mediating recruitment of Grb-2, which binds to SOS
and promotes activation of Ras, initiating the Raf-1/Mek1/ERK pathway. Once
activated, these mitogen activated protein kinases (MAPK) are involved in the
phosphorylation of transcription factors such as c-fos [via ERK (Sano et al., 1998)],
c-jun [via JNK (Etienne et al., 1998)], or ATF-2 [via p38 family MAPK proteins
(Wang and Doerschuk, 2001)]. Phosphorylated c-fos and c-jun form AP-1 (activat-
ing protein–1), a transcription factor involved in cell growth and differentiation
(Koyama et al., 1996) (Figure 7.1).

The physiological consequences of increased kinase activity and transcription
factor activation include increased production of proteins such as cytokines and
cell surface proteins. Cross-linking of ICAM-1 on HUVEC with anti-ICAM anti-
body followed by secondary antibody results in increased mRNA and protein pro-
duction of IL-8 and RANTES, chemokines that enhance leukocyte trafficking.
Expression of IL-1 is also increased following ICAM-1 engagement. Elevated
expression of the IL-1 gene appeared dependent upon the activation of AP-1 with-
in the LPS responsive enhancer region. Engagement of ICAM-1 on lymphocytes
also increases expression of MHC-II, IL-1 receptor, VCAM-1 and ICAM-1, which
all may facilitate antigen presentation by target cells. Remarkably, under the same
conditions the expression levels of the accessory molecule B7 (Poudrier and
Owens, 1994) or endothelial adhesion molecule E-selectin (Lawson et al., 1999)
were not upregulated by ICAM-1 signaling directly, although IL-1 produced in
response to ICAM-1 cross-linking will up-regulate E-selectin to enhance leuko-
cyte–endothelial interactions.
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Figure 7.1 Productive engagement of
ICAM-1 activates several signaling pathways.
ICAM-1 cross-linking with multivalent
ligands (such as fibrinogen) results in
ICAM-1 recruitment to lipid rafts and phos-
phorylation of both ICAM-1 (at Y485) and
SHP-2, Src homology 2 domain (SH2)-con-
taining tyrosine phosphatase (Pluskota et al.,
2000). SHP-2 recruitment to rafts is usually
mediated by high levels of membrane
cholesterol and interaction with annexin II,
Ca2+-dependent phospholipid-binding

protein (Burkart et al., 2003). SHP-2 contains
two N-terminal SH2 domains, catalytic
domain (C) and a short C-terminal tail. Even
though pY485 containing amino acid
sequence does not resemble ITIM (immune
receptor tyrosine-based inhibitory motif)
consensus motif, association of SHP-2 and
phosphorylated ICAM-1 occurs via SH2
domain of SHP-2. ICAM-1 is associated with
SHP-2 on endothelial cells, Raji B cell line
and human kidney fibroblast line 293
(Pluskota et al., 2000). Along with its
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enzymatic activity, SHP-2 serves as adaptor
molecule; being phosphorylated, it interacts
with Grb2 (growth factor receptor binding
protein 2) and via its connection with SOS
(guanidine exchange factor for Ras) can
activate Ras, small G-protein. Both signaling
through the phosphatase catalytic domain of
SHP-2 and signaling through Ras are
necessary for activation of mitogen-activated
protein kinase (MAPK). The activated Ras
associates with the serine/threonine kinase
Raf. Ras is localized to the plasma
membrane due to its prenylation, while Raf
is recruited to membrane by association
with Ras. Its localization at the membrane
results in activation and subsequent
phosphorylation of the dual specific
MAPK–ERK kinase (MEK) that, in turn,
phosphorylates ERK (extracellular signal
regulated kinase) on both tyrosine (pY) and
threonine (pT) residues. Phosphorylated ERK
dimerizes and exposes a signal peptide that
mediates its transfer to the nucleus. Inside
the nucleus ERK phosphorylates p62TCF
(ternary complex factor) that then associates
with p67SRF (serum response factor) to
form active transcription factor complex to
promote transcription of c-fos gene. Initially
it was found that ICAM-1-SHP-2 interactions
are necessary for cellular survival, but they
are implicated in regulation of cytokines and
growth factors expression during cell
proliferation and differentiation as well as in
upregulation of some membrane proteins,
including immune receptors. Another signal
transduction route activated upon ICAM-1
engagement is associated with activation of
RhoA-family G-proteins (Etienne et al., 1998;
Thompson et al., 2002) that activates
downstream Abl tyrosine kinase capable of
autophosphorylation. Abl initially
phosphorylates Crk-accosiated substrate,
CAS, at a single tyrosine residue (1) and at
the same time binds to SH2 domain of

adaptor protein Crk (CT10 regulator of
kinase), contributing to additional
phosphorylation of tyrosine residues of
p130CAS (2). The Crk-based scaffold also
provides a binding site for C3G, guanidine
exchange factor protein. Assembly of Crk,
p130CAS and C3G (Etienne et al., 1998)
leads to activation of JNK (c-jun N-terminal
kinase) that, similar to ERK, can translocate
to nucleus and induce transcription of c-jun
gene. C-Fos and c-Jun proteins together form
activator protein complex-1 (AP-1), which
controls expression of cytokines and genes
encoding other proteins, ICAM-1 and VCAM-
1, in particular (Koyama et al., 1996; Lawson
et al., 1999; Poudrier and Owens, 1994; Sano
et al., 1998). ICAM-1 molecules lacking the
intracellular domain can not activate Rho
proteins upon cross-linking (Greenwood et
al., 2003). ICAM-1-associated signaling is
not limited to the above pathways.
Engagement of ICAM-1 also induces
activation of Src-family kinases, in particular,
p53Lyn upstream PLCc. This cascade is
responsible for Ca2+ influx and
phosphorylation of cortactin p85 and other
actin-associated proteins involved in
cytoskeletal rearrangement (Etienne-
Manneville et al., 2000). Src-family kinase
pathway is also implicated in activation of
p38 MAPK via ezrin phosphorylation and is
responsible for generation of reactive oxygen
species and nitric oxide (Wang and
Doerschuk, 2001; Wang et al., 2003),
suggesting an ICAM-1 role in mediating
inflammation. The ability of ICAM-1 to
induce various cell responses could depend
on the nature of its ligand, cell type, ICAM-1
expression level and molecular distribution
on the cell surface, suggesting that ICAM-1
mediated signaling is involved in modulation
of immune response by a wide spectrum of
various effects. (This figure also appears
with the color plates.)
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7.2.5
Role of ICAM-1 in Endothelial Response to Leukocytes

Leukocyte–endothelial interactions are vital for appropriate immune responses
because they control the access of leukocytes to the tissue. ICAM-1 is an impor-
tant adhesion molecule on endothelial cells that has significant basal expression,
but is strongly up-regulated by inflammatory cytokines. ICAM-1 also participates
in a second level of regulation of the leukocyte endothelial interaction by regulat-
ing the cytoskeletal response of the endothelial cells to leukocyte adhesion (Bar-
reiro et al., 2002; Wojciak-Stothard et al., 1999). In culture models, LFA-1 express-
ing activated leukocytes elicits a dramatic response from endothelial cells, involv-
ing the formation of a cup-like structure by endothelial cell membrane projections
that reach around the leukocyte. The signaling pathway responsible for this
response involves RhoA on the endothelial cells and the mechanism of protrusion
generation to embrace the leukocyte includes ezrin interactions with the cytoplas-
mic domains of ICAM-1 and VCAM on the endothelial cells. This system has led
to insights in ICAM-1 signaling that will be discussed below and also may be a
model for the active role of the APC in engaging T cells.

7.2.6
ICAM-1 Association with Lipid Rafts

Plasma membrane lipids can form highly ordered specialized microdomains,
named lipid rafts. Rafts represent a fraction of cell membrane enriched in choles-
terol, sphingolipids (mainly GM1 ganglioside) and phospholipids with long satu-
rated fatty acyl chains, which are insoluble at 4 C in non-ionic detergents, such as
Triton X-100 or Brij, and, thus, can be separated from the bulk of the plasma
membrane by floatation on sucrose gradients (Brown and Rose, 1992; Simons
and Ikonen, 1997). Analysis of lipid raft functions confirms that they are impor-
tant constituents of plasma membrane, serving as active sites of membrane pro-
trusion (Naslavsky et al., 2004), protein sorting and a platform for signaling
(Brown and London, 1998; Edidin, 2003). Disruption of rafts blocks some signal-
ing processes in T lymphocytes, particularly Ca2+ mobilization, but also stimulates
some tyrosine phosphorylation, leading to the concept that membrane domains
are involved in initiating signaling and maintaining off states (Dustin, 2002).

At rest ICAM-1 molecules are primarily raft-excluded, whereas after cross-link-
ing they are mostly found in the raft fraction on sucrose gradients (Amos et al.,
2001; Tilghman and Hoover, 2002a). This raises the possibility that ICAM-1
recruitment into rafts initiates intracellular signaling and may enhance antigen
presentation.

Consistent with this notion, we have shown that productive ICAM-1 engage-
ment results in the recruitment of Src kinases and concomitant clustering of the
raft marker GM1 and MHC-I-ICAM-1 assemblies to the area of initial target cell-
CTL contact (Lebedeva et al., 2004). The significance of ICAM-1-mediated signal-
ing and subsequent large-scale molecular redistribution on the surface of target
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cells is demonstrated by experiments in which disruption of raft integrity or block-
ing of Src kinase activity decreased the ability of the target cells to present viral
peptides to CTL, especially at lower peptide abundance (Lebedeva et al., 2004).
Productive engagement of ICAM-1 molecules also leads to their recruitment to
rafts in other cell types that could serve as target cells for CTL. For instance, anti-
body-mediated cross-linking of ICAM-1 on brain endothelial cells induces its par-
titioning into raft fractions and ICAM-1 co-immunoprecipitation with Src kinases
(Tilghman and Hoover, 2002b).

Since neither transmembrane nor cytoplasmic tail of ICAM-1 contains charac-
teristics that could target it to membrane rafts, it is thought that cross-linking of
ICAM-1 brings together transmembrane segments, increasing their affinity to the
liquid-ordered environment in the lipid rafts. Treatment with cytochalasin B
(Tilghman and Hoover, 2002a) does not block ICAM-1 redistribution to the raft
fraction after its cross-linking. This suggests that actin polymerization is not re-
quired for ICAM-1 recruitment to lipid rafts. However, earlier studies have shown
ICAM-1 association with a-actinin, a linker between actin cytoskeleton and cell
membrane (Carpen et al., 1992). Ezrin, another linker between integral mem-
brane proteins and actin cytoskeleton, binds directly to ICAM-1 in the presence of
phosphatidylinositol 4,5-biphosphate, strongly suggesting a regulatory role of
phosphoinositide signaling pathways in anchoring ICAM-1 (Heiska et al., 1998).
Thus, ICAM-1 is linked to the actin cytoskeleton independent of association with
membrane rafts. The cytoplasmic domain of ICAM-1 binds the b-tubulin and gly-
ceroaldehyde-3-phosphate dehydrogenase, a microtubule bundling enzyme (Fed-
erici et al., 1996). ICAM-1 engineered to express a glycosylphosphatidylinositol
(GPI) anchor in place of its transmembrane and cytoplasmic domain still binds to
LFA-1 and can function in antigen presentation (Greenwood et al., 2003); how-
ever, GPI anchored proteins also activate src family kinases upon rafts clustering
such that the GPI anchor may simply replace the normal signaling mediated by
the ICAM-1 transmembrane and cytoplasmic domains with a related set of signals
characteristic of GPI anchored proteins. Thus, ICAM-1 facilitates antigen presen-
tation by initiating Src kinase-dependent signaling that leads to increase of cyto-
kine expression and the level of immune receptors on target and APC; this signal-
ing also facilitates recruitment of the immune receptors into rafts and rafts coales-
cence, resulting in the accumulation of these receptors at the T cell-target cell con-
tact area. Although these events seem to be independent on actin cytoskeleton,
the cytoskeletal changes induced by ICAM-1 ligation may result in optimized
membrane contact between target cells and CTL.
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7.3
Major Histocompatability Complex (MHC)

7.3.1
MHC Molecules

MHC molecules that display fragments of pathogens or tumor-specific proteins
serve as natural ligands for antigen-specific receptor (TCR) on T cells. There are
two classes of MHC, MHC-I and MHC-II, which present antigenic peptides to
two different subpopulations of T cells, CD8+ and CD4+, respectively. These pro-
teins share similar molecular structure, but present peptides of different origin.
Peptides associated with MHC-I are derived from proteins produced inside the
cell, while MHC-II-bound peptides are derived from proteins taken up into the
cell. This difference may reflect the profile of MHC-I and MHC-II distribution be-
tween tissues: MHC-II is expressed only on professional APC, most of which exer-
cise phagocytic activity, while MHC-I is present on the surface of all nucleated
cells.

Measuring diffusion characteristics of MHC-I molecules, Edidin and colleagues
first concluded that these molecules are organized in clusters on the cell surface
(Edidin, 1988; Wier and Edidin, 1988). The value of the rotational diffusion coeffi-
cient of HLA-A2 MHC-I on B lymphoblastoid JY cells suggests that there are, on
average, about 25 molecules of HLA-A2 per cluster, which could reach 240 mole-
cules per cluster on HeLa cells (Tang and Edidin, 2001). In accord with these data,
analysis of the hierarchy of MHC-I clustering with electron microscopy showed
the existence of small-scale (2–10nm) MHC-I clusters as well as larger-scale clus-
ters (up to hundreds of nanometers) (Damjanovich et al., 1995).

7.3.2
Molecular Associations of MHC-I Molecules

Molecular homo-association between different MHC-I molecules on T and B lym-
phoblastoid cell lines was confirmed by fluorescence energy transfer between
FITC- or TRITC-labeled Fab fragments of W6/32 mAb bound to non-polymorphic
domain of human MHC-I (Bene et al., 1994). MHC-I clusters appeared to be
stable over dozens of minutes and were not caused by random collision of the
monomers. For instance, homo-association of MHC-I was detected on the differ-
ent B cell lines (regardless of MHC-I expression level), as well as on transformed
fibroblasts, lymphoblasts and activated lymphocytes, epithelial (melanoma) and
colon carcinoma cells, but not on the resting lymphocytes and normal fibroblasts.

Receptor clustering at the cell surface may facilitate intermolecular cross talk
and influence the pattern of organization of signaling proteins associated with the
receptors. While actual organizing forces of these non-random molecular assem-
blies are not completely understood, several mechanisms may contribute to MHC
clustering. Similar to ICAM-1, MHC molecules are concentrated in lipid rafts of
various cells of lymphoid and non-lymphoid origin. On average 2–50% of the cell
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surface MHC could be found in lipid rafts. Lipid rafts of an individual cell are not
uniform and may form highly ordered and semi-ordered domains concentrating
different types of proteins. Thus, the variability in the amount of MHC molecules
in lipid rafts may arise from variations in cholesterol and/or ganglioside level due
to cultivating conditions, cell type and stage of activation, or depending on the
concentration and type of detergents used for the isolation of rafts. The level of
cholesterol, an essential raft component, influences membrane fluidity and may
change the balance of raft-included and raft-excluded proteins. Thus, elevation of
cholesterol concentration in the membrane of JY cells is accompanied by a higher
degree of MHC-I clustering, as evident from the enhanced intermolecular energy
transfer efficiency (Bodnar et al., 1996). MHC-I, MHC-II and CD48 molecules
also form clusters with IL2-R (CD25) in cholesterol-dependent manner on the sur-
face of human T lymphoma. Disruption of lipid rafts with filipin or depletion of
membrane cholesterol with MCD results in the blurring of cluster boundaries
and an apparent dispersion of clusters for all four proteins (Vereb et al., 2000). We
have also found that almost 50% of cell-surface HLA-A2 MHC-I resides in lipid
rafts on JY cells (Lebedeva et al., 2004). Moreover, cholesterol extraction with MCD
led to partial release of HLA-A2 from lipid rafts to a fraction of soluble mem-
branes, affecting about 60% of raft-associated HLA-A2. Clustering of MHC-II is
also thought to depend on their recruitment to lipid rafts. Up to 50% of cell
surface MHC-II molecules are included into the fraction of membrane rafts on
B cells (Anderson et al., 2000). In contrast, MHC II do not localize within rafts on
human myelomonocytes, but could be recruited to the rafts after cross-linking;
this process is accompanied by intracellular proteins phosphorylation that
depends on the activity of Src family kinases (Huby et al., 1999). Thus, evidently,
lipid rafts can be utilized as a platform for protein clustering on the cell surface.
Localization of transmembrane proteins that are not classical receptor molecules
in lipid rafts may provide an opportunity to initiate signaling followed by their
productive engagement. Indeed, cross-linking of either MHC-I or MHC-II by
multivalent ligands induces phosphorylation of several intracellular proteins with-
in the very first minute after ligation. The ability of MHC molecules to “report”
the binding by activation of intracellular signaling could be utilized to enhance
antigen presentation.

Another platform for protein clustering is based on multiple intermolecular
associations with tetraspan superfamily (TM4SF) molecules. TM4SF proteins may
serve as adaptors that regulate the assembly of protein complexes in the cell mem-
brane due to their well-recognized ability to associate with each other and other
transmembrane proteins. Both MHC-I and MHC-II are found co-aggregated with
TM4SF. In particular, a fraction of MHC-II proteins is associated with three pro-
teins of the TM4SF family, CD53, CD81, and CD82, on JY cells. In addition, two
other B cell surface molecules, CD20 and MHC-I, are in close vicinity to each
other and to MHC-II and the TM4SF proteins (based on FRET experiments). The
efficiency of the FRET from CD20, CD53, CD81, and CD82 to HLA-DR suggests
that all these molecules are in a single type of complex with the HLA-DR mole-
cules (Szollosi et al., 1996). Association of MHC-II molecules with TM4SF micro-
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domains has been recently confirmed by biochemical analysis of plasma mem-
branes derived from dendritic cells (DC) and B cells (Kropshofer et al., 2002). In
these clusters, HLA-DR and HLA-DP are associated with CD9, CD81, CD82 and
peptide “editor” molecule HLA-DM. Up to 10% of cell surface MHC-II is confined
to TM4SF microdomains. TM4SF associations with MHC-I, MHC-II and other Ig
superfamily proteins are sensitive to 1% Triton X-100 treatment, suggesting that
these are not liquid ordered domains like rafts and may be more fluid than the
raft-associated MHC-II fractions.

While raft-associated MHC-II molecules show a highly diverse self-peptide
repertoire that is very similar to the peptide repertoire of MHC-II molecules de-
rived from the non-raft fraction, TM4SF-based MHC-II clusters are marked by the
presence of three dominant peptides, whereas most other self-peptides, including
abundant peptide such as CLIP, are absent (Kropshofer et al., 2002). This suggests
that the spatial organization of peptide–MHC-II complexes in the plasma mem-
brane could be important for the T cell activation potential. If this subset of self-
peptides was particularly important for positive selection in the thymus then re-
placement of a few of these peptides with foreign peptides during antigen presen-
tation could result in very sensitive foreign antigen recognition based on recent
models for synergy of foreign and self-MHC complexes . Because both types of
microdomains differ from each other with regard to the peptide repertoire, it is
tempting to propose that they may evoke different types of T cell response; for
example, they may determine whether na�ve T cells differentiate into type 2 or
type 1 cells.

The physiological significance of pMHC-II clustering is consistent with the
findings, showing that soluble, agonist pMHC-II ligands are nonstimulatory as
monomers and minimally stimulatory as dimers. In contrast, trimeric or tetra-
meric agonist ligands that engage multiple TCRs for a sustained duration are
potent stimuli. MHC-II-driven formation of TCR clusters seems required for
effective activation and helps to explain the specificity and sensitivity of T cells
(Boniface et al., 1998; Cochran et al., 2000).

Molecular clustering could also arise from the concentration of molecules in
the transport vesicles delivering cargo to the cell surface. This mechanism seems
to be a plausible explanation of the origin of MHC-I patches (Tang and Edidin,
2001) and is supported by analysis of changes of apparent size of HLA-A2 patches
on the cell membrane under conditions of inhibition of vesicles traffic. Some
MHC-I molecules could cluster already in the endoplasmic reticulum (ER)
(Pentcheva and Edidin, 2001). This MHC-I fraction is not bound to the TAP;
instead, it appears clustered after peptide loading and is associated with the trans-
port receptor BAP31, which shuttles between the ER and the cis-Golgi (Spiliotis et
al., 2000). Similarly, MHC-II–TM4SF clusters are found in the intracellular com-
partments as well as on the plasma membrane (Kropshofer et al., 2002). The
TM4SF microdomains are reminiscent of clusters containing MHC-II and co-sti-
mulatory molecule CD86 (B7-2); the latter are located in transport vesicles of mur-
ine dendritic cells. Through these vesicles, MHC-II–CD86 clusters are transported
from internal loading compartments to the cell surface, where they remain clus-
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tered (Turley et al., 2000). Protein association with lipid rafts also could occur dur-
ing intracellular transport. For example, the GPI-linked protein, PLAP, fully solu-
ble in Triton X-100 after biosynthesis and for the time of residence in the ER com-
partment, becomes insoluble traveling between the ER and medial Golgi (Garcia
et al., 1993). This suggests that insolubility is not an inherent property of GPI-
linked and other proteins, but is acquired after exposure to the lipid environment
that proteins encounter entering the Golgi complex, where liquid ordered rafts
begin to form. Similarly, in the endoplasmic reticulum, MHC-II complexes are
cold 1% Triton X-100 soluble and acquire their insolubility during transport
through Golgi apparatus (Poloso et al., 2004).

In addition to TM4SF proteins, MHC-I and/or MHC-II clusters contain other
transmembrane proteins, such as ICAM-1, insulin receptor, IL-2 receptor. Detec-
tion of ICAM-1 in MHC-I and MHC-II enriched clusters has a functional signifi-
cance. In fact, ICAM-1–MHC-I co-clustering in lipid rafts facilitates efficiency of
the presentation of viral peptides displayed on HLA-A2 of B lymphoblastoid cells
to CTL (Lebedeva et al., 2004). Co-clustering of MHC-I and ICAM-1 within lipid
rafts was also observed on the surface of LS-174-T colon carcinoma cell line (Bacso
et al., 2002). Treatment of the cells with c-interferon enhances heteroassociation
between MHC-I, ICAM-1 and GM1 due to elevated cell surface level of these mol-
ecules and an increase of their partitioning in rafts (Bacso et al., 2002). We pro-
pose that changing of the pattern of the cell surface molecular assemblies may
enhance recognition of carcinoma cells by CTL.

7.3.3
Association of MHC-I and ICAM-1

ICAM-1–MHC-I association has been found in both raft and non-raft membrane
fractions of B lymphoblastoid cell line (Lebedeva et al., 2004). Moreover, disrup-
tion of the integrity of isolated rafts does not reverse ICAM-1–MHC-I association.
Consistent with these findings, association between TM4SF molecules CD9 and
CD81 and a3b1 integrins on the surface of fibrosarcoma cell line HT1080 and
epidermoid carcinoma cells A431 is independent of raft environment, even
though these molecular assemblies could be located in rafts (Claas et al., 2001).
These data suggest that molecular aggregation and recruitment into rafts might
have different functional implications. For instance, co-clustering of ICAM-1 and
MHC-I facilitates initial detection of a small number of cognate pMHC on target
cells by CTL, regardless of association with rafts, while signaling initiated by pro-
ductive engagement of raft-included ICAM-1 and/or MHC-I leads to coalescence
of rafts and raft-associated ICAM-1–MHC-I assemblies at the CTL-target cell inter-
face, enhancing antigen presentation to CTL. We propose that ICAM-1–MHC-I
interactions provide a link between the initial step of antigen recognition and
immunological synapse formation.
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7.3.4
Could APC and Target Cells Play an Active Role in Ag Presentation?

The total number of any allelic variant of MHC protein on the cell surface of
potential target cells is measured by hundreds of thousands; the level of MHC
molecules on professional APC, e.g., dendritic cells, is even higher. At the same
time, the number of cognate pMHC complexes recognizable by T cells, say, the
number of MHC molecules displaying virus- or tumor-associated peptides, typi-
cally varies from a few to a few hundred per cell (Christinck et al., 1991; Demotz
et al., 1990; Harding and Unanue, 1990; Irvine et al., 2002; Kageyama et al., 1995;
Sykulev et al., 1996), amounting to a fraction of a percent of the total MHC. Thus,
identification of such a small number of pMHC complexes by T cells on the sur-
face of target cells is equivalent to finding a needle in a haystack.

When antigen concentration is limited, signaling through the TCR bound to a
rare pMHC may be quite weak, requiring an amplification mechanism triggered
by the initial recognition event. While it is well established that T cells possess
mechanisms to amplify initial signals, whether target cells and APC can actively
contribute to the amplification mechanism is only beginning to be understood. In
particular, APC and target cells can modulate the efficiency of antigen presenta-
tion and influence the outcome of immune response by changing the composi-
tion of the molecular assemblies on the cell surface in response to inflammatory
stimuli or ligation of MHC or accessory molecules. There are several molecular
features that can foster efficiency of antigen presentation.

7.3.5
Identical pMHCs are Clustered in the Same Microdomain

As described above, there are several mechanisms to concentrate pMHC on the
plasma membrane and to facilitate recognition of cognate pMHC by TCR. But it
is difficult to imagine how identical pMHC can reside in the same microdomain.
This drawback could be bypassed in several ways. At any given time the spectrum
of synthesized and degraded proteins in the cell is limited. Thus, it is possible
that the same peptides could be loaded to MHC-I molecules that are already clus-
tered in the ER (Pentcheva and Edidin, 2001) and that these clusters could be pre-
served until they appear on the cell surface. In a similar scenario, MHC-II mole-
cules are thought to be clustered in a specialized vesicles (Turley et al., 2000),
where they are loaded with a limited set of peptides derived from an endocytosed
protein and are subsequently released at the cell surface remaining to be clus-
tered. Yet another example is given by clustering of MHC-II associated with
TM4SF microdomains that present only limited peptide repertoire on the surface
of human transformed B cells and DCs (Kropshofer et al., 2002). These domains
are likely to originate from MHC-II compartments where TM4SF members
(CD63 and CD82) are associated with HLA-DR, HLA-DO and HLA-DM, suggest-
ing a role for TM4SF proteins in loading peptides onto MHC-II molecules (Ham-
mond et al., 1998). Thus, MHC-II complexes in this compartment are likely to be
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loaded with a distinct set of peptides compared to MHC-II occurring in vesicles
devoid of TM4SF proteins.

7.3.6
Identical pMHC can be Recruited to the Same Microdomain During
Target Cell–T Cell Interaction

Another scenario suggests that agonist pMHC are recruited to the IS, where they
accumulate in antigen-dependent manner. At limited peptide concentration both
relevant and irrelevant pMHC are accumulated in the center of IS; it is believed
that pMHC are recruited into rafts and the rafts’ aggregation results in a rapid
delivery of the pMHCs to the interface, facilitating their accumulation at the site
of the T cell contact with APC (Hiltbold et al., 2003). At the stage of mature IS,
agonist pMHC segregate toward the center of the IS while irrelevant pMHC are
excluded to the periphery of the center of the IS. The presence of both types of
pMHC in the cSMAC could stabilize weak TCR–pMHC interactions by direct
binding of TCR with either pMHC (Wulfing et al., 2002). Thus, higher avidity of
TCR–pMHC interaction is gained by multivalent engagement of co-clustered self-
and agonist pMHC complexes.

7.3.7
Co-clustering of MHC and Accessory Molecules

Clustered pMHC complexes may be co-aggregated with accessory or co-stimula-
tory molecules that could be beneficial for effective antigen presentation. The
presence of such assemblies on the cell surface could form scaffolds that facilitate
intercellular interactions. Recruitment of these assemblies into rafts may further
promote receptor oligomerization and, therefore, increase the receptors avidity. In
fact, interactions between MHC-I and ICAM-1 are enhanced as a result of raft
aggregation (Lebedeva et al., 2004). In addition, other co-stimulatory molecules
can facilitate these interactions. For instance, NKG2D, a co-stimulatory receptor
for T cells, contributes to the formation of an antigen-independent ring junction
formed between CTL and glass-supported lipid bilayer containing ICAM-1 at
lower surface densities (Somersalo et al., 2004). MHC-I association with tetraspan
family proteins also increases the ability of target cells to induce cytotoxic
response. In particular, epithelial membrane protein 2 (EMP2) regulates the sur-
face expression of some membrane proteins, notably those destined for lipid raft
microdomains. Overexpression of EMP2 in target cells increased their susceptibil-
ity to CTL cytotoxicity by increasing the surface levels of MHC-I, ICAM-1, and
GM1 glycolipids that reside with EMP2 in a lipid raft membrane compartment
(Wadehra et al., 2003). All the above data suggest that pre-existing MHC-contain-
ing assemblies on the target cell membrane can dramatically influence the out-
come of T cell–target cell encounters.
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7.3.8
Role of Cytoskeleton

Analysis of T cells interaction with supported lipid bilayers containing MHC and
adhesion molecules (Grakoui et al., 1999) as well as earlier experiments on pre-
treatment of B cells with inhibitors of actin cytoskeleton (Wulfing et al., 1998;
Wulfing et al., 2002) suggest that B cells do not actively contribute to the dynamics
of molecular segregation in the IS.

Some recent data force a re-evaluation of a possible role of the APC cytoskele-
ton. Pre-treatment of B cells with PMA, an activator of protein kinase C isoforms,
leads to tighter T-B cells contacts (Wulfing et al., 1998). This may have been
because of changes on ICAM-1 on the B cell or increased LFA-1 activity on the
B cell binding to ICAM-1 on the T cell. Either way it suggests that active regulation
of adhesion in the B cell can contribute to the avidity of the T cell–B cell contact,
but PMA is an artificial way to induce this activation. In another example, GPI-
anchored Db molecules were defective in mediating CTL lysis of transfected lym-
phoma cells, compared to the same cells expressing intact MHC proteins. This
disparity could result from differences between GPI-Db and wild-type-Db assem-
blies and transport or from differences in their cell membrane topology that affect
CD8+ CTL recognition of pMHC-I complex (Cariappa et al., 1996). In contrast to
the results of Wulfing et al , Gordy et al found that pre-treatment of CH27 cells
with latrunculin B caused a significant reduction in the formation of B cell–T cell
conjugates and abolished enrichment of PKC-H at the c-SMAC in T cells (Gordy
et al., 2004). Treatment of dendritic cells with cytochalasin D did significantly
impair antigen presentation by mature dendritic cells (Al-Alwan et al., 2001a).
The expression of the actin bundling protein fascin, which plays a role in the for-
mation of long denditic processes by mature dendritic cells, was important for the
active role of the dendritic cell cytoskeleton in antigen presentation based on
experiments with anti-sense oligonucleotides (Al-Alwan et al., 2001b). More
recently, the actin cytoskeleton regulatory small G proteins Rac1 and Rac2 were
shown to play an important role in antigen presentation by mature dendritic cells
(Benvenuti et al., 2004). In this study dendritic cells were demonstrated to very
actively embrace T cells. The receptors responsible for this response of the
dendritic cells were not demonstrated, but the response is reminiscent of the
ICAM-1-mediated response of endothelial cells to leukocyte adhesion described
above. A distinct role of cytoskeleton in antigen presentation by dendritic cells
was suggested by experiments in which maturation of bone-marrow-derived DCs
induces the formation of tubular MHC-II-positive compartments. The recognition
of cognate pMHC on DC by T cells provides a signal that leads to intracellular
transport of MHC-II to the cell surface. Polarized MHC-II-positive tubules form
within minutes, and point toward T cells. Loading DC with antigen is not suffi-
cient to induce tubulation; an additional signal through Toll-like receptor is re-
quired to induce T-cell-polarized endosomal tubulation (Boes et al., 2002; Boes et
al., 2004). A specific enhancing role of these provocative tubules for antigen pre-
sentation has yet to be demonstrated.
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7.4
Conclusion

There is compelling evidence that the APC play an active role facilitating antigen
presentation to T cells. Molecular events involved in this process may be cell type
specific and may depend on the stage of cellular differentiation. This explains why
various target cells may present the same antigen with different efficacy. This dif-
ference is manifested the most in recognition by CD8+ cytotoxic T cells that can
target virtually any cell, but are initially activated by professional APC. Similar to
T cells, adhesion molecules on target cells and APC primarily mediate cell–cell
contact, an essential step in antigen recognition by T cells. It is becoming increas-
ingly evident, however, that they also trigger intracellular signaling that ultimately
leads to accumulation of immune receptor, MHC molecules in particular, at the
contact area with T cell, thereby increasing the effective concentration of the
immune receptors recognizable by respective counter receptors on T cells. In this
event, adhesion molecules on target cells and APC appear to function as co-stimu-
latory molecules. This mechanism seems reminiscent of co-stimulation in T cells
and is especially important at the condition of limited antigen concentration. On
both T cells and target cells, immune receptors undergo large-scale rearrange-
ment, resulting in accumulation of the immune receptors at the cell–cell inter-
face. In addition, the receptors on T cells are segregated to form very well orga-
nized molecular assemblies. Whether active molecular segregation occurs on tar-
get cell membranes has yet to be determined.
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8
Stimulation of Antigen Presenting Cells: from Classical
Adjuvants to Toll-like Receptor (TLR) Ligands
Martin F. Bachmann and Annette Oxenius

8.1
Synopsis

The immune system has long been viewed as based on two distinct pillars, a non-
specific, rapidly responding innate system and a more slowly but antigen-specifi-
cally responding adaptive system. Only recently it has emerged that the innate
and adaptive immune systems are intimately linked, cross-regulating each other.
In particular, no relevant adaptive immune response will be mounted unless the
innate immune system has been alarmed through pathogen-associated molecular
patterns (PAMPs). Important sensors for such PAMPs are toll-like receptors
(TLRs). This chapter discusses the role of TLRs in regulating adaptive immune
responses and outlines ways how current vaccine strategies attempt to integrate
these novel insights into immunology.

8.2
Pathogen-associated Features that Drive Efficient Immune Responses

Live viruses, bacteria and parasites usually induce rapid and strong immune
responses. Indeed, most pathogens are cleared by the host’s immune system in
due time and the harm caused by the infection remains limited. What are the rea-
sons for the potent immune responses raised by pathogens? Several features
account for the rapid induction of protective immunity (Figure 8.1): (i) Live patho-
gens replicate in the host. This leads to prolonged exposure of the immune sys-
tem to pathogen-derived antigens, a requirement for the induction of optimal
T cell responses and for the generation of effector T cells [1–3]. (ii) Pathogens are
large compared to isolated proteins. This facilitates phagocytosis by macrophages
and DCs, enhancing antigen presentation and T cell responses. Thus, the simple
fact that pathogens are relatively large serves as a clue for the immune system
that they are potentially dangerous. In addition, the surfaces of most pathogens,
in particular of bacteria, have the potential to directly activate components of the
complement cascade, leading to opsonization and enhanced antigen presentation



[4, 5]. (iii) Most pathogens, in particular viruses and bacteria, exhibit highly repeti-
tive surfaces, exhibiting many copies of a single protein. Such highly organized
antigens efficiently cross-link B cell receptors of specific B cells, facilitating their
activation [6]. Moreover, repetitive surfaces are preferentially decorated by compo-
nents of the complement cascade [5], facilitating phagocytosis. (iv) Last, but not
least, live pathogens are strong stimulators of the innate immune system, leading
to extensive activation of innate cells, such as macrophages, dendritic cells (DCs)
and natural killer cells [7]. In addition, pathogen replication often results in the
death of host cells, leading to the release of substances not usually present in the
extracellular environment. Such substances include heat-shock proteins, b-defen-
sins and oxidized lipids, which are also recognized by receptors expressed on
innate cells [8].

8.3
Composition and Function of Adjuvants

Although the concept of pathogen-derived pattern recognition is relatively recent
[9–12], the power of the innate immune system to enhance adaptive immune
responses has been used by immunologists for centuries for the development of
vaccines. Indeed, the historically most successful vaccines are live, attenuated
ones, carrying all the features of pathogens, including their ability to activate the
innate immune system. In contrast to live pathogens, isolated pathogen compo-
nents or recombinant subunit vaccines are usually unable to efficiently activate
innate cells and fail to induce B and, in particular, T cell responses in the absence

8 Stimulation of Antigen Presenting Cells: from Classical Adjuvants to Toll-like Receptor (TLR) Ligands222

Figure 8.1 Key features of pathogens that render them highly immunogenic.



of helper substances, so-called adjuvants (“adiuvare” means “to help” in Latin). In
essence, adjuvants attempt to give the antigens a “flavor of pathogen” by mimick-
ing some of their characteristics. This is achieved in several ways. On the one
hand, most adjuvants create an antigen depot. This is an important feature, since
soluble antigens exhibit a short half-life and are rapidly eliminated from the host.
In the absence of a depot, an antigen therefore triggers the immune system only
for a short period of time, leading to abortive immune responses. In addition,
antigen depots usually result in the formation of antigen aggregates, facilitating
phagocytosis (features 1 and 2 in Figure 8.1). A typical member of depot-forming
adjuvants is Alum (aluminum hydroxide), the most widely used adjuvant in
humans. In fact, in most countries, Alum remains the only adjuvant licensed for
use in humans. A more aggressive form of a depot-forming adjuvants is incom-
pletes Freund’s adjuvants (IFA), a water in oil emulsion, which causes prolonged
antigen presentation but also exhibits major local side reactions. IFA is therefore
only exceptionally used in humans. Whether the induction of cell death by adju-
vants, and subsequent release of heat-shock proteins and other endogenous li-
gands for innate receptors is important for the generation of immune responses
remains to be elucidated.

An option to specifically enhance B cell responses is to make the antigen of
choice highly organized, leading to efficient cross-linking of B cell receptors [13]
(Feature 3 in Figure 8.1). In fact, most viral vaccines are highly repetitive and this
is an important reason for their strong immunogenicity for B cells. Recently, it
has been shown that antigens of choice can be rendered highly organized by dis-
playing them on the repetitive surface of virus-like particles. Such vaccines are
even able to break B cell unresponsiveness and induce the production of self-spe-
cific antibodies [14, 15].

The situation is different for the generation of strong effector T cell responses,
as is important for therapeutic vaccination against cancer or chronic viral infec-
tions. Here, formation of antigen depots or rendering antigens highly organized
alone is not sufficient, and innate stimuli have to be added to the adjuvants for-
mulations (feature 4 of Figure 8.1). That T cell responses remain ineffective in the
absence of “non-specific” stimuli has been known for some time and was once
termed the “immunologist’s dirty little secret” [9]. Indeed, “dirt” it is that stimu-
lates the innate immune system for enhancement of adaptive responses. Extracts
from mycobacteria, for example, have been mixed with IFA to generate complete
Freund’s adjuvants (CFA), a much more potent adjuvant than the “clean” IFA.
Indeed, immunization with antigen in CFA results in formation of local granulo-
mas in the tissue. Such granulomas keep the immune system chronically stimu-
lated and maintain effector T cell responses for extended periods, in a way similar
to what is seen in chronic tuberculosis. LPS and bacterial cell wall components
also enhance adaptive immune responses [16] and even debris from lysed insect
cells dramatically enhanced cytotoxic T cell responses against recombinant pro-
teins [17]. The molecular basis of the perception of this “dirt” and the target cells
involved in recognition have only been elucidated recently. In first approximation,
the following two statements summarize current knowledge:

2238.3 Composition and Function of Adjuvants
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1. Key receptors for the “dirt”, which also has been termed “pathogen-asso-
ciated molecular patterns” (PAMPs), belong to the family of toll-like recep-
tors (TLRs). These receptors are evolutionary old and are already found in
insects, where they are also involved in host defense.

2. The key cell responsible for sensing the PAMPs and enhancing T cell
responses is the dendritic cell (DC) (Figure 8.1).

Not unexpectedly, there are exceptions to these rules. PAMPs, such as LPS or
bacterial DNA, stimulate not only DCs but also B cells and, in some species,
macrophages and other leukocytes. Thus, PAMPs may directly facilitate B cell
responses by stimulating B cell activation or, indirectly, by activating DCs, result-
ing in enhanced Th cell responses. The relative importance of the two mecha-
nisms remains to be further investigated. Similarly, activation of macrophages
through PAMPs results in enhanced clearance of pathogens. Whether activation
of macrophages also affects adaptive immunity through increased T cell responses
remains to be seen.

For these reasons, attempts to manipulate the innate immune system to
enhance vaccine induced immune responses have focused around the DC and
TLRs. In the next sections, the structure and function of TLRs and their ligands
will be described as well as current strategies to harness their potential for opti-
mizing vaccination strategies.

8.4
TLR Protein Family in Mammals

Molecular identification of the mechanisms involved in the activation of innate
immune responses after stimulation with adjuvant substances or triggered by nat-
ural PAMPs has advanced the field of innate immune activation tremendously.
Within the past few years it has been appreciated that multiple receptors,
expressed on various cells participating in innate and also adaptive immune
responses, can recognize defined chemical structures that are unique to viruses,
bacteria or fungi. As already discussed, many of these receptors belong to the fam-
ily of Toll-like receptors (TLRs). TLRs are evolutionary conserved receptors and
the first TLR “Toll” was identified in the fruit fly Drosophila melanogaster. Toll is
important for embyrogenesis as well as the control of fungal infections in the
adult fly [18]. Subsequent database searches revealed that mammalian genomes
also contained genes that showed homology to the insect Toll and, to date, 13
such mammalian receptors have been identified (10 in humans and 12 in mice)
[19–21]. Table 8.1 lists the various TLRs and their ligands.
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Table 8.1 TLRs: Expression and main natural PAMP ligands.

Receptor Species Locali-
zation

Expression in
DC subsets*

Natural ligands Pathogen Ref.

mDC pDC

TLR1
a

H
M

S ++
++

+
++

Triacyl lipopeptides
Soluble factors

Bacteria and
mycobacteria
Neisseria meningitidis

84
34

TLR2 H
M

S ++
++

–
++

Lipoprotein/
lipopeptides
PGN
Lipoteichoid acid
Lipoarabinomannan
Glycoinositolphos-
pholipids
Glycolipids
Gr.B streptococcal
sol. factors
Porins
Atypical LPS
Atypical LPS
Atypical LPS
Atypical LPS
Zymosan

Multiple pathogens

Gram-positive bacteria
Gram-positive bacteria
Mycobacteria
Trypanosoma cruzi

Treponema maltophilum

Group B streptococci

Neisseria

Leptospira interrogans

Porphyr. gingivalis

Legionella pneumophila

Bortedella fungi

85

25, 86
86
36
38

87
37

32
30
31
29
29
88

TLR3 H
M

E ++
++/–

–
–

dsRNA Viruses 50

TLR4 H
M

S –
++/–

–
++/–

LPS
Fusion protein
Env protein

Gram-negative bacteria
RSV
MMTV

24
89
90

TLR5 H
M

S +
++/–

–
+

Flagellin Bacteria 41

TLR6
a

H
M

S ++
++

++
+

Diacyl lipopeptides
Lipoteichoic acid
Zymosan

Mycoplasma

Gram-positive bacteria
Fungi

28
86
88

TLR7 H
M

E +/–
++/–

++
++

ssRNA Viruses 51, 52

TLR8 H E ++ – ssRNA Viruses 51
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Table 8.1 Continued.

Receptor Species Locali-
zation

Expression in
DC subsets*

Natural ligands Pathogen Ref.

mDC pDC

TLR9 H
M

E –
++

++
++

Unmethylated CpG
DNA

Multiple pathogens 54

TLR10 H + + n.d. n.d.

TLR11 M n.d Uropathogenic bacteria 44

TLR12 M n.d. n.d.

TLR13 M n.d. n.d.

* Freshly isolated cells; “+” and “–” denote relative mRNA expression levels [57].
a Dimerizes with TLR2.
S: cell surface. E: endosomal compartments (including ER for TLR9). ER: endo-
plasmic reticulum. H: human. L: cellular localization. M: mouse. MMTV:
mouse mammary tumor virus. mDC: myeloid DC (in mice these contain
CD4

+
, CD8

+
or DN subsets). pDC: plasmacytoid DC. PGN: peptidoglycan. Por-

phyr.: Porphyromonas gingivalis. RSV: respiratory syncytial virus.

The general structure of the TLRs consists of an extracellular domain that con-
tains 10–25 tandem copies of a leucine-rich motif (LRR). This domain is responsi-
ble for the ligand binding. The cytoplasmic domain contains a conserved region
of about 200 amino acids, which is termed the Toll/IL-1R (TIR) domain. TLR sig-
naling is mediated by the TIR domains (reviewed in Refs. 8, 10, 22 and 23). The
various TLRs and their ligands are described individually in the following sec-
tions.

8.4.1
TLR4

The first mammalian TLR that was identified was TLR4: Two mutant mouse
strains (C3H/HeJ and C57BL/10ScCr) that were unresponsive to lipopolysacchar-
ide (LPS) were shown to have mutations within the TLR4 gene [24]. LPS is one of
the oldest known and best characterized PAMPs; it is composed of polysaccha-
rides and the lipid A portion that is embedded in the cell membrane of Gram-neg-
ative bacteria. It is the lipid A component that constitutes the PAMP. LPS binding
to TLR4 is facilitated by CD14, a glycosylphosphatidylinositol (GPI)-anchored pro-
tein; CD14 binds and retains LPS on the cell surface of mammalian cells. The ini-
tial observation made in the mutant mouse strains (i.e., that LPS signaling re-
quired the presence of functional TLR4) was further corroborated by the genera-
tion of TLR4-deficient mice [25]. Furthermore, humans that carry mutations in
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their TLR4 genes have impaired responsiveness to LPS [26]. Endogenous host-de-
rived ligands have also been described for TLR4. These putative ligands include
heat-shock proteins and extracellular matrix degradation products. However, this
remains a controversial topic due to potential LPS contaminations.

8.4.2
TLR2

Gram-positive bacteria do not have LPS and hence different bacterial constituents
are recognized by other TLRs. The cell wall of Gram-positive bacteria contains a
thick, porous peptidoglyan (PGN) layer. This is a polymer of alternating N-acetyl-
muramic acid (NAM) and N-acetylglucosamine (NAG). Long strands of this alter-
nating polymer may be linked by l-alanine, d-glutamic acid, l-lysine, d-alanine
tetrapeptides to NAM. Embedded in the PGN layer are lipoproteins and lipo-
teichoic acids (LTA); these polysaccharides extend through the entire PGN layer
and appear on the cell surface. Constituents of the PGN signal via TLR2 [25, 27].
TLR2 has further been shown to bind several other PAMPs such as mycoplasma
lipopeptides (MALP-2) [28], lipoproteins derived from various pathogens, atypical
LPS [29–31], porins [32] and zymosan [33].

The remarkably broad ligand specificity of TLR2 can be explained by the fact
that TLR2 forms functional heterodimers with either TLR1 or TLR6 [28, 33, 34].
TLR1/TLR2 heterodimers preferably recognize triacylated lipoproteins (most bac-
terial lipoproteins) whereas TLR6/TLR2 heterodimers are activated by diacylated
lipopeptides (as in PGN, and MALP) [28, 35]. Furthermore, several other ligands
are dependent on TLR2 for signaling but do not depend on the presence of either
TLR1 or TLR6. These ligands include mycobacterial lipidoarabinomannan [36],
atypical LPS from Legionella [29], Leptospira [30], Bortadella [29] and Porphyromonas
[31] and group B streptococcal soluble factors [37]. A protozoan molecule that is
recognized by TLR2 is glucosylphosphatidylinositol (GPI) from Trypanosoma cruzi
[38]. This suggests that TLR2 might heterodimerize with other TLR molecules
than TLR1 and 6 or even non-TLR molecules. Additionally, TLR2 might also
homodimerize in vivo. TLR-2 mediated signaling, comparable to TLR4-mediated
signaling, is also facilitated by the presence of CD14, which augments the effi-
ciency of ligand recognition.

8.4.3
TLR5

Most bacteria possess flagella, oranelles that are important for bacterial motility.
Flagella are composed of flagellin subunits that are polymerized to make up a
long filament (up to 20mm long) which is anchored in the bacterial cell wall. Bac-
teria may possess a single polar flagellum, several polar, bipolar or nonpolar fla-
gella. Flagellin shows potent proinflammatory activity [39, 40] and TLR5 has been
identified as the receptor for flagellin [41]. The precise TLR5 recognition site with-
in flagellin was mapped to a conserved and functionally important cluster of 13
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amino acids. Only monomeric but not the filamentous molecule exposes the rec-
ognition site and hence stimulates TLR5 [42]. In humans polymorphisms in
TLR5 are reportedly associated with differential susceptibility to infection with
Legionella pneumophila [43].

8.4.4
TLR11

Very recently another TLR was identified, TLR11, which mediates specific recogni-
tion of uropathogenic bacteria [44]. Most uropathogenic bacteria are strains of
Escherichia coli (uropathogenic E. coli, or UPEC). TLR11 is expressed on macro-
phages and liver, kidney and bladder epithelial cells and might play an important
role for control of infections within the urogenital system.

8.4.5
TLR12 and TLR13

In mice, two novel TLR have been identified, i.e. TLR12 and TLR 13. The ligands
for these receptors have, so far, not been identified [23].

8.4.6
Nucleic Acids as PAMPs

As opposed to the ligands discussed above, which represent biochemically unique
structures of bacteria and fungi, nucleic acids of pathogens have a structure large-
ly identical to host nucleic acid. The initial observation that bacterial DNA is a
potent adjuvant and stimulates innate immunity [45] has spawned an intensive
search for bacterial DNA receptors. It was demonstrated that short oligonucleo-
tides that contain unmethylated CG motifs (CpG) were the active component in
bacterial DNA [46]. Interestingly, unmethylated CG motifs are under-represented
in the genome of eukaryotic cells, offering an explanation for the ability of TLR9
to distinguish between prokaryotic and eukaryotic DNA.

Not only bacterial DNA is sensed by cells of the innate and adaptive immunity
but also dsRNA and ssRNA. Since all of these nucleic acid species might also exist
in large or small quantities in mammalian cells, an additional feature of PAMP
recognition has to be operational: a different subcellular localization of nucleic
acid between host and infecting or ingested pathogen.

8.4.6.1 TLR3
dsRNA (both natural and synthetic analogues such as poly I: C) induces potent
type I IFN production. Type I interferon (IFN-a/b) production by virus-infected
cells is a crucial early event during viral infection and represents a first line of
defense. IFN a/b leads to induction of an “antiviral state” (by down-regulation of
host cell protein synthesis) not only in the virus infected cells but also in sur-
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rounding non-infected cells (reviewed in Refs. 47–49). dsRNA is an intermediate
of virus replication and is not produced by mammalian host cells (at least not in
large quantities); hence it represents a virus-associated molecular pattern. TLR3,
which is expressed intracellulary in endosomal compartments, was found to rec-
ognize dsRNA and to transmit signals to activate NF-kappaB and the IFN-beta
promoter [50]. Thus, the receptor for extracellular dsRNA is TLR3, while there is
an additional intracellular system activated by dsRNA: PKR (IFN-inducible
dsRNA-dependent protein kinase, see below). The relative importance of the two
systems probably differs between pathogens and a detailed understanding of their
respective functions requires further investigation.

8.4.6.2 TLR7 and TLR8
Mouse TLR7 and human TLR7 and 8 were initially shown to recognize imidazo-
quinolines, which are guanosine-based compounds that are structurally similar to
nucleic acid. The natural ligand for TLR7 and 8 was only recently identified:
ssRNA [51, 52]. In TLR7-deficient mice, ssRNA viruses such as Vesicular Stomati-
tis Virus (VSV) or Influenza Virus (Flu) were unable to stimulate IFNa/b produc-
tion in the absence of replication. In contrast, viruses with a dsDNA genome
(such as Herpes Simplex Viruses) were not dependent on TLR7 signaling for type
I IFN production. TLR7 signaling appears to occur in endosomal compartments,
since inhibition of endosomal acidification inhibited TLR7 signaling.

8.4.6.3 TLR9
Bacterial unmethylated DNA as well as oligonucleotides containing specific non-
methylated CpG motifs (CpG-ODN) are mitogenic for B cells and other leukocytes
and can directly activate macrophages and dendritic cells (DCs), leading to upre-
gulation of co-stimulatory molecules and cytokine production (reviewed in Ref.
53). Comparable to TLR7 and 8, activation of APCs was preceded by non-specific
endocytosis of CpG-ODN and required endosomal acidification. Subsequently, the
intracellular receptor for CpG-ODN turned out to be TLR9. Accordingly, TLR9-
deficient mice are refractory to immunostimulatory CpG-DNA [54]. TLR9 exhibits
a rather unique subcellular localization; in resting DCs, TLR9 is localized in the
endoplasmatic reticulum. Upon activation, TLR9 is rapidly relocalizes to the endo-
somal compartment, where the interaction with CpGs occurs [55].

8.4.7
Compartmentalization of Sensing Renders the Nucleic Acid PAMPs

Nucleic acids are common chemical structures to host cells and pathogens. For
instance, ssRNA is very abundant in host cells and does not usually lead to
TLR7/8 activation. However, host ssRNA is predominantly located within the
nucleus and cytoplasm whereas ssRNA viruses may at least partly end up in endo-
somal compartments after viral uptake. Hence, the intracellular compartmentali-
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zation of ssRNA, rather than ssRNA structure itself, is the key determinant of
TLR7/8-mediated cell activation.

Similarly, some dsRNA species may inevitably exist within the cytoplasm of
host cells, either due to secondary structures of ssRNA molecules or due to partial
complementarity of different ssRNA species. TLR3 recognizes dsRNA, however,
due to its localization within endosomal compartments; TLR3 is not activated by
cellular dsRNA unless it is presented to a cell such that endosomal uptake is
involved [56]. Recognition of double stranded RNA in the cytoplasm, indicative of
viral infection, is mediated by a TLR-independent system: dsRNA binding pro-
teins (DRBPs), which induce production of IFNa/b in virtually all cell types (see
below).

8.5
TLR Signaling

Binding of the respective ligands to TLRs induces an intracellular signaling cas-
cade that eventually leads to the activation of innate immune defenses. This
includes the production of proinflammatory cytokines and the upregulation of co-
stimulatory molecule expression. Thus, TLR signaling not only activates inflam-
matory pathways of the innate immune response, which lead to recruitment of
neutrophils and activation of macrophages (enhancing phagocytes and inducing
microbicidal mechanisms), but is also critically involved in the activation of adap-
tive immune responses. Upregulation of co-stimulatory molecules, in particular
on DCs, is required for the activation of na�ve T cells to become differentiated
effector cells. To activate pathogen-specific T cells in secondary lymphoid organs,
tissue-resident immature DCs need to undergo a maturation process, during
which they upregulate co-stimulatory molecules and cytokine production, increase
the half-life of MHC expression, downregulate phagocytic activity and migrate
from the peripheral site of pathogen contact to the secondary lymphoid organs.
This DC migration is facilitated by cell surface chemokine receptors (such as
CCR7) that are expressed after TLR-mediated DC activation. Furthermore, TLR
activation induces chemokine secretion, including IL-8, CXCL1, CCL2, CCL4,
CCL5, CCL7, CCL8 and CCL13. These chemokines enable the activation and
recruitment of leukocytes by modulation of cell surface integrin-affinity, which
allow leukocyte adhesion to endothelial surfaces followed by extravasation into the
tissue interstitium (reviewed in Ref. 57).

The following section summarizes the key signaling events that lead from TLR
ligand binding to induction of a gene transcription program.
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8.5.1
Signal Transduction Across the Membrane

Upon ligand binding and dimerization, TLRs undergo a conformational change
that leads to the recruitment of downstream signaling molecules. These down-
stream adaptor molecules have been largely identified in recent years. Four adap-
tor proteins are implicated in TLR signaling: MyD88 (myeloid differentiation fac-
tor 88), MAL/TIRAP (MyD88-adaptor-like/TIR-associated protein), TRIF (Toll-
receptor-associated activator of interferon) and TRAM (Toll-receptor-associated
molecule). Binding of the adaptor molecules to the activated TLRs allows signal
transduction from the TIR (Toll/interleukin-1 receptor homologous region)
domains, leading to activation of a series of protein kinases and, eventually, to acti-
vation of transcription factors that control the transcription of genes involved in
inflammation and APC activation (Figure 8.2)

8.5.2
MyD88-dependent Pathways

MyD88 is involved in signaling of most TLRs (TLR 1, 2, 4–9) (reviewed in Ref.
22). It is composed of an N-terminal death domain and a C-terminal TIR domain;
homodimerization of MyD88 is required for signal transduction. TIR domains
mediate interaction with other TIR-domain carrying proteins, such as TLRs, while
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death domains interact with death domains on other proteins. In this way, MyD88
relays TLR-signaling to down-stream molecules expressing death domains. An
important death domain carrying target of MyD88 is IRAK4 (IL-1R-associated
kinase 4), which is recruited by MyD88 binding to the signaling complex [58, 59].
IRAKs contain an N-terminal death domain and a central Ser/Thr-kinase domain.
In TLR signaling, IRAK4 and its kinase activity are upstream of IRAK1 activity.
After IRAK activation the TRAF6 (TNF-receptor-associated factor 6) is engaged:
TRAF6 contains an N-terminal coiled coil domain (which is required for down-
stream signaling) and a conserved C-terminal domain (required for self-associa-
tion and for interaction with IRAKs) [22]. TRAF6-mediated activation of the tran-
scription factors NF-kB and AP1 (activator protein 1) requires TAK1 (transform-
ing growth factor-b activated kinase) and TAB1/2 (TAK1-binding proteins). TAK1
belongs to the family of mitogen-activated protein kinase kinase kinase
(MAPKKK) [60] and it is activated by binding of TAB1 and linked to TRAF6 via
TAB2 [61, 62]. Finally, activation of TAK1 leads to the activation of IKKs (IkB
kinases), which degrade the inhibitors (IkB) associated with NF-kB in the cyto-
plasm. Subsequent release of NF-kB from its bound inhibitors allows its translo-
cation to the nucleus. Activation of TAK1 also results in the activation of MAPKs
(mitogen-activated protein kinases), including JNK (JUN N-terminal kinase),
ERK1/2 (extracellular signal-regulated kinase) and p38 kinase [22, 23].

An alternative player in the MyD88-dependent pathway is the adaptor molecule
TIRAP (TIR-domain-containing adaptor protein or MyD88-adaptor-like protein,
MAL). TIRAP can dimerize with MyD88 for initiation of downstream signals
from TLR4 and TLR2 [63, 64] but not for other TLRs.

8.5.3
MyD88-independent Pathways

TLR4-dependent LPS signaling was not completely abolished in MyD88-deficient
macrophages. Instead, NFkB-activation was induced, albeit with delayed kinetics
[65] and activation of IFN-inducible genes, such as glucocorticoid-attenuated
response gene 16 (GARG16), CXC-chemokine ligand 10 (CXCL10) and immuno-
responsive gene 1 (IRG1), was even normal [66]. This observation resulted in the
discovery of MyD88-independent TLR signaling pathways. Subsequent experi-
ments demonstrated that induction of IFNb production was completely MyD88-
independent, explaining the remaining upregulation of IFN-inducible genes [67].

MyD88-independent TLR-4 signaling is initiated by a different TIR-domain
containing adaptor: TRIF (TIR-containing adaptor molecule inducing IFNb or
TICAM, TIR-domain-containing molecule1) [68]. In addition, a fourth TIR-con-
taining adaptor protein is required: TRAM (TRIF-related adaptor molecule or
TIR-domain-containing molecule 2, TICAM) [69–71]. TRAM associates with TRIF
in TLR4 signaling and mediates production of IFNb and activation of IFN-induci-
ble genes [70, 72].

In TLR3 signaling, TRIF is used as the only adaptor molecule. TRIF activation
by TLR3 or activation of TRIF/TRAM by TLR4 signals leads to the activation of
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IRF3 (interferon-regulatory factor 3) [73]. IRF3 is constitutively expressed in var-
ious cells and upon activation of its C-terminal domain the formation of IRF3
dimers is induced, allowing translocation to the nucleus, where it activates type I
IFN gene transcription. Binding of IFNb to the type I IFN receptor results in acti-
vation of the transcription factor STAT-1 (signal transducer and activator of tran-
scription-1) [48].

In summary, MyD88-dependent signaling is important for all TLR-mediated
production of inflammatory cytokines. TLR3 and TLR4 signaling leads to a
MyD88-independent but TRIF-dependent induction of type I IFN production that
is linked to upregulation of co-stimulatory molecule expression (Figure 8.3). How-
ever, TLR7 and TLR9-mediated MyD88-dependent signaling also leads to produc-
tion of type I IFNs; the players involved in this pathway are still to be determined.

8.6
TLR-independent Recognition of PAMPs: Nods, PKR and Dectin-1

To date several other known TLR-independent mechanisms are induced by
PAMPs and lead to induction of innate defense mechanisms, including cellular
activation and cytokine production. The following section briefly describes a selec-
tion of some of these mammalian TLR-independent pathogen sensing mecha-
nisms.

8.6.1
Nods

TLR-independent recognition of certain bacterial PAMPs is mediated via Nod
(nucleotide-binding oligomerization domain) family members (reviewed in Ref.
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74). The nucleotide-binding site/leucine-rich repeat (NBS/LRR) proteins are cyto-
plasmic proteins that can sense microbial motifs. For two members of this family
(Nod1 and Nod2) PAMPs have been identified. Both Nod1 and Nod2 recognize
distinct molecular motifs of PGN: Nod1 recognizes a naturally occurring muro-
peptide of PGN containing the unique terminal amino acid diaminopimelic acid
(DAP), which is mainly found in the PGN of Gram-negative bacteria [75]. Nod2
senses muramyl dipeptide, a common small fragment of PGN, which renders
Nod2 a more general detector of bacterial PGN than Nod1 [76, 77]. Nod proteins
have three distinct domains: a central nucleotide-binding oligomerization domain
(Nod), a C-terminal ligand-recognition domain (LRD) and an N-terminal effector-
binding domain (EBD). In Nod1 and 2, the EBD domain is reminiscent of a cas-
pase-recruitment domain (CARD), mediating homophilic protein interactions
[78]. Caspase activation results in active interleukin-1 converting enzyme (ICE),
triggering the production of interleukin-1. The LRD of Nods contains leucine-rich
repeats (LRRs), a motif that is also present in the extracellular domain of TLRs.
Hence, a similar mechanism seems responsible for ligand recognition by Nods
and TLRs. Nods initiate cellular activation but also cell death by multiprotein com-
plexes known as inflammosomes [79] that eventually lead to NF-kB and inflam-
matory caspase activation.

Intracytoplasmic detection of bacteria seems to be relevant for general immune
control and homoestasis since mutations in Nod2 have been associated with
Crohn’s disease, a chronic inflammatory disease [80]. Thus, the cytoplasmic Nod-
mediated sensing system complements well the TLR-mediated surface/endoso-
mal sensing system of bacterial PAMPs.

8.6.2
PKR (IFN-inducible dsRNA-dependent Protein Kinase)

DsRNA binding proteins (DRBPs) contain dsRNA binding domains (DRBDs) and
have been shown to interact with as little as 11 bp of dsRNA, independent of the
RNA sequence. The cytoplasmic dsRNA-dependent protein kinase PKR is
involved in dsRNA sensing, signaling and host defense against virus infections.
PKR may mediate multiple effects; a predominant one in host defense is
increased IFN production and activity (reviewed in Refs. 81 and 82). In contrast to
TLR3, which exhibits a restricted expression pattern, DRBPs and PKR are
expressed in virtually all cell types, leading to rapid production of IFNa/b by
infected host cells.

8.6.3
Dectin-1

Recently, dectin-1, a C-type lectin-like transmembrane receptor that is expressed
on macrophages and other innate immune cells, such as neutrophils and dendrit-
ic cells, was found to be a pattern-recognition receptor for b-glucans expressed by
fungi [83]. Dectin-1 contains a cytoplasmic ITAM-like (immunoreceptor tyrosine-
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based activation motif) motif that is necessary for proinflammatory cytokine pro-
duction and macrophage activation. Dectin-1 might therefore represent an innate
receptor on immune cells sensing fungal pathogens.

8.7
Therapeutic Potential of TLRs and their Ligands

Given the manyfold biological activities of TLR-ligands it is not surprising that
they are broadly used to manipulate the immune system. Essentially, TLR-ligands
are employed in two distinct ways (Figure 8.4). They are used in monotherapies,
i.e. their potential to non-specifically stimulate the immune system is utilized to
induce local or systemic secretion of cytokines etc. Alternatively, TLR ligands are
co-administered with antigens to enhance the adaptive immune response against
these antigens. The history of the discovery of CpGs and their subsequent devel-
opment for use in humans may be used to exemplify the two strategies. The
mycobacterium Bovis strain BCG and BCG extracts were known to induce regres-
sion of tumors in experimental animal models if injected locally. In an attempt to
purify the component with anti-tumor activity, bacterial extracts were fractionated
and individual components assessed for activity. Unexpectedly, the DNA faction
was most active [45]. Detailed analysis demonstrated that short oligonucletotides
exhibited the highest activity, in particular those with a palindromic CG motif
such as GACGTC [91]. The first CpG-motif was discovered. Subsequent experi-
ments focused on use of CpGs as a monotherapy, in particular by injecting the
DNA oligonucleotides into tumors and searching for anti-tumor activity. Later, it
was found that CpGs may be used for non-specific activation of white blood cells,
putting the immune system into an alarm state and creating a Th1 environment.
Consequently, CpGs are now developed for prophylactic use against biological
warfare to induce non-specific protection against viral, bacterial and parasitic
infections. At the same time, it became evident that CpGs may also enhance
immune responses against co-administered antigens [92, 93], making them a
potent adjuvant, in particular for the induction of T cell responses [94].

Such dual use of TLR ligands in monotherapies or adjuvant formulations
occurs in many instances; derivatives of LPS engaging TLR4 are, for example,
used both as monotherapies against pathogens and tumors and as adjuvants for
enhancement of immune responses [16, 95]. Imidazole quinolines, ligands for
TLR7/8, were developed as drugs against genital warts and it was only recently
that a link to TLRs could be made [96]. Experimental use of imidazole quinolines
as adjuvant is only now beginning.

The use of TLR ligands in adjuvant formulations faces several problems. (i)
Since TLR ligands activate the immune system non-specifically, they are inher-
ently toxic. (ii) Many TLR-ligands are unstable in vivo. (iii) TLR expression may be
limited to specialized cell types in vivo and targeted delivery to these cells is desir-
able. In most instances, these cells will be antigen presenting cells, in particular
DCs. The problem of TLR-ligand toxicity has been solved elegantly for LPS. By

235



8 Stimulation of Antigen Presenting Cells: from Classical Adjuvants to Toll-like Receptor (TLR) Ligands

separating the polysaccharides from the lipid A moiety and subsequent modifica-
tion of lipid A, it was possible to reduce or eliminate the pyrogenic potential of
LPS from its adjuvant function, creating safe and efficacious vaccine formulations
[e.g. monophosphoryl lipid A (MLA or MPL), OM-174] [16, 97]. However, in most
instances, such a separation will not be possible, since the non-specific ability of
the TLR-ligands to activate innate immune cells is in fact responsible for their
adjuvant function. Hence, eliminating the non-specific stimulation equals elimi-
nating the adjuvant property.

An alternative strategy to eliminate or reduce the toxicity of TLR ligands is to
co-deliver them in close proximity to the antigens (Figure 8.4). This may mean
chemically coupling or recombinantly fusing the ligand to the antigen, or co-pack-
aging them into micro- or nano-particles, liposomes, iscoms or virosomes [98, 99].
An additional recent strategy is to package TLR-ligands, in particular CpGs, into
virus-like particles [100]. This not only enhanced the adjuvants properties of the
CpGs but also eliminated the side-effects of the CpGs, such as splenomegaly. An
important reason for the reduced side-effects was that much lower amounts of
CpGs were required for adjuvants activity [100]. Packaging TLR-ligands into
micro- or nanoparticles, virosomes or virus-like particles further overcomes the
limitations of TLR-ligand stability and targeting to dendritic cells. Specifically,
packaging of TLR-ligands protects them from degradation by enzymes present in
the tissue and serum of the vaccinated host or even present in the cell culture me-
dium. Single stranded RNA, for example, is only able to trigger TLR-7/8 if com-
plexed to cationic lipids [51, 52], protecting it from degradation by RNAse. With-
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out this protective coat, RNA fails to induce a response in DCs. As already dis-
cussed, this appears to be the clue that is used by the immune system to distin-
guish between infectious and non-infectious RNA: only RNA protected by a viral
coat or a bacterial membrane and cell wall will reach the endosome and be able to
trigger TLR7/8 [51, 52].

An alternative strategy to overcome stability issues with natural TLR-ligands is
to develop synthetic, small molecular versions of them. Imidazole quinolines,
which trigger TLR7/8, or fully synthetic lipid A derivatives are good examples of
this trend. Such molecular analogues of natural TLR-ligands will also be easier to
manufacture, and clinical development will also be easier for well-defined, fully
synthetic molecules.

The potential for the various TLR ligands to co-stimulate T and B cell responses
may differ and probably depends on the antigen used for immunization and the
adjuvants they are combined with. Moreover, different TLR-ligands may co-stimu-
late different effector responses – some may favor CD8+ T cell responses, while
others preferably induce CD4+ T cell responses or activate B cells. We have
recently determined in mice the efficiency of various TLR-ligands to enhance
CD8+ T cell responses induced by VLPs [101]. CpGs, engaging TLR9, were by far
the most effective enhancers of CD8+ T cell responses, followed by poly (I: C)
(TLR3) and single stranded RNA (TLR7/8). In contrast, ligands for other TLRs
(TLR 2,4,5) exhibited little potential to enhance CD8+ T cell responses. Whether
similar rules govern activation of CD4+ T cells and B cells remains to be deter-
mined.

8.8
Conclusion

Taken together, these considerations suggest that TLR-ligands are optimally used
for vaccination if they are linked or better packaged together with the antigen.
Nanoparticles or virus-like particles are preferred, since these small particles are
efficiently taken up by professional antigen presenting cells, in particular DCs,
making sure that the TLR-ligand is co-delivered with the antigen into the same
DC, leading to an optimal synergy between the innate recognition system, the DC
and the T cells. If the antigen is presented in a highly organized fashion on virus-
like particles, a potent B cell response is additionally induced, coming close to an
immune response as induced by live attenuated vaccines.
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9
Evolution and Diversity of Macrophages
Nicholas S. Stoy

9.1
Evolution of Macrophages: Immunity without Antigen Presentation

9.1.1
Introduction

With the rapid advances in DC research over recent years it might appear that
many traditional roles ascribed to macrophages are being whittled away. It is now
accepted that DCs are the most potent �professional’ APCs and unique in their
ability to present antigen to naive T cells. Like macrophages, DCs are capable of
phagocytosis, cytokine and chemokine production. Nevertheless, increasing
knowledge of DC function should clarify, not detract from, an understanding of
macrophage involvement in immune responses. A major challenge (and a preoc-
cupation of this and the next chapter) is to integrate the contributions of these two
key cells. Macrophages and DCs are usually complementary, not competitive in
their functions. Far from being redundant, macrophages are essential for the coor-
dination and implementation of both innate and adaptive immunity, being consis-
tently located in the very tissue microenvironments where immune responses are
played out. Innate immunity does not require antigen presentation at all, yet
macrophages are crucially involved in it. The innate immune system, which ante-
dates the adaptive immune system in evolution, can be studied �in isolation’ in
invertebrates. Phagocytosis and the ability to display immunological responses
are early and conserved components of macrophage function and are carried for-
ward into the mammalian immune system. Antigen presentation is just one facet
of the macrophage repertoire, and a more recent addition.

9.1.2
Drosophila: a Window into Innate Immunity

Most information about the invertebrate immune system, to date, has come from
Drosophila melanogaster. Drosophila plasmatocytes (a subset of hemocytes) [1] are
macrophage-like cells with two important functions, firstly phagocytosis of apop-
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totic cells and secondly protection from infection. The clearance of apoptotic cells
during ontogeny is well demonstrated by the microchaete, a simple mechanosen-
sory organ of Drosophila, which loses a glial cell by apoptosis shortly after birth.
Thereafter, axonal growth coincides with the removal of apoptotic fragments by
�mobile macrophages’, identified by their ability to take up injected indian ink [2].
For normal Drosophila nervous system morphogenesis, apoptotic cell removal is
as necessary as apoptosis itself. If the plasmatocyte scavenger receptor Croque-
mort is inhibited, or if hemocytes are deleted, nervous system defects occur. How-
ever, plasmatocytes themselves are not thought to be responsible for promoting
apoptosis in the developing nervous system [3]. Croquemort shares homology
with the mammalian class B scavenger receptor, CD36, which, together with the
vitronectin and phosphatidylserine receptors, engulfs apoptotic cells [1]. Cell pro-
liferation, cell differentiation and programmed cell-death are indispensable
requirements for orderly development in both invertebrates and vertebrates. It is
essential that no tissue-damaging molecules are produced during phagocytosis of
apoptotic remnants. Phosphatidylserine, thought to be an important molecule
identifying apoptotic cells for phagocytosis, is exposed on apoptotic cell mem-
branes in both mammals and Drosophila. Possible homologues of genes encoding
a specific phosphatidylserine receptor in mammals have been identified in Droso-
phila. On a note of caution, it has recently been found that, in mammals, a combi-
nation of other receptors may be just as effective in removing apoptotic cells [4],
as may another non-phosphatidylserine receptor (Draper) in Drosophila [5]. Some
key molecules required for the development and/or preservation of neuronal func-
tion in Drosophila can also be produced by mammalian macrophages, where they
usually exhibit antiinflammatory phenotypes. For example, the cytokine TGF-b is
inducible in mammalian macrophages during phagocytosis of apoptotic bodies
and is predominantly antiinflammatory (Figure 9.2), whilst in Drosophila other
members of the TGF-b superfamily, bone morphogenetic proteins (BMPs) and
activins, regulate protein expression during growth, differentiation and morpho-
genesis [6].

In mammals, too, TGF-b is a pleotropic cytokine involved in growth and devel-
opment. When produced by macrophages, it enhances phagocytosis, as well as
downregulating iNOS, toxic oxygen and nitrogen intermediates and antagonizing
proinflammatory cytokines, such as IL-12 [7]. By contrast, in Drosophila, the
TGF-b pathway may be upregulated as part of a defensive immune response to
sepsis/injury. When comparing mammals and Drosophila, the functional equiva-
lence of downstream transcriptional activators and repressors cannot always be
assumed [8]. Despite these differences, TGF-b family ligands, on binding to their
surface receptor complexes, universally activate intracellular signaling molecules
(receptor-activated Smads), which, in turn, complex with co-Smad (Smad4) and
then transfer to the nucleus to interact with their target genes (Figure 9.2). In
mammals, Smad1, Smad5 and Smad8 mediate BMP signaling and Smad2 and
Smad3 mediate TGF-b/activin signaling. Smads modulate gene transcription in
conjunction with coactivators or corepressors. One well-described coactivator is
CBP [9]. An example of the antiinflammatory role of mammalian TGF-b is its dis-
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9 Evolution and Diversity of Macrophages

ruption of LPS/NF-kB signaling in microglia (�brain macrophages’) through
mechanisms involving smad3/CBP and MAPK, thereby contributing to neuropro-
tection [10]. In murine (RAW 264.7) macrophages, TGF-b suppresses LPS-
induced NF-kB activation by enhancing ERK activation, which induces a MAPK
phosphatase and thus inhibits the p38 MAPK drive to NF-kB [11, 12]. Similarly, in
colonic epithelium, TGF-b inhibits infection-triggered TLR-2/MyD88/p38 MAPK-
dependent signaling, by inducing MAPK phosphatase-1 (MKP-1), which deacti-
vates p38 MAPK (Figure 9.2) [13]. Although Smad pathways are functionally dis-
parate between Drosophila and mammals, the Smads themselves and Smad recep-
tors (both type I and II) tend to be highly conserved [9]. The molecule cAMP is an
intracellular second messenger essential for many antiinflammatory responses in
mammalian macrophages but also has a pivotal role in preserving neuronal func-
tion and memory in Drosophila [14]. The cAMP/PKA/CREB pathway is well
described in both mammalian macrophages and in Drosophila Steiner 2 (S2) cells,
a primary haemocyte-derived macrophage-like cell culture [15], but the regulation
of cAMP response element-dependent genes is different between Drosophila and
vertebrates [16, 17]. Another protein conserved between Drosophila and mammals is
TORC1, which may act to amplify the magnitude of CREB responses in the
absence of extracellular stimuli and so modulate the expression of CREB-respon-
sive genes during development [18]. It is anticipated that many more molecules
concerned with homeostasis during Drosophila ontogeny will be discovered in the
phenotypes of Drosophila plasmatocytes and have homologues in mammalian
macrophages, providing insights into molecular mechanisms counteracting
inflammation and maintaining self-tolerance.

On environmental challenge (injury or sepsis), innate immunity in Drosophila
provides a robust defense [19–22]. An exoskeleton, epithelial barriers and phagocyto-
sis by plasmatocytes are primary mechanisms averting bacterial sepsis. Just as the
Croquemort phagocytic receptor recognizes apoptotic cells, so does the scavenger
receptor, CI, (resembling the mammalian class A scavenger receptor) recognize both
Gram-negative and Gram-positive bacteria [15]. Phagocytosis of microbes by S2 cells
leads to lysosomal proteolysis by cysteine proteases of the cathepsin family [23], thus
rendering potentially immunogenic microbial molecules incapable of further
stimulating cell surface receptors. Additional to any conserved role in innate toler-
ance, a wider spectrum of activity of these cysteine proteases in mammals suggests
they have evolved further to undertake processing of antigen forMHC II presentation
in adaptive immunity.Drosophila cathepsins are apparently not inducible by immune
stimuli. Drosophila S2 cells, as well as cells in the fat body (corresponding to the
mammalian liver), can be stimulated through theDrosophila Toll receptor to adopt an
antimicrobial phenotype. Most members of the now well-categorized Drosophila Toll
family are exclusively concerned with developmental processes, but Toll itself also
functions as an immunomodulatory receptor, linked to an NF-kB analogue (Dorsal/
Dif). Another Drosophila immunomodulatory pathway (Imd) is linked to a different
NF-kB analogue (Relish). These two pathways are activated by a range of bacteria and
fungi to induce numerous anti-microbial peptides (AMPs), comprising a humoral
innate immune defense upon which Drosophila is heavily reliant (Figure 9.1) [24].
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9 Evolution and Diversity of Macrophages

The Imd pathway triggers also MAPK signaling, which rapidly activates a short
burst of JNK-responsive genes, which are in fact downregulated as a result of Rel-
ish-responsive genes becoming activated. Although JNK and Relish are activated
from a common branch point (TAK1), the known JNK-activated genes do not pro-
duce AMPS. Rather, the JNK-responsive gene, Punch, could contribute to the
stress response and wound healing, through enhanced dopamine and melanin
production, respectively [25]. The TLRs in mammals act as microbial molecular
recognition receptors (MMRRs) [20], often referred to as pattern recognition
receptors (PRRs). Their ligands are highly conserved microbial-associated mole-
cules, MAMs, (more restrictively referred to as pathogen associated molecular pat-
terns, PAMPs). TLR stimulation often activates NF-kB (along with other signaling
pathways) to promote rapid induction of proinflammatory genes. The situation is
somewhat different in Drosophila. Interposed between the microbial macromole-
cules and the two Drosophila NF-kB pathways are peptidoglycan (PG) recognition
molecules, which either activate Toll indirectly, through an intervening cytokine-
like molecule, Sp�tzle (PPR-S) [26], induced exclusivly in hemocytes, or activate
the Imd pathway via a transmembrane portion [27]. There are over a dozen PG
recognition molecules in Drosophila able to detect conserved microbial compo-
nents, thus putatively distinguishing �self’ from �nonself’, although only PGRP-
SA, PGRP-LC and PGRP-LE are currently known �receptors’ for bacterial PGs in
immune responses. Discrimination of �self’/�non-self’ in the mammalian innate
immune system is largely a function of membrane-located MMRRs. [28]. Whereas
TLRs transduce microbial recognition into immune responses through intracellu-
lar signaling pathways, at least one peptidoglycan-recognition molecule provides
an interesting functional parallel with downregulatory mammalian decoy recep-
tors. Like some soluble mammalian decoy receptors, which are secreted extracel-
lularly and neutralize immunoactive molecules (discussed in 9.2.6.4), Drosophila
extracellular PGRP-SC1B may be involved in inhibiting the immunostimulatory
properties of some PGs [29]. Drosophila can generate a homologue of the mamma-
lian proinflammatory (and apoptosis-inducing) cytokine TNF, [30, 31] and can
also express NOS, both of which, in mammalian macrophages, are inducible as
part of the proinflammatory response. The TNF-a-like system in Drosophila con-
sists of a ligand (Eiger) a receptor (Wengen) and intracellular signaling through
JNK (Figure 9.1). Although not directly required for AMP production, the JNK-
induced gene Punch codes for a rate-limiting enzyme in the synthesis of tetrahy-
drobiopterin, an essential cofactor for NOS function. The Drosophila (D)NOS,
itself, is not inducible but is expressed additionally as short spliced variants, which
inhibit DNOS1 by forming heterodimers with the full length enzyme. Apart from
being involved in organ development and synaptogenesis, DNOS has a role in
Drosophila’s response to hypoxia and NO may be microbicidal in Drosophila pha-
gocytes, just as in mammalian macrophages [25, 32, 33]. The systemic response
in mammals through which acute phase proteins, such as CRP and serum amy-
loid A, are secreted by hepatocytes is dependent on (macrophage) proinflamma-
tory cytokine release at the site of initial infection/injury, on circulating IL-6 as a
signaling link to the liver and on the operation of the Jak-STAT intracellular sig-
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naling pathway to activate acute phase protein genes in the liver. As shown in Fig-
ure 9.1, all the basic machinery is present in Drosophila to produce an acute phase
response in the fat body, the equivalent of the mammalian liver. In addition to
Jak-STAT signaling, generation of the acute phase Drosophila �marker’ protein
totA may also require the participation of Relish (NF-kB) [34–36]. The only Jak
known in Drosophila is Hopscotch and this may upregulate a protein resembling
the C3 component of complement, another conserved element in humoral innate
immunity [37].

Drosophila is useful in studying microbial responses, whether to its own natural
pathogens or to typical mammalian pathogens [38]. Amongst the former are the
protozoan parasite Octosporea [39] and the Gram-negative bacterial genus Erwinia
[40], each of which trigger very different specific immune (hemocyte) responses.
Amongst the latter is Listeria monocytogenes, which is phagocytosed by S2 cell and
requires the virulence factor listeriolysin O (LLO) and vacuolar acidification for
vacuolar escape into the cytoplasm, just as in mammalian macrophages [41].
Analogous to its virulence in murine macrophages, Mycobacterium marinum in
Drosophila blocks vacuolar acidification and fails to elicit an immune response
(AMPs) [42]. Knowledge of the whole Drosophila genome allows microarray analy-
sis of the full immune response. One such study tracks an immune response to
septic penetrating injury of the thorax by combined Escherichia coli and Micrococ-
cus luceus. Of 13197 genes investigated, 230 were induced and 170 repressed, rep-
resenting the whole co-ordinated innate response through pathogen recognition,
phagocytosis, NF-kB activation and production of reactive oxygen species. The
extreme stimulus applied in this case triggeres both antifungal and antibacterial
responses and expression of all AMPS, but in less extreme conditions Drosophila
distinguishes between natural pathogens and mounts more specific immune
responses, with identifiable �signatures’ of gene expression [43]. A genome-wide
RNA interference screen of the response of Drosophila S2 cells to LPS has shed
light on the mechanism of NF-kB activation, revealing that LPS exerts a suppres-
sive effect on a caspase inhibitor gene named defense repressor 1, thereby activat-
ing the caspase 8 homolog, Dredd, which cleaves Relish and releases its activated
NF-kB domain for nuclear translocation (Figure 9.1) [44].

Possession of an immune system gives Drosophila an evident survival advan-
tage. As a general thesis, immune competence may have been achieved through
the evolutionary selection of molecules required for normal development but with
coincidental properties useful for immunity. The complexity of molecular signal-
ing during Drosophila ontogeny contrasts with the relative simplicity of the
immune response, suggesting that certain strategic molecules, some perhaps in
mutated form, may have been co-opted into microbial defense. Coordination of
signaling pathways during Drosophila development is exemplified by the complex
regulation of embryonic dorsal-ventral patterning in which a series of maternally-
transcribed genes influence early embryogenesis. Several maternal proteins con-
stitute a proteolytic cascade, which activates the Toll receptor ligand Sp�tzle, and
yet others activate BMP and Jak/STAT signaling pathways, all ultimately regulat-
ing the relative and absolute levels of Cactus and Dorsal, which control NF-kB
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translocation to the nucleus [45]. In plasmatocytes the same Sp�tzle, Toll and Cac-
tus/Dorsal (NF-kB) pathway is diverted to the production of AMPs and in this sit-
uation Sp�tzle is cleaved to its activated form by proteases, activated when PGRP-
SA binds fungal or bacterial molecules (PGs). PGRPs may themselves have de-
rived from an active enzyme (lysozyme) by substitution of one amino acid, negat-
ing the enzyme activity whilst retaining the binding capability [29]. Mammalian
TLRs may have evolved as far back as plants which contain the TIR motif of mam-
malian TLRs and the IL-1 receptor – so it is a moot point as to whether develop-
mental genes arose before or after immunological genes [20]. Comparing Droso-
phila and mammalian macrophage phenotypes, the former demonstrate much
less requirement for multiple signaling pathways, or transcription factor coopera-
tion, in order to switch on genes fully. In mammals, presumably from further evo-
lutionary pressures, proinflammatory molecules are more tightly regulated and
often require coordinated activation of several separate pathways and transcription
factors, complexing together in the �enhancesome’ region of the gene promoter,
to achieve maximum gene activation. For example, full IFN-b transduction
requires three signaling cascades to activate the transcription factors NF-kB, AP-1
(cJun) and IRF (Figure 9.2) [25]. Even to trigger TLR activity in mammals can
require several essential accessory molecules (TLR4 associates with CD14, LBP
and MD2) [46]. Despite the simpler, less-regulated signaling-transduction in Dro-
sophila, sequential and coordinated activation of signaling pathways are readily
apparent, as in the response to sepsis, during which a rapid short burst of JNK-
triggered genes gives way to more sustained Dorsal/Dif (Gram-positive) or imd
(Gram-negative)-triggered genes (the AMP response), overlapping a transient
expression of Jak-STAT induced genes [47]. The control of early and late response
genes in mammals is considered in more detail in 9.2.6. The TNF-like molecule,
Eiger, is mainly expressed in the nervous system, where it initiates JNK-induced
(caspase-independent) apoptosis. Apoptosis may be blocked by inhibiting the JNK
pathway in S2 cells but is also partially blocked by caspase inhibitors. Pro-
grammed cell-death pathways are either intrinsically regulated by caspases, under
genetic control (entirely so in Caenorhabditis elegans) or by extrinsic mechanisms,
through cell surface receptors, of which TNF/TNFR/JNK signaling is a prime
example [31]. Whilst the single TNF/TNFR system of Drosophila is directed
towards programmed cell death in the control of normal morphogenesis, many of
the more than 20 members of the mammalian TNF/TNFR superfamily proteins
are expressed in the immune system [30]. With its ability to trigger apoptosis, but
also induce NF-kB-responsive proinflammatory genes, TNF-a appears to have a
contradictory role in the mammalian innate immune response. Speculatively, a
pathway that can be switched between microbial killing and apoptosis may pro-
vide flexibility in regulating the duration of immune responses in the more
sophisticated mammalian immune system. The divergent roles of TNF in devel-
opment and in antimicrobial immunity are regulated separately in Drosophila.
The JNK signaling pathway and apoptosis is controlled by DTRAF1. NF-kB signal-
ing and AMP production is controlled by DTRAF2 through the Toll pathway [48].
In mammals TRAF4 most closely corresponds to DTRAF1 and both are most pre-
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valent in neuronal and epithelial precursor cells and neither play much, if any,
part in NF-kB signaling. Mammalian TRAF 6 is the closest functional counterpart
of DTRAF2 in activating NF-kB [49], but signal regulation is far more intricate in
mammals. For example, TNF interaction with TNF-R1, which contains a death
domain, favors apoptosis, in contrast to signaling initiated by TNF-R2 (Figure 9.1).
However, TNF receptor stimulation also activates NF-kB, which induces anti-
apoptotic proteins alongside proinflammatory ones. Inhibition of activated
NF-kB, for whatever reason, sensitizes cells to TNF-a-induced cell death. Negative
regulation of JNK during NF-kB-mediated responses is conserved in mammals.
Conversely, prolonged activation of the JNK pathway signals cell death [50]. Over-
all, and regardless of any speculations, Drosophila provides insights into an
immense range of autonomous macrophage functions, ranging from antiinflam-
matory uptake of apoptotic cells to full-blown pathogen-lethal immune responses.

9.1.3
Evolution of Adaptive Immunity: Macrophages in a New Context

Although antigen presentation is not a feature of the invertebrate innate immune
system, a conserved MHC-like region is present in the Drosophila genome and the
Drosophila proteosome can generate peptides suitable for loading onto MHC mol-
ecules [51]. It is an estimated 540 million years ago that adaptive immunity first
emerged, with the jawed vertebrates – a dramatic change that must have had a
major impact on the subsequent course of immune system evolution. However, it
is necessary to go back much further, in excess of 800 million years, before the
divergence of deuterostomes and protostomes, to find a common ancestor of
mammals on the one hand and Drosophila and nematodes on the other. Unsur-
prisingly, therefore, comparisons of invertebrate and mammalian innate immune
systems have revealed marked difference as well as similarities. For a contempor-
ary view of the isolated mammalian innate immune system, the SCID and nude
(athymic) mouse models, which lack functional T cells, provide an alternative to
extrapolations from Drosophila.

The advantages of the adaptive immune system are discussed in detail else-
where in this book, but in considering the contributions of macrophages to the
combined innate and adaptive systems several conceptual points should be
emphasized:

1. The adaptive immune system is grafted onto the innate immune system
and cannot function without it. The adaptive immune system simply mod-
ulates the responses of the innate immune system in various ways.

2. The �master-switch’, determining immunity versus tolerance, lies in the
innate immune system. Once determined, polarity is faithfully transmitted
right through the adaptive immune system, both afferently and efferently.
Therefore, the adaptive immune system only amplifies a pre-existing
response. Any changes in polarity must be initiated in the innate immune
system and by implication require an environmental input. Macrophage
and DC phenotypes are programmed by the local microenvironment, so
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the fundamental basis of immune responses lies in the modulation of the
microenvironment of non-lymphoid tissues.

3. The innate immune system recognizes generic microbial molecular pat-
terns and the adaptive immune system increases the specificity of the
response by focussing it on unique microbial identifiers (antigens) and
then generating immunological memory.

4. The adaptive immune system is usually programmed at a distance from
immunologically active peripheral tissues, introducing the requirement for
new types of cells. These are DCs for information transfer and T cells for
fine-tuning of the specificity and diversity of the response and for amplifi-
cation of the signal strength. Lymphoid organs (nodes and spleen), with
controlled access and egress, are specialized for these functions.

5. The stand-alone innate immune system of the invertebrate, as exemplified
by Drosophila, involves a phagocytic macrophage-like cell in two ways: first,
disposal of unwanted self in the form of apoptotic cells and second disposal
of pathogens, achieved either by ingestion and destruction (a cellular
response) or by secretion of antimicrobial molecules (as a form of
�humoral’ response). Macrophages employ �hard-wired’ germline-encoded
receptors that directly distinguish apoptotic cells (self) from pathogen-spe-
cific three-dimensional molecular conformations or �patterns’ (non-self).
By contrast, the adaptive immune system must interpret coded informa-
tion (antigenic peptides) presented to it to decipher (noninfectious) self
from (infectious) non-self.

6. To contribute to a tissue adaptive response macrophages must be able to
process and present antigen on MHC II molecules with the required co-
stimulation. Macrophages are adept at internalizing, degrading and pre-
senting exogenous protein-derived antigens under the right conditions, but
not endogenously processed protein. IFN-c is required for MHC II expres-
sion and antigen presentation. Treatment of macrophages with GM-CSF,
however, encourages endogenous peptide occupation of MHC II molecules
[52]. There is evidence that non-TLR receptors may also assist macrophages
to function as APCs, as elaborated in more detail in 9.2.4.

7. If macrophages are considered to be sentinels of the innate immune sys-
tem and DCs of the adaptive immune system, one measure of the balance
between innate and adaptive responses would the ratio of macrophages to
DCs generated in a tissue. However, this definitive statement depends on a
strict functional definition of the two cell types. Currently, distinguishing
the two either functionally or by surface markers is not always easy (as dis-
cussed in 9.2.3).

8. There is a growing realization that canonical cell types, such as Th1 and
Th2, may be a gross over-simplification. Rather, immune cells integrate
information presented to multiple receptors at the cell surface and trans-
duce the information through multiple signaling pathways to induce mul-
tiple genes (often interacting), resulting in a diverse range of (effector) out-
comes that often change over time.
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9. Microbial killing mechanisms induced in macrophage are essentially the
same whether triggered by TLRs or T cells. Humoral immunity and differ-
ential apoptosis of immune-activated cells contribute to both innate and
adaptive immunity.

10. The above statements outline the normal operation of the immune system
Autoimmunity, cancer and other diseases affecting the immune system
should be interpretable as specific abnormalities operating in the same
framework. The adaptive immune system is complex and more likely to
fail operationally, resulting in autoimmunity or allergy. Conversely, the
innate immune system initiates and sustains most chronic inflammatory
conditions, including autoimmunity. Autoimmunity and cancer expres-
sion is modulated by both innate and adaptive immunity

9.2
Diversity of Macrophages in Mammalian Tissues

9.2.1
Classifying Heterogeneity

Macrophage phenotypic diversity is identifiable through variations in morphology,
expression of cell-surface markers and, most importantly, through function. In all
these respects there is considerable overlap with DCs. Indeed, a recent textbook
dedicated to the macrophage states that “it is probably obsolete to define DCs and
macrophages as separate subtypes of APCs: rather it may be appropriate to con-
sider them as an interactive network, sensitive to intercellular crosstalk and ex-
tremely responsive to environmental factors” [53]. Other researchers have claimed
that DCs and macrophages could lie at the extremes of a continuous phenotypic
spectrum [54]. In considering macrophage diversity, therefore, fundamental ques-
tions still demand an answer. What are the defining characteristics that distin-
guish macrophages from DCs and at what stage, in what manner and under what
conditions do macrophages and DCs part phenotypic company in their develop-
ment from a common marrow progenitor cell?

Morphology cannot be used to separate the two cell types reliably because
macrophages and DCs can look deceptively similar. Macrophage morphology is
extremely variable and is substantially influenced by the physical constraints of
tissue architecture [55]. Kupffer cells, located in hepatic sinusoids, are elongated
and can appear highly dendritic in the neonatal period. Muscle macrophages are
spindle-shaped, lying parallel to muscle fibers. Microglial cells probably show the
greatest morphological diversity, ranging from highly ramified, radially or longi-
tudinally branched, to compact [56]. Veiled macrophages in afferent lymphatics
may simulate veiled DCs in appearance but fail to display accepted DC markers
[57]. Aluminum hydroxide, used as an adjuvant, is taken up by macrophages as
persistent crystalline inclusions but, although the cells are unchanged morpholog-
ically, they take on the function and phenotypic markers of DCs [58]. Thus mor-
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phology, at best, gives a static and sometimes misleading impression of cell types
and, in particular, gives no idea of sequential changes in phenotype or functional
interactions with the tissue microenvironment. It might be anticipated that cell
surface markers would constitute a more reliable method for distinguishing
macrophages from DCs. The problem here is that expression of combinations of
surface molecules change over time in both cell types as well as exhibiting marked
variations according to the developmental stimuli to which the cells are subjected,
as now discussed.

9.2.2
Phenotypic Manipulations and Transdifferentiations: Routes to and from
Macrophages

It is now broadly accepted that most new tissue macrophages, of whatever final
phenotype, are recruited from circulating uncommitted monocytes [59]. After
being released from bone marrow, monocytes probably remain in the circulation
for less than 24 h, before migrating into tissues, apparently at random, to differ-
entiate in response to local conditions. Resident tissue macrophages are widely
distributed. Injury or inflammation, however, substantially enhances monocyte
recruitment through the local release of chemoattractants and upregulation of
endothelial adhesion molecules. At least two distinct subsets of circulating blood
monocytes are identifiable from expressed chemokine receptors. A CCR2-express-
ing subset is actively recruited to inflamed tissue and a CX3CR1 subset to non-
inflamed tissues, and both can differentiate into DCs [59].

Microenvironmental factors putatively involved in the �maturation’ and �differ-
entiation’ of macrophages and DCs in vivo have been mainly investigated in vitro,
driven, not least, by the search for �therapeutic’ DCs. Subjecting blood-derived
monocytes to various cocktails of cytokines and other biologically active molecules
results in the generation of cells with the behavioral characteristics (and accepted
surface markers) of either macrophages or DCs. When cultured in serum with
GM-CSF for a week, human monocytes (bearing the marker CD14), differentiate,
without proliferation, into typical macrophages (CD14+), but if the culture medi-
um also contains IL-4 the resulting cells have the morphological and functional
characteristics of immature DCs (CD14–). Replacing GM-CSF/IL-4 with macro-
phage colony-stimulating factor (M-CSF) at this stage converts the immature DCs
into macrophages [60, 61]. A combination of GM-CSF and IL-4 (or IL-13) allows
monocytes to differentiate to DCs, but inclusion of IL-10 in the culture medium
blocks DC differentiation and produces macrophage phenotypes. IL-10 is only
effective in promoting macrophages if present in the first few days of culture and
cannot reverse the differentiation to DCs if added at later times [62, 63]. Culture of
monocytes in serum-free conditions clearly indicates that the primary action of
GM-CSF or IL-3 on monocytes is to downregulate their M-CSF receptors, so push-
ing differentiation towards immature DCs rather than macrophages. The M-CSF
receptor, encoded by the gene c-fms, is obligatory for macrophage differentiation
from monocytes and acts at an early stage [64]. Engagement of the monocyte �mar-
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ker’ CD11b (Mac-1) downregulates the expression of Foxp1, a transcription factor
that inhibits c-fms transcription. The monocyte-specific expression of c-fms is
regulated by several other transcription factors (PU.1, AML1, C/EBP), which bind
to adjacent regions of the promoter. Deficiency of c-fms causes global depletion of
macrophages, whilst CD11b has an important role in monocyte migration, differ-
entiation, phagocytosis and oxidative burst [65]. Activated monocytes themselves
secrete M-CSF, which can therefore act in an autocrine manner via M-CSFR.
Moreover, IL-10 has a synergistic effect with M-CSF to promote macrophage dif-
ferentiation from monocytes by enhancing the upregulation of M-CSFR. The
resultant macrophages show enhanced priming for effector function, in that they
express higher levels of FccRI, FccRII and FccRIII, augmented phagocytosis and
increased generation of reactive oxygen species when stimulated with zymosan,
and of IL-6 when stimulated with LPS [66]. Microenvironmental IL-6 itself (or the
soluble IL-6R which, unusually, potentiates IL-6) upregulates M-CSFR on mono-
cytes, skewing their development towards macrophages. Newly arriving mono-
cytes can apparently trigger IL-6 release from stromal cells such as fibroblasts
[67]. M-CSF is intimately involved in establishing and regulating resting tissue
macrophages during normal organogenesis, again suggesting an important phys-
iological role for macrophages as scavengers of apoptotic cells [55]. Monocyte-
derived DCs may provide another source of M-CSF, and IL-10 can induce DC to
macrophage transdifferentiation by upregulating DC c-fms (M-CSFR), enabling,
at least in principal, a reversal of the balance between the two cell types [68]. An
antiinflammatory (�resting’) phenotype is supported in M-CSF-treated macro-
phages by the induction of a phosphatase (MKP-1) that inhibits the Raf/MEK/
ERK (MAPK) pathway without inducing apoptosis [69].

It is instructive to contrast the requirements for macrophage culture in vitro
with those for DCs [70, 71]. DCs, with phenotypes resembling Langerhans cells
(LCs) (as found in epidermis and mucosa), can be obtained from adult peripheral
blood monocytes, without cell division, in the presence of GM-CSF/IL-4 (and
serum), by addition of TGF-b1 [72]. Alternatively, �mature’ DCs, bearing the mar-
ker CD83+, may be derived from monocytes by including TNF-a in the initial
GM-CSF/IL-4 culture medium, or, even more effectively, by adding TNF-a at day
five. One of the most effective ways of producing mature DCs (CD83+) from
monocytes is by initial culture with GM-CSF and IL-4 (to produce immature DCs)
followed by exposure to a �monocyte conditioned medium’, which contains vari-
able quantities of TNF-a IL-1b IL-6, IFN-a and PGE2 [73, 74]. Monocytes express
IL-3R, and when cultured with IL-3 and IL-4 yield a subset of DCs producing less
IL-12 and supporting Th2 responses [75]. Conversely, IL-3 and IFN-b-treated
monocytes acquire a mature DC phenotype and exhibit potent Th1 polarizing sig-
nals despite low secretion of IL-12 [76]. In addition to the monocyte pool a small
number of circulating mononuclear cells coexpressing CD14 and the progenitor
marker CD34 have been identified, and these (like monocytes) are able to traverse
endothelial layers and differentiate into tissue DCs. CD14+CD34+ cells could be
direct precursors of DCs and circumvent the alternative monocyte (CD14+,
CD34–) pathway. Cord blood, or bone marrow, are other sources of CD34+ pro-
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genitor cells from which DCs will differentiate in vitro if they are cultured with
GM-CSF or IL-3, with the later addition of TNF-a [77]. Blood monocytes exposed
to type I interferons after incubation with GM-CSF develop rapidly into plasmacy-
toid DCs, secreting IL-15 and skewing T cells towards Th1 [78]. Even activated
human neutrophils can escape apoptosis and adopt the phenotype of DCs if they
are cultured with IFN-c or GM-CSF [79].

Production of macrophages from M-CSF-stimulated monocytes does not occur
universally. The M-CSF route to macrophages can be diverted to osteoclasts (bone
resorptive cells) if the surface receptor RANK, which is induced by M-CSF, inter-
acts with its ligand RANKL, found primarily on osteoblasts and on some T cell
subsets. Osteoclasts exhibit various macrophage markers but are distinguished by
multinucleation, resulting from cell-fusion, and become TRAP positive. Induction
with GM-CSF, by contrast, yields myeloid DCs on addition of soluble RANKL [80].
Marrow-derived osteoclast precursor cells (in murine cultures containing M-CSF
and serum) respond directly to IL-3, to inhibit, irreversibly, RANKL-induced osteo-
clast differentiation in favor of macrophages [81]. The phenotype of osteoclasts is
extensively modulated by cytokines in an analogous way to macrophages. The pro-
cess requires the expression of RANKL and may be induced through functional
NMDA receptors, which activate NF-kB, and is enhanced by TNF-a and inhibited
by IL-4 [82]. Apart from its role as an excitatory neurotransmitter, glutamate may
have a signaling role in bone homeostasis [83]. Functional NMDA is expressed by
osteoclasts [84] and NMDA receptors are expressed by osteoclast precursor cells,
including the murine macrophage cell line RAW 264.7 [84], but to what extent
NMDA receptors are present on other macrophages/microglia appears to be large-
ly unexplored. Recent work has revealed that the c-Fos element of the AP-1 tran-
scription factor may provide an essential intracellular switch between osteoclast
and macrophage differentiation and, more significantly, may have a general sup-
pressive effect on macrophage and DC proinflammatory activation [85]. Two ele-
ments, c-Fos and c-Jun, make up the AP-1 transcription factor with binding sites
in the promoter regions of several proinflammatory genes. Early expression of
AP-1 in murine peritoneal macrophages may help induce iNOS but overexpres-
sion of c-Fos is suppressive towards iNOS and TNF-a gene transcription, by
mechanisms that do not involve AP-1 directly [86]. In DCs, elevated c-Fos sup-
presses IL-12p70 and, consequently, moves T cells towards the antiinflammatory
end of the T cell repertoire [87, 88]. The plasticity of murine bone marrow mono-
cytoid progenitors is well-displayed by expanding them with the growth factor
Flt3-L and then subjecting them to various cytokines at various times during incu-
bation. In this way, immature monocytoid cells can give rise to macrophages,
osteoclasts, DCs or microglia. Macrophages can be derived at all stages simply by
adding M-CSF. Cells in late cultures display macrophage markers and, from
these, microglial cells will differentiate if glial-cell conditioned medium is added
[89].

Other aspects of macrophage heterogeneity extensively explored in vitro are
phenotypic reversals and �transdifferentiations’. In the light of such studies, the
concepts of �maturation’ and �differentiation’, which imply set sequencing and
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fixed terminal phenotypes, fall into some disarray. For example, upregulation of
proinflammatory cytokines (IL-12, IL-15 and TNF-a) in DCs, which is promoted
by TNF-a, is transient, reversing to a predominantly antiinflammatory phenotype
(IL-10, TGF-b) on withdrawal of TNF-a, but is reinducible again to a proinflam-
matory phenotype on re-exposure [90]. IL-4/GM-CSF-treated blood monocytes
tend to revert from DCs to adherent macrophage-like cells unless terminally dif-
ferentiated by LPS [78]. The antiinflammatory phenotype which may be adopted
by macrophages after phagocytosing apoptotic cells can be reversed to a proin-
flammatory one, either by exposure to anti-TGF-b1 antibody or if PGE2 is neutral-
ized with indomethacin [91]. Stable GM-CSF-responsive progenitor cell lines, de-
rived from fetal liver or adult bone marrow of some mouse strains, and then trans-
formed with c-Myb into confer immortality, can differentiate either into macro-
phage-like cells in response to TNF-a and IL-4 or into DCs when IFN-c is substi-
tuted for IL-4. Myb-transformed cells differentiate into macrophages under the
influence of M-CSF, as would be expected [54]. Microglia differentiate readily into
DCs in vitro and have been described, on the basis of immunochemistry, as
uncommitted myeloid progenitors of both immature DCs and macrophages [92].
Resting microglia transdifferentiate to immature DCs on exposure to GM-CSF.
In brain inflammation, as during EAE or Toxoplasma encephalitis, brain DCs
(CD11c+) secrete IL12p70 while microglia (CD11c–) secrete TNF-a GM-CSF and
NO. Both cell types can act as APCs, producing IFN-c and IL-2 on contact with
primed naive T cells [93, 94]. Microglial/DC transdifferentiation is of more than
academic interest because there is definite evidence for routes by which antigen
can be transferred from brain parenchyma to cervical lymph nodes [95]. Macro-
phage into DC conversion may be a much more general phenomenon than cur-
rently appreciated, with far-reaching consequences in vivo. Murine Peyer’s patch
macrophages (F4/80+ CD34+ MHC II+) can produce DCs when cultured in GM-
CSF and IL-4 [96]. The murine cell line RAW264.7 only requires LPS stimulation
to differentiate into DCs, a transdifferentiation that may depend on the second-
messenger phosphatidic acid [97]. Thus, not only can LPS convert immature DCs
into mature DCs but also macrophages into DCs. DCs can be generated from
alveolar macrophages (AMs) and blood monocytes [98]. Peritoneal macrophages
separated by adherence methods can take on DC characteristics on culture with
GM-CSF and IL-4. Remarkably, monocytes or immature DCs can assume the phe-
notypes of either macrophages or endothelial cells in vitro when cultured in a suit-
able endothelial (angiogenic) growth medium [99]. Loading of murine aortic
smooth muscle cells with cholesterol transform a proportion of them into �foamy
macrophage’-like cells, although these do not appear to be activated to a proin-
flammatory phenotype [100].

Preadiocytes, which populate adipose tissue throughout life, can transdiffer-
entiate to macrophages. This is not surprising since preadipocytes share more fea-
tures in common with macrophages than with mature adipocytes. Transplanting
murine preadipocytes into the peritoneal cavity efficiently produces phagocytic
cells with the gene expression profile of macrophages (F4/80+ CD11b+ CD45+),
resembling peritoneal macrophages already present. Cell-to-cell contact between
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preadipocytes and peritoneal macrophages is partially responsible for the pheno-
typic changes and the peritoneal microenvironment, by implication, contributes
the rest [101]. In obesity, bone marrow-derived macrophages also accumulate in
adipose tissue and are largely responsible for a state of chronic low-grade inflam-
mation (including elevated TNF-a and iNOS), which may mediate many of the
associated metabolic consequences. Adipokines, such as leptin, activate endothe-
lial cells to recruit monocytes, while fat tissue growth is associated with monocyte
recruitment and an accumulation of resident macrophages, suggesting that
weight gain may be another consequence of inflammation [102, 103].

9.2.3
Function-related �Markers’ in Macrophages and DCs

Even in the face of mounting evidence of microenvironmentally-controlled, phe-
notypic plasticity and interchangeability, the different attributes of macrophages
and DCs might still be expected to correlate with the expression of unique mar-
kers by which the two cell types might be distinguished. The essential attributes
of DCs, as originally defined, are inducible mobility, ability to transport antigen
from peripheral tissues to lymphoid tissues and to stimulate an immune response
in naive T cells. The defining functional characteristics of macrophages are rather
the opposite in that they are relatively immobile, adherent cells (a property used
experimentally to segregate them) with a tendency to stay in peripheral tissues,
where they display heterogeneity (both morphological and functional) until their
final apoptotic demise and removal. During inflammatory responses macro-
phages are able to present antigen effectively to memory T cells. The terminology
that has developed to describe DCs – �immature’, �semi-mature’ and �mature,’ –
may simply reflect the dramatic, easily recognizable, phenotypic changes that
accompany the transition from a resting state to a fully mobile, functional APC,
as embodied in the so-called LC paradigm [104]. For DCs, �maturity’ equates most
closely to the ability to stimulate naive T cells. The terminology of macrophages
has developed differently, emphasizing the various induced activation states of,
presumably, �mature’ but relatively non-mobile, tissue-located cells. Specific mar-
kers are perhaps most likely to correlate with the different behavior of macro-
phages and DCs. As DCs mature they should be directed towards lymphoid tis-
sue. One approach has been to compare chemokine receptor expression. Mono-
cyte chemokine receptors are responsible for recruitment to areas of inflamma-
tion but thereafter their expression is readily modified by the local microenviron-
ment, including cytokines and LPS [105]. Whilst both macrophages and DCs
express similar (pro-)inflammatory chemokine receptors in the �immature’ state,
only DCs require an �exit strategy’ from peripheral tissues. This is thought to be
provided in part by CCR7, expressed on mature activated DCs, which migrate
towards CCL19 and CCL21, constitutively expressed in lymphatics/lymphoid tis-
sue [106]. Proinflammatory chemokine receptors (upregulated by IL-10 and in
some cases by steroids) [107] prime monocytes for recruitment to proinflamma-
tory microenvironments. On in vitro stimulation by the outer membrane protein
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A (a TLR2 ligand) of Klebsiella pneumonia, or with LPS, or IFN-c, both immature
DCs and macrophages acquire CCR7and downregulate CCR1, CCR2 and CCR5
(inflammatory chemokine receptors). At the same time they upregulate CXCL8
(IL-8), CCL2 (MCP-1), CCL3 (MIP-1a) and CCL5 (RANTES), which can recruit
further cells. On expression of CCR7, macrophages do not lose their phenotypic
markers, but display proinflammatory cytokines, and neither do CCR7-expressing
macrophages migrate via lymphatics directly to CCL21 (at least not in vivo).
Therefore, CCR7 expression alone is insufficient to induce macrophage lymphatic
migration [90]. Macrophages undoubtedly do reach lymphoid tissue, in vivo, but it
is suspected that this could be via blood in response to CCL 21 expression near or
on high endothelial venules [108]. Even mature LCs which express CCR7 can fail
to migrate to lymphoid tissue if the �chemokine switch’ [105] operates incomplete-
ly and they continue to express aberrant CCR6 (which is attracted to the proin-
flammatory chemokine CCL20) as in the disease histiocytosis [109]. A further
requirement for proinflammatory DC migration appears to be the presence of
microenvironmental PGE2 during DC maturation, because PGE2 is essential for
coupling CCR7 to intracellular signal transduction mechanisms, which employ
cAMP and PKA [110]. Since PGE2 is a product of proinflammatory macrophages,
the resultant DC migration is a good example of the two cell types working syner-
gistically [111, 112]. The downregulation of proinflammatory cytokine secretion
by PGE2, via elevation of intracellular cAMP and PKA, is described for both
macrophages and DCs, constituting a mechanism for limiting the time course of
innate proinflammatory immune cell activation both in peripheral tissues (macro-
phages and DCs) and lymphoid tissue (primarily DCs). In response to LPS, DCs
generate COX-2 at 4–6 h and PGE2 (but not the proinflammatory PGD2) at 6–18 h,
allowing DCs enough time to reach lymphoid tissue before proinflammatory,
Th1-directing, cytokines (notably IL-12) are curtailed [113, 114]. Consequently, it
can be surmised that in vitro generation of DCs using proinflammatory cytokine
mixtures incorporating PGE2 over several days inevitably runs the risk of produc-
ing Th2-directing DCs of little relevance to tumor control [115]. In sharp contrast
to their response to proinflammatory microenvironments, �resting’ macrophages,
in the steady state, are biased towards secreting antiinflammatory cytokines, one
of which, TGF-b, is essential for DC migration under such conditions. TGF-b pro-
motes survival of, and expands, a subset of human CD16+ (FccRIII+) blood mono-
cytes having the greatest propensity to become migratory DCs, as tested in vitro
by their ability to pass from the ablumenal to luminal side of an endothelial
monolayer (�reverse transmigration’). In the absence of exposure to TGF-b, or
alternatively simply to particulates that can be phagocytosed, monocytes that have
traversed the monolayer do not retraverse, but develop instead into tissue macro-
phages [116]. Notably, however, the same CD16+ monocyte subset and CD16+ DCs
(belonging to a subset identified by a monoclonal antibody, M-DC8) can also be
activated by LPS to become potent TNF-a producers and such DCs have been
found in inflamed mucosa-associated lymphoid tissue in Crohn’s disease [117].
TNF-a may paradoxically be a survival factor for DCs, rescuing them from the
deleterious effects of reactive oxygen intermediates [118]. Melanin granules, taken
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up by both macrophages and DCs, excite no proinflammatory response. Melanin
in DCs can easily be tracked to regional nodes when injected into the skin. Using
this approach in transgenic mice, it is found that TGF-b signaling is essential for
DC migration under �resting’ steady state conditions [119]. Since loaded macro-
phages can also be found in lymph nodes, a transfer of melanin by phagocytosis
of short-lived DCs by macrophages located in lymphoid areas is another possibili-
ty. Uptake of apoptotic cells exerts an antiinflammatory effect on macrophages
and DCs alike, but on exposure to apoptotic cells immature DCs upregulate CCR7
without maturation, which is of possible relevance to steady-state transfer of apop-
totic material to lymph nodes [120]. Whilst informing as to the circumstances of
DC migration, these observations do not explain why LCs can traffic antigen from
skin to regional nodes independently of CCR7/CCL21 signaling in the steady state
[121] and, conversely, why macrophages, which can also express CCR7, do not
migrate in the proinflammatory state. Additional mechanisms to guide DCs to
lymphoid tissue must exist. Amongst candidate molecules, attention has recently
focused on CD38, which is present on precursor monocytes, then becomes down-
regulated on immature DCs only to be upregulated again on mature DCs. Upre-
gulation of CD38 can be achieved by LPS or IFN-c and is dependent on NF-kB
activation. Functionally, CD38 increases cyclic ADP ribose and intracellular cal-
cium and stimulates IL-12 secretion and T cell proliferation, in keeping with
mature DC function [122]. More remotely, CD38 regulates humoral immunity,
but this is now thought to be an indirect effect of CD38 promoting both recruit-
ment of monocytes to inflamed tissues and the migration of mature DCs to drain-
ing lymph nodes. It may be that that necrotic cells at sites of inflammation release
the CD38 substrate NAD+, which is then available to drive CD38-dependent path-
ways that activate chemokine responsiveness, such as the attraction between
CCR7 and CCL19/21 or between CCR2 and CCL2 [123]. A signaling pathway has
been identified in DCs for upregulation of CCR7. This depends on surface expres-
sion of TREM-2/DAP12. The pathway triggered is independent of NF-kB and p38
MAPK and it is thought that it may amplify DC responses to pathogens [124].
DAP12, which has several associated molecules (MLD-1, TREM-1 and TREM-2),
is expressed on monocytes/macrophages and DCs and has a high constitutive
expression in lung. Following BCG infection of C57BL/6 mice, MDL-1 and
TREM-1 are both induced, but only in the absence of IFN-c (which downregulates
them) and TNF-a specifically upregulates MDL-1 expression. Because the kinetics
of expression of the DAP12-associated molecules correlate with that of TNF-a and
IFN-c, they may be of importance in generating proinflammatory responses [125].

The balance between innate and adaptive immunity, reflected in the balance be-
tween activated macrophages and activated (�mature’) DCs, will necessarily have a
far-reaching effect on the initiation and progression of immune responses. Apart
from the inevitable delay in instructing the adaptive response, several other con-
straints can tend to anchor, and modulate, the immune response within the con-
fines of the innate immune system. Using Salmonella typhimurium it has been
shown that whole bacteria (viable or non-viable) and, to a lesser extent LPS alone,
can block the development of DCs from influxing proinflammatory monocytes.
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The LPS-mediated part of this effect is lost in TLR4 knock-out mice. The failure of
DCs to migrate to local nodes results in poor antigen presentation to T cells.
Monocytes initially exposed to the bacterium cannot be induced to differentiate
into DCs even when exposed to GM-CSF [126]. On intracellular infection with
Mycobacterium tuberculosis (MTB), monocyte differentiation to DCs under the
influence of IFN-a is diverted in favor of an �immunoprivileged’ macrophage-like
cell, thus constituting a potential mechanism for reduction of an adaptive
response against the infection. The macrophage-like phenotype retains CD14,
fails to acquire CD1, partially expresses B7.2 but does not upregulate B7.1 or
MHC I or II. The cytokines TNF-a and IL-10 are induced, but not IL-12 [127]. In
another recent murine study, MTB antigen did not arrive in mediastinal nodes, in
CD11c+, DEC205+ DCs, until two weeks after intratracheal inoculation [128].
Further aspects of the relationship between macrophages and DCs in tuberculosis
will be discussed in 9.2.4. Microbial infection is often accompanied by increased
apoptosis. The integration of signals from combined exposure to apoptotic cells
and TLR ligands (such as LPS) generates a different macrophage phenotype from
that of either stimulus individually. The combination enhances early TNF-a and
proinflammatory chemokines, but reduces late TNF-a, IL-10 and IL-12, while
increasing late TGF-b. In this way, the output of proinflammatory cytokines from
TLR stimulation could be profoundly modified by the build up of apoptotic cells
associated with infection, limiting the extent and duration of an immune
response, with a knock-on effect on DCs. IFN-c, however, can override the down-
regulatory effects of apoptotic cells [129]. Uptake of apoptotic cells by macro-
phages impedes their ability to present exogenous antigen to autologous T cells
and is associated with occupation of MHC II molecules by apoptotic DNA, down-
regulation of co-stimulatory molecules and increased secretion of TGF-b. Such
mechanisms would tend to prevent a proinflammatory adaptive immune
response [130]. Infection is commonly accompanied also by necrosis, and TLR li-
gands could even promote this. Macrophage, and neutrophil, necrosis, which may
occur early, could combine with bacteria to activate DCs and load them with
potentially antigenic material [131]. Increases in bioactive mediators such as aden-
osine and PGE2 during proinflammatory innate immune responses might influ-
ence whether incoming monocytes adopt the phenotype of macrophages or DCs.
Both adenosine and PGE2 elevate intracellular cAMP and give rise to cells inter-
mediate between macrophages and DCs, with good antigen presenting abilities,
but reduced expression of CCR7, thereby blocking migration of these cells to
lymph nodes, and weighting the immune response towards innate rather than
adaptive immunity [132]. Doubt has recently been cast on the exact role of IL-12
production by DCs, assumed in the past to direct the adaptive response towards
Th1. In fact, in a proinflammatory setting, IL-12 from DCs may have most impact
on the innate response (through stimulating IFN-c release from NK and other
cells) because IL-12 production is superior in immature DCs and is rapidly
reduced on DC maturation, regardless of the specific maturation stimulus. Even
mature DCs with upregulated CD40 fail to liberate proinflammatory cytokines in
vitro when stimulated with CD40L [133]. In a mildly antiinflammatory micro-
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environment, when late apoptotic cells are co-cultured with both macrophages
and immature DCs (rather than with macrophages alone), the effect of the DCs is
to reduce secretion of IL-6 and MIP-2 (murine equivalent of the chemokine IL-8),
while at the same time inhibiting phagocytosis by DCs and enhancing phagocyto-
sis by macrophages. These results introduce the notion that extrinsic factors, nota-
bly contact with immature DCs, may significantly hold in check the production of
some proinflammatory molecules by macrophages engulfing apoptotic cells [134].
IL-6 is amongst cytokines produced early in the proinflammatory response of
macrophages to TLR stimulation, but increasingly the evidence points to the need
to reappraise the function of this enigmatic cytokine. It has only recently been
reported that when monocyte-derived DCs are �matured’ by LPS, or other proin-
flammatory stimulus, in the presence of GM-CSF and IL-4, the inclusion of IL-6
skews differentiation towards phenotypically mature but functionally impaired
DCs. Specifically, IL-6 inhibits NF-kB activation, reduces CCR7 transcription
(partly via autocrine IL-10) and decreases production of TNF-a and IP-10 [135]. At
the same time, during an innate response, IL-6 can oppose the suppressor activity
of regulatory T cells. The downregulatory effects of IL-6 on DCs must tend to keep
an innate response from propagating to the adaptive immune system. Chronic
inflammation in skin alters the phenotype of LCs, which upregulate CCR7 and
migrate to lymphoid tissue, but fail to express co-stimulatory molecules or DC-
LAMP and behave as immature LCs with poor T cell stimulating abilities. Finally,
there is considerable debate about DC function and distribution in the lung,
examined in a later section (9.2.5). In summary, anchoring immune responses in
the innate immune system can result either from lack of transmission of informa-
tion to the adaptive immune system and/or from blunting of the response of DCs
to microbial infection, but currently little appears to be known about what controls
the balance between these two cell types and between innate and adaptive immu-
nity.

9.2.4
Macrophage Phenotypic Diversity in Response to Microbial Challenge

An outstanding recent achievement in immunology has been the discovery and
characterization of the mammalian TLRs (currently totaling 11), along with their
ligands and signaling pathways [136, 137]. Amongst membrane receptors of
macrophages and DCs, the TLRs are major transducing receptors but, in addition,
there are other MMRRs, which often contribute to phagocytosis, as well as trans-
duction. Recently, putative cytosolic MMRRs have also been described. Despite
lacking the remarkable antigen specificity and versatility of T and B cell adaptive
responses (achieved by receptor gene rearrangements and clonal expansion), the
innate immune system still has an impressive range of germline encoded, fixed-
specificity, MMRRs that accurately perform the primary discrimination between
self and non-self molecules, across the whole spectrum of potential pathogens.
The innate system for recognizing highly conserved microbial molecules has been
honed for reliability by evolution, but occasional confusion of self/non-self ligand
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recognition could predispose to autoimmunity, and in this respect dsDNA signal-
ing through TLR9 has attracted particular attention [138]. All membrane-bound
receptors, including TLRs, probably follow the same principles of forming
dynamic complexes in lipid rafts (microdomains), as described for the immunolo-
gical synapse. For stimulation with LPS, the complex may include some or all of
the following: CD14 (which first binds LPS), CD11b/CD18, HSP70, HSP90 and
CXCR4, as well as soluble adaptor proteins, such as MD-2, and components of the
intracellular signaling pathway, such as the adaptor protein MyD88 and the sig-
naling kinase IRAK, which is recruited to the complex on ligand engagement (Fig-
ures 9.1 and 9.2) [138–140]. Of the non-TLR MMRRs, the C-type lectin family is
growing in size and significance, although knowledge of the corresponding in
vivo ligands is lagging behind. In general, C-type lectins bind conserved glycan
ligands through carbohydrate recognition domains, but �non-classical’ C-type lec-
tins can also bind non-carbohydrate ligands [141]. The group includes the man-
nose receptor (MR), Dectin-1 and DC-SIGN. MR is expressed on macrophages
and DCs and is involved in the uptake of pathogens, as diverse as HIV, Candida,
Leishmania and Trypanosoma. As a result of recognizing surface polysaccharides,
MRs may have an additional role in enhancing antigen presentation since, in
DCs, internalization of peptide ligands, attached to MR, massively increases the
presentation of MHC II-restricted peptides to antigen-specific T cells [142]. Simi-
larly, the mycobacterial non-peptide glycolipid LAM can be delivered by MRs effi-
ciently into the endosomal compartment for presentation on CD1b to T cells.
Therefore, MRs may be an important mechanism for presenting antigen to T cells
in the adaptive amplification or suppression of macrophage responses [143]. In
murine macrophages, MR is upregulated by the antiinflammatory cytokines, IL-
13 and IL-4, and by PGE2. Upregulation of MR by IL-13 is through a pathway in-
volving PPARc and phospholipase A2. Type I interferons (IFNa/b) upregulate
MR, but they are downregulated by IFN-c [144]. Cross linking by bacterial Man-
LAM of MR on immature monocyte-derived DCs triggers an antiinflammatory
response with increased IL-10, IL-1Ra, IL-1RII, CCL17 and CCL22 and reduced
IL-12 [145]. MBL is a soluble C-type lectin belonging to the collectins and is a com-
ponent of the �humoral’ innate immune system, in that it activates complement
and opsonizes target cells and microbes. MBL may opsonize apoptotic cells for
phagocytosis and recognizes various bacteria, viruses, fungi and protozoa, and
some forms of LPS [146] with relatively high specificity. The outcome is not always
favorable since MBL, or other collectins, may introduce viable pathogens into
macrophages. Genetically, low MBL appears protective against leishmaniasis and
tuberculosis [147], but, in this context, other collectins, surfactant A and D, rather
than MBL, enhance MR-mediated uptake of Mycobacterium avium by macro-
phages. Dectin 1 is the main macrophage receptor for recognition of fungal b-glu-
cans, a role previously ascribed to the complement receptor CR3 (Cd11/CD18b).
Dectin 1 interacts with both non-opsonized and opsonized yeast particles, and is
expressed at high levels in AMs [148]. Most recently, the C-type lectin receptor,
DC-SIGN, has gained prominence as a major MMRR on DCs, and, despite its
name, is expressed on at least some macrophage subsets (AMs), and is of rele-
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vance to HIV and mycobacterial pathogenesis, as discussed below. Compared to
the TLRs much less is known about the specificity, inter-relationships, and inter-
nal signaling aspects of C-type lectins. Dectin-1, for example, is associated with a
proinflammatory (TNF-a-producing) response to zymosan, is rapidly expressed
on IL-4/IL-13 stimulated macrophages and more protractedly on GM-CSF or
TGF-b-stimulated macrophages. Dectin-1 is downregulated by IL-10, LPS and ster-
oids, but not IFN-c [149, 150]. Another important group of non-TLR MMRRs is
the scavenger receptors. Scavenger receptor A binds microbes and apoptotic cells
and can even bind the lipid A moiety of LPS without eliciting proinflammatory
responses. In general, many �non-TLRs’ fail to excite proinflammatory responses
on ligand binding, are more prominently displayed on resting macrophages and
are downregulated on proinflammatory activation. The outcome of innate recogni-
tion of diverse microbial-associated molecules is governed by variations in the
conformation of the stimulating molecule(s) (�molecular patterns’), by effects of
combinatorial MMRR stimulation, by the prevailing status of receptor expression
and receptor-linked intracellular signaling pathways, by effects over time of
repeated/continuous MMRR stimulation (characteristically associated with toler-
ance), and by �host’ genetic variability, which can alter the final macrophage or
DC phenotype through its effects on any component of the system. Although rele-
vant to all MMRRs, these general properties are discussed here with particular ref-
erence to TLR4 and TLR2 and their ligands. The classical transducer for LPS is
TLR4. The resultant proinflammatory response, endotoxicity, is a reliable pointer
to TLR4 activation. Enterobacteria, such as E. coli and Yersinia, stimulate TLR4 to
a much greater extent than non-enterobacteria such as Borrelia, as has been
assessed by the output of proinflammatory chemokines. Endotoxic potential corre-
lates with variations in the lipid A moieties of microbial LPS. The specificity of
TLR4 for LPS has been investigated by transfecting TLR4 alone into a human
monocytic cell line (THP-1) and measuring NF-kB-driven transcriptional activity.
TLR4 is functional in the transfected cells but the effects of LPS are further aug-
mented by cotransfection of MD2 and CD14, as might be expected. Significantly,
neither TLR1, TLR2 nor TL6, nor combinations of these, in transfected cells are
able to respond to LPS [151]. Stimulation of the human CD14/TLR4/MD-2 recep-
tor complex by LPS is reported to differ from that of the mouse in that the lipid A
portion of LPS must be bound to polysaccharide to be effective [152]. Expression
of TLR2 is higher on macrophages than all other cells [153]. Amongst TLR2 ago-
nists are PG, lipotechoeic acid and lipoproteins, initiating responses to Gram-pos-
itive bacteria, spirochaetes and mycobacteria, but the purest TLR2 stimulant to
emerge is the synthetic Pam3Cys, which induces rapid expression of proinflam-
matory genes, such as TNF-a, in a human monocytic cell line [154]. The LPS of
Porphyromonas gingivalis responsible for periodontitis appears to act primarily
through TLR2. In vivo combinatorial stimulation of MMRRs clustered together in
the membrane is the rule, extending the scope and versatility of TLRs. A well-doc-
umented example is the combination of TLR2, TLR6, CD14 and Dectin-1, all of
which collaborate in the recognition of zymosan (a b-glucan-containing yeast par-
ticle) and elicit proinflammatory cytokines (TNF-a, IL-12) and phagocytosis [139].
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Synergism amongst TLRs is perhaps almost inevitable because of their proximity
on the cell surface and because responses to most are funneled through MyD88,
an adapter shared by most TLRs, including TLR2, TLR4 and TLR6 (but not TLR3),
which then signals via IRAK1/4 to TRAF6 (Figures 9.1 and 9.2). Another Myd88
adapter-like protein (Mal/TIRAP), associated with TLR2, TLR4 and TLR6, proba-
bly functions proximally to MyD88 and both are required for TLR2 and TLR4 sig-
naling. In addition, Mal/TIRAP interacts with downstream TRAF6 to activate
NF-kB through MAPKs and the p65 NF-kB subunit [155]. Mal/TIRAP is analo-
gous to TRIF, which is a component of TLR3 signal transduction via TRAF 6. In
MyD88 or TIRAP deficient mice, bacterial stimulation fails to produce proinflam-
matory cytokines (TNF-a, IL-1b, IL12p40 and IL-6) but slower MyD88-indepen-
dent pathways remain intact, through which NF-kB can be activated and through
which LPS/TLR4 signaling and/or TLR3 signaling (possibly via TRIF) trigger
IFN-b and thereby type I IFN-inducible genes [136, 137]. Type 1 interferons can
also be induced through MyD88-dependent pathways linked to TLR7 and TLR9.

An influential variable modulating TLR signaling is ligand concentration. Low
ligand concentration and/or short exposure tend to upregulate TLR pathways,
whereas high ligand concentration and/or prolonged exposure tend to downregu-
late them, priming for initiation and termination of proinflammatory responses,
respectively. LPB binding of LPS is important in that it controls the concentration
of ligand available at receptors. At low concentrations of whole bacteria, LPS, lipo-
proteins, double-stranded RNA, CpG DNA and Pam3Cys, all readily upregulate
macrophage surface TLR2 expression and, for LPS and dsRNA, this is indepen-
dent of MyD88. Thus, TLR2 expression constitutes a remarkably sensitive marker
for a whole variety of microbial products and may boost the initial reaction to
infection [153]. Additionally, there may be a minimum threshold for direct
MyD88-linked TLR4 signaling because low concentrations of LPS appear to signal
independently of MyD88 and bias towards Th2, rather than Th1 obtained at high-
er concentrations [156]. Both Myd88-dependent and -independent pathways can
increase cell surface expression of the co-stimulatory molecules required for adap-
tive responses. Factors underlying tolerance induction on prolonged/repeated li-
gand exposure are considered in 9.2.6.

To summarize, microbial receptors are �in the front line’ when it comes to gen-
erating macrophage heterogeneity. Evidently, microbial recognition activates both
TLR and non-TLR signaling. Mycobacterial LAM, for example, signals through
LBP/CD14/TLR2 to produce TNF-a and IL-8, whereas mycobacterial ManLAM
signals through MR or DC-SIGN to produces IL-10, and inhibits LPS-induced
IL-12 and TNF-a [157]. With some exceptions, signaling initiated through TLRs
tends to be proinflammatory while signaling initiated through MR or DC-SIGN is
antiinflammatory. Tissue macrophages are uniquely placed to act as innate trans-
ducers and integrators of these competing signals, as well as being potent effec-
tors of the resultant intracellular processing – delivering either a net pro- or anti-
inflammatory response.

Recognition of microbial molecular patterns is but one part of the macrophage
response to infection. Much information has now accumulated about how macro-
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phages respond to microbial infections that target them specifically. Infection of
macrophages (and DCs) by the Gram-positive facultative intracellular (cytosolic)
bacterium Listeria monocytogenes is optimally cleared through gene expression
linked to TLR2/MyD88-signaling. The innate response includes increases in
TNF-a, IL-12, NO and co-stimulatory molecules and promotes a Th1 adaptive
response. Additional immunity may be provided by heterodimerization of TLR2
with TLR1 or TLR6, recognition of Listeria flagellin by TLR5 and/or bacterial non-
methylated CpG-containing DNA by TLR9. Thus, TLR2-deficient macrophages
show reduced TNF, IL-12, NO and co-stimulatory CD40 and CD86 expression on
Listeria infection, but these responses are virtually abolished if the deficit is
widened to MyD88 [158]. A recent mouse DNA microarray study of Listeria-
infected bone marrow-derived macrophages indicates that, when Listeria reaches
the cytosol, a cluster of �late response’ genes is induced that is MyD88-indepen-
dent. Significantly, these include IFN-responsive genes (IRGs), leading to IFN-b
gene transcription, amongst many others. The late response appears to be initiat-
ed by an intracellular innate MMRR belonging to a family of receptors termed
NOD-LRRs (nucleotide-binding oligomerization domain-leucine-rich repeats).
IRGs are distinct from TLR-dependent late response genes that are induced, for
example, by the lipoteichoic acid of Staphylococcus aureus, although these also
induce type I IFN. Listeria mutants lacking LLO fail to escape the vacuolar com-
partment into the cytosol and induce an early gene cluster, consistent with TLR/
NF-kB signaling, but not the late IRG cluster [159]. The discovery of NODs points
to another facet of macrophage diversity, surveillance of the cytosol for microbial
infection that might otherwise spread from cell to cell without further engage-
ment of TLRs. Currently, the best described NODs are NOD1 and NOD2. The for-
mer appears to be an upstream regulator of NF-kB and can be triggered in epithe-
lial cells by enterobacteria, such as Shigella flexneri. The latter is found in myeloid
cells and can detect any PG. These putative intracellular innate MRRs have
homology with plant disease-resistant proteins, some of which are cytosolic and
induce cell death. There are further functional similarities between intracellular
NODs and the extracellular free PG-recognition proteins of Drosophila [160]. A
human mutation in which NOD2 is defective is found in some cases of Crohn’s
disease and is associated with a marked reduction in the antiinflammatory cyto-
kine IL-10, as well as significant reductions in TGF-b, TNF-a, IL 6 and IL-8 on
stimulation of peripheral blood mononuclear cells with PG [161]. Stimulation of
NOD2-defective cells with Bacteroides or heat-killed Salmonella reduces IL-10 and
TGF-b but not TNF-a output, through NOD2 recognition of a motif present in all
PGs (MDP) and found in the cell walls of both bacteria. These results have been
interpreted as showing that intact NOD2 is necessary for effective production of
IL-10 and TGF-b and may be part of an antiinflammatory network counterbalan-
cing the proinflammatory pathways induced by TLR activation. More fundamen-
tally, NOD2 may be important for intracellular pathogen surveillance and initia-
tion of immune responses [160]. The latest twist to this unfolding story is that the
role of PG as a proteotypic TLR2 ligand has been challenged, in which case intra-
cellular NODs could become the only known PG-recognition molecules [162].
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There are many unanswered questions concerning NODs but, doubtless, clarifica-
tion of the role of these fascinating macrophage proteins will follow soon. It
should perhaps be pointed out that, even in the total absence of TLR signaling via
TLR2 or 4, or absence of MyD88, antigenic information about Listeria can still be
transmitted to the adaptive immune system and Listeria-specific protective CD4+

and CD8+ T cells generated [163].
Leishmania is a protozoan obligate intracellular parasite of macrophages. Its

survival depends on the failure of infected macrophages to mount an effective
proinflammatory response against internalized leishmanial amastigotes, coupled
with inefficient antigen presentation of leishmanial antigens by infected macro-
phages and an impaired ability of infected macrophages to respond to external
proinflammatory stimuli [164–166]. Indeed, in an extreme scenario, the parasite
might evade all immune responses and replicate unchecked, spreading by macro-
phage lysis to other macrophages and eventually to all macrophage-containing
organs, such as spleen, liver and bone marrow. Visceral leishmaniasis is the clos-
est clinical equivalent to this absolute failure of immunity. If Leishmania is tracked
through the stages of an immune response (innate and adaptive) it becomes clear
that any deviation from a null response depends on changes in macrophage phe-
notype generated following the initiation of infection. A minimum condition for
elimination of Leishmania from macrophages is the induction of iNOS. Therefore,
Leishmania survival will correlate with programming by the parasite of a macro-
phage phenotype suppressive of iNOS whereas elimination will correlate with all
other immune responses that singly or together upregulate iNOS to the required
threshold. In a very resistant host this could be achieved by innate immunity
alone, whereas in a very susceptible host it may not be achievable even with com-
bined innate and adaptive immunity. Although, hypothetically, an innate proin-
flammatory response can result in elimination, in practice a Th1 (IFN-c-produc-
ing) adaptive response is usually required because Leishmania potently subverts
macrophage proinflammatory activity. The influence of genetic variability of Leish-
mania itself is most apparent at the level of the macrophage phenotype, whereas
host genetics impacts on many facets of the immune response. The experimental
evidence will now be reviewed with reference to this simple framework. Following
uptake of the parasite into macrophages, promastigote-containing phagosomes
fuse with lysosomes to form the parasitiophorus vacuole, and promastigote lipo-
phosphoglycan (LPG) is shed, inhibiting both the respiratory burst and lysosomal
enzyme hydrolysis. LPG, which coats the promastigote, and derived PG can resist
lysis by complement, resist toxic radicals, impair macrophage signaling pathways
and modulate cytokines and NO. Upregulation of iNOS is part of the early intrin-
sic macrophage response to L. major infection, occurring within 24 h in resistant
C57BL/6 mice and driven by Leishmania-triggered IFN-a/b, rather than IFN-c
[167]. In human cutaneous leishmaniasis iNOS expression is highest in localized
lesions containing few parasites and lowest in more diffuse lesions with a higher
parasite burden [168]. Phagocyte NADPH oxidase may be an additional require-
ment to clear L. major from spleen, but in cutaneous leishmaniasis iNOS, alone,
suffices [169]. In general, high levels of iNOS are associated with proinflammatory
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macrophages and NF-kB activation, whereas low levels of iNOS are associated
with resting or antiinflammatory macrophages One of the first responses of
macrophages in resistant C57BL/6 mice is LPG signaling through TLR2/MyD88,
which induces NF-kB and TNF-a, indicating a proinflammatory response [170].
TLR4 stimulation also helps control Leishmania through the early induction of
iNOS, whereas TLR4 deficiency increases intracellular arginase in Leishmania
infection [171]. Not only does NO kill Leishmania and promote macrophage activa-
tion-induced apoptosis, but iNOS also diverts l-arginine away from the arginase
pathway, which produces polyamines required for parasite growth and survival
(Figure 9.2). Arginase inhibition, either by antiinflammatory cytokines or specific
inhibitors, is a limiting factor on Leishmania growth [172, 173]. L. donovani
induces elevated ceramide in host macrophages, which downregulates PKC and
ERK intermediates, thereby reducing activation of key proinflammatory transcrip-
tion factors such as AP-1 and NF-kB, involved in NO generation [174]. LPG pre-
vents phosphorylation of proinflammatory signaling kinases, p38 MAPK, JNK,
and ERK 1/2, and degradation of IkBa in naive macrophages [175], and both LPG
and IL-10 downregulate PKC in activated macrophages. Another crucial and sus-
tained macrophage response following phagocytosis of amastigotes is suppression
of IL-12 production [176]. Parasite-related disruption of proinflammatory macro-
phage signaling is again involved and, in infection with L. mexicana, LPS fails to
stimulate IL-12 and a protective Th1 response because of expression of leishma-
nial cysteine peptidase B, which cleaves JNK and ERK [177]. IL-12 suppression is
generalized across both susceptible (BALB/c) and resistant (C57BL/6) mouse
strains and occurs in macrophages activated by LPS, by CD40 cross-linkage or by
cognate interaction with T cells and, interestingly, can be mimicked by the phago-
cytosis of non-macrophage-activating inert particles. In vitro, uptake of opsonized
or unopsonized L. mexicana amastigotes into bone-marrow-derived macrophages,
or into resident or inflammatory peritoneal macrophages, fails in all cases to trig-
ger NO, or induce IL-12, regardless of whether the mouse strain is resistant or
susceptible. Another mechanism of IL-12 suppression is engagement by Leishma-
nia of CR3 or FccR, which antagonizes IL-12 upregulation on cognate interaction
with T cells [178]. Leishmanial PGs selectively inhibit synthesis of biologically
active IL-12 in activated murine (BALB/c) macrophages (without reducing TNF-a
or IL-6) [179]. Despite expression on infected macrophages, CD40 is progressively
prevented from interacting with CD40L on T cells (to generate IFN-c) because of
interference by Leishmania with p38 MAPK phosphorylation, in the signaling
pathway which links CD40/CD40L ligation to IL-12 gene induction [180]. Sup-
pressed IL-12 favors parasite survival, as does upregulation of macrophage IL-10
by Leishmania. Higher resistance to Leishmania is displayed by IL-10 �knock-out’
than wild type BALB/c. A reciprocal relationship between IL-10 and IL-12 is well
known [181] and, furthermore, IL-10-producing macrophages are refractory to
activation by IFN-c. Infected BALB/c IL-10–/– mice produced more IFN-c and NO
and less IL-12 p40 and IL-12R [182]. Although IL-10 can be part of a Th2 response,
its synthesis is directly and dramatically increased in macrophages by amastigote
infection alone. Host IgG-opsonized amastigotes are ligands of macrophage FccR
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and directly induce IL-10 expression [183]. Similarly adherent spleen cell TGF-b is
increased to high levels early in Leishmania infection and may contribute to the
immunosuppression of visceral leishmaniasis [184]. Previous studies have sug-
gested that MHC I and II expression is impaired in Leishmania-infected macro-
phages but, at the single cell level, surface expression of MHC II-peptide complex-
es is found to be intact, but cannot support the sustained TCR signaling required
for IFN-c production [166]. Either way, reduced functional MHC and co-stimula-
tory molecules in Leishmania-infected macrophages protects the parasite. DNA
microarrays have recently been used to analyze gene expression in BALB/c bone
marrow macrophages infected with L. chagasi and reveal downregulation of many
proinflammatory genes along with upregulation of some but not all of the genes
associated with an antiinflammatory phenotype. Of note, under these particular
conditions, the macrophage �survival’ phenotype for L. chagasi lies somewhere be-
tween LPS- and alternatively-activated macrophages and in particular the balance
of IL-10, TNF and arginase are unaltered [185]. An important consideration in the
immune response to Leishmania is the impact of secondary effects from the
immediate macrophage microenvironment. If intrinsic innate macrophage
defenses have failed, successful elimination of Leishmania can only be achieved
through microenvironmental changes taking place in the immediate vicinity of
infected macrophages (including cell–cell contact), sufficient to activate macro-
phages to the required proinflammatory phenotype. Neutrophils may provide a
vehicle for amastigotes to enter macrophages. In addition, co-culture of Leishma-
nia-infected BALB/c macrophages with dead exudate neutrophils increases para-
site replication, concomitantly with enhanced production of PGE2 and TGF-b.
The latter induces ornithine decarboxylase (ODC in Figure 9.2) in macrophages,
leading to increased polyamine synthesis and possibly enhanced growth and repli-
cation of L. major. Under the same conditions, the more resistant mouse strain
C57BL/6 shows more effective clearance, mediated by a serine protease (neutro-
phil elastase) and macrophage TNF-a. Strikingly, early depletion of neutrophils
renders BALB/c resistant to L. major and shifts the adaptive immune response
towards Th1 [186]. NK cells are an integral component of the innate immune sys-
tem, in close contact with infected macrophages. NO may stimulate IFN-c release
in the early IFN-a/b response, but the main stimulus for INF-c release, IL-12, is
missing, at least from infected macrophages themselves. Furthermore, a transient
Leishmania-triggered upregulation of SOC3 strongly inhibits macrophage activa-
tion (Figure 9.2) [187]. DCs constitute another local influence and, unlike macro-
phages, can secrete IL-12 on uptake of Leishmania [176], possibly utilizing DC-
SIGN as a receptor. DCs are the vital link to the adaptive response to leishmania-
sis. However, the same (genetic) factors that cause failure of the isolated innate
response militate against a successful outcome of an adaptive response. In the
complex inter-relationship between tissue macrophages and DCs it is now known
that there are two waves of antigen transfer by DCs to lymph nodes. The first does
not carry any viable parasites (either in BALB/c or C57BL/6) and, although pro-
ducing IL-12, these DCs trigger a Th2 adaptive response in adoptive transfer
experiments. The second wave does carry viable Leishmania [188]. Nevertheless,
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the impaired innate responsiveness of BALB/c mice carries through as a Th2 bias
in the adaptive response compared to Th1-orientated C57BL/6 mice. In fact, Th2
bias in BALB/c may depend partly on impaired expression of IL-12R [189] and
partly on a greater suppression of APC IL-12 by PGE2 than is found in Th1-biased
mice. Increased PGE2 production by BALB/c macrophages on LPS challenge
depends on disproportionate upregulation of downstream enzymes in PGE2 syn-
thesis [190]. BALB/c spleen cells reportedly have a greater number of receptors for
PGE2, making them more sensitive to PGE2-suppression of a proinflammatory
response when stimulated by Staphylococcus [191]. Following infection of BALB/c
mice with L. donovani, splenic macrophages can produce TNF-a but not IL-12
whereas DCs (with surrounding clusters of mononuclear cells) can produce an
early transient burst of IL-12 (resolved by day 3) and stimulate an innate response
from neighboring NK cells and the beginnings of a Th1 response from neighbor-
ing T cells, which produce IL-2 (a co-stimulator with IL-12 of NK cells) [192]. DC
migration to lymphoid tissue is compromised by the downregulation of CCR7.
Displaying only attenuated adaptive responses, BALB/c remain highly susceptible
to Leishmania infection. In the more resistant C57BL/6 strain, innate uptake into
macrophages produces TNF-a, but not IL-12. Release of amastigotes from macro-
phages or direct uptake of promastigotes by DCs provides sequential triggering of
DCs (LCs in the skin) to produce IL-12 and MHC II molecules. IL-12 stimulates
local release of IFN-c from NK cells. DCs are able to promote a specific adaptive
Th1 immune response in local nodes by an MHC II-restricted mechanism, which
depends on antigen presentation and IL-12 co-stimulation [193]. Comparing dif-
ferent mouse strains, none exhibit production of IL-12 from macrophages on
infection, but DCs from all strains can process Leishmania promastigotes (the
mobile precursors of amastigotes), and amastigotes, to present antigen, together
with co-stimulatory molecules (e.g. CD40), and IL-12 as required for a primary T
cell response [176, 194]. An intrinsic, genetically-determined, partial defect in
APC IL-12 signaling in BALB/c mice, rather than a deficit of (DC) IL-12, per se,
seems to account for an IL-4–dominated (Th2) adaptive response to Leishmania
[190]. Increased NO production, derivable from macrophage iNOS, is found in
resistant strains on infection with Leishmania while the response in the BALB/c
strain shows predominance of PGE2 and TGF-b [195]. In keeping with this, abla-
tion of functional IL-12R renders the C57BL/6 strain susceptible to large ulcera-
tive cutaneous lesions akin to BALB/c, even in the presence of effective IL-23 (IL-
12p40/IL-12p19) mediated-signaling [196]. Following subcutaneous infection of
BALB/c mice with L. major, IL-4 increases rapidly in draining lymph nodes and
downregulates IL-12R b2-chain on CD4+ T cells, a reaction that fails to occur in
more resistant C57BL/6 mice [197]. Th2 cells recognizing a Leishmania-derived
epitope are found at high frequency in BALB/c. Spleen DCs from naive BALB/c
express less CD40 and STAT4 than C57BL/6, interpreted as showing that BALB/c
DCs have a less �mature’ phenotype than in Th1-orientated C57BL/6, and so are
less resistant to intracellular infections such as Listeria and Leishmania [198]. Cuta-
neous leishmaniasis in BALB/c mice is lessened by daily intraperitoneal injections
of IL-12 and is attenuated in PI3K knock-out mice, in which endogenous IL-12

274



9.2 Diversity of Macrophages in Mammalian Tissues

and Th1-responsiveness is increased; conversely, C57BL/6 mice are rendered
more susceptible by treatment with IL-12 antibodies [199–201]. All these observa-
tions underline the contribution of a vigorous Th1 adaptive response acting on
infected macrophages for parasite killing. Successful elimination of Leishmania,
in fact, seems to require a concerted immune response since even elevated levels
of iNOS and IL-12 are not enough to clear the parasite in mice with a defective
Fas/FasL apoptotic pathway, presumably because of reduced susceptibility of
infected macrophages to apoptosis [202, 203]. Aging assists immunity to Leishma-
nia and senescent BALB/c mice become increasingly more able to counter the
infection by exhibiting a more effective release of IL-12 which, however, has to be
primed by previous infection(s) as resistance fails to develop in senescent �specific
pathogen-free’ BALB/c [204].

A consequence of inaccessibility of Leishmania in macrophages may be an over-
exuberant, but ineffectual, response to antigen, as found in the non-healing
inflammatory destructive lesions of mucosal leishmaniasis. As in murine strains,
host genetic factors must be implicated in the various clinical syndromes. Muco-
sal leishmaniasis is dominated by much increased IFN-c and TNF-a in an exag-
gerated Th1 response driven by very few Leishmania in the lesions. There is
reduced secretion of IL-10 from peripheral blood mononuclear cells in response
to leishmanial antigens [205]. Finally, the enigmatic role of TNF-a in Leishmania
must be considered. Although this pleotropic cytokine is part of the innate proin-
flammatory response of macrophages, including a role in upregulation of iNOS, it
may have much more significant impact on the adaptive arm of the immune sys-
tem in Leishmania infection. In fact, TNF-a is not well suppressed by leishmania
in macrophages and so, presumably, confers an evolutionary advantage to the
parasite. Even though TNF-a is responsible for activation-induced apoptosis of
macrophages by an autocrine mechanism operating through TNFR (early at
3–6 h) and by induction of iNOS (late at 12–24 h) [206], these manifestations may
be effectively countered by the prevailing antiinflammatory phenotype of Leishma-
nia-infected macrophages [165]. A more fundamental protection from apoptosis
in infected macrophages may be afforded by repression of cytochrome c release
from mitochondria, an effect independent of cytokine balance or NF-kB and pres-
ent in both susceptible and resistant strains alike [207]. Whilst macrophages are
relatively protected from apoptosis, activated IFN-c-secreting Th1 cells would be
subject to TNF-a-induced apoptosis. Experiments with anti-TNF-a antibodies
tend to support this view in that IFN-c and IL-10 from lymph node cells are
increased in infected animals. Mice lacking TNF-a receptor function
(TNFRp55–/–) eventually control the parasite through proinflammatory macro-
phage responses, even though parasite burden is initially increased, but at the
expense of an expansion and persistence of active inflammatory lesions because
of failure to eliminate lesional T cells by apoptosis [208]. Thus, in TNF-a defi-
ciency it is evident that reduced iNOS, initially, might be offset by increased avail-
ability of IFN-c from T cell longevity, later. Interestingly, intact Fas/FasL pathways
and iNOS (and the availability of IFN-c) may be more critical to Leishmania elim-
ination from macrophages than TNF-a, whereas TNFa is more important than
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Fas/FasL in curtailing T cell activity in inflammatory foci [202, 208]. Nevertheless,
even the resistant strain C57BL/6 can succumb to leishmania in the absence of
TNF-a under some experimental conditions [209], and TNF-a antibodies reduce
iNOS in macrophages, though not in neutrophils, and contribute to increased
lesion size in murine cutaneous leishmaniasis [210]. Notably, (in C57BL/6 mice)
iNOS function must be maintained to prevent recrudescence of �cured’ murine
Leishmania that has been found to persist in other cell types, such as fibroblasts or
atypical DCs (CD11c+) in lymph nodes, with low expression of MHC II, co-stimu-
latory molecules, and CD86, combined with expression of markers normally asso-
ciated with macrophages (CD11b and F4/80). BALB/c is much less effective in
controlling amastigotes, which readily accumulated in CD11c+ giant cells [211].

Mycobacteria are intracellular pathogens and, like Leishmania, are able to sur-
vive for long periods in (alveolar) macrophages, their major habitat. Elimination
of the infection from macrophages depends on the integration of pro- and antiin-
flammatory signaling mechanisms, which mediate immunity and tolerance
(immunosuppression), respectively. Innate modulation of this balance results
from bacterial coat–immune cell receptor interactions and from intracellular bac-
terial–phagosomal interactions. Communication between innate and adaptive sys-
tems depends on interactions between mycobacteria and DCs, eventually feeding
back as antigen-specific T cell responses directed onto infected macrophages. A
redundancy of receptors recognizing mycobacterial capsular components ensures
efficient uptake by macrophages and explains why selective receptor blockade
does not alter survival and growth of mycobacteria. The multiple macrophage
receptors available include MRs, CR3, scavenger receptors [212] and DC-SIGN.
The latter is expressed on, and could affect entry into, AMs expressing an antiin-
flammatory phenotype and more specifically alternatively-activated (IL-4 or IL-13
stimulated) macrophages. DC-SIGN is up-regulated by IL-4 and IL-13 and down-
regulated by TNF-a and LPS and has even been proposed as a good marker for
this macrophage phenotype [213]. Since DC-SIGN is now thought to be the major
receptor for uptake of mycobacteria into DCs it could well assist entry into both
antiinflammatory macrophages and DCs. The main tolerogenic bacterial wall
component interacting with DCs is ManLAM, a mycobacteria-specific mannosy-
lated lipoglycan present on mycobacteria, ranging from MTB to M. bovis (BCG)
and M. avium, and a key ligand of DC-SIGN, through which mycobacteria can
gain entry into DCs [214]. ManLAM can cross-link MRs expressed by macro-
phages and immature DCs, and has been shown, in DCs, to be capable of induc-
ing an immunosuppressive phenotype (IL-10, low IL-12, IL-1R antagonist and
IL-1R type II) [145]. Thus, mycobacteria would appear capable of triggering an
antiinflammatory phenotype on first encounter with macrophages. ManLAM
does not induce proinflammatory cytokines (TNF-a, IL-8) whereas lipomannan
(the core of LAM) does [157]. In addition to non-TLR receptors, TLR2 can elicit
IL-6 and IL-10 in DCs in response to whole MTB, but has highlighted the com-
plexity of bacterial coat–receptor interactions because ManLAM from virulent
MTB fails to activate TLR2- or TLR4-transfected cells, in contrast to fast-growing
mycobacteria, which can bring about activation through TLR2. Conversely, MTB
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can induce IL-12 in the absence of both TLR2 and TLR4 [215, 216]. Like Leishma-
nia, mycobacteria suppress IL-12 much more in macrophages than DCs, but
infected macrophages and DCs both produce TNF-a and IL-10. In transgenic
mice expressing human IL-10 linked to the MHC II promoter, susceptibility to
M. avium is much increased in association with suppression of mycobacterially-
induced TNF, NO and IL-12p40. Apoptosis is also reduced, but Th1 effector
responses and IFN-c production remain normal. Clinically, these transgenic mice
harbor increased mycobacteria, have more viable macrophages and exhibit
increased morbidity (hepatic fibrosis) and mortality [217]. In a more physiological
setting, uptake of another intracellular bacterium, Chlamydia pneumoniae, into
human peripheral blood monocytes actively induces IL-10, and again inhibits
apoptosis and IL-12. Virulent mycobacteria induce less macrophage apoptosis
than attenuated strains such as M. avium. Production of IL-10 by mycobacterial-
infected macrophages inhibits apoptosis by suppressing TNF-a. Although MTB
infection itself causes minimal apoptosis, the cell wall and secreted �virulence fac-
tor’, 19 kDa glycolipoprotein, operating through TLR2, does increase apoptosis
and reduce MTB survival. In the short-term this may facilitate the spread of resid-
ual viable TB to other cells but can also trigger host-protective T cell responses
emanating from APC uptake of apoptotic cells [218]. Whatever the mode and con-
sequences of mycobacterial access to macrophages, in vivo, during murine pul-
monary MTB infection, murine AMs contain numerous bacteria and few DCs
[219]. Once mycobacteria have gained entry, survival depends on quelling any ini-
tial innate response and consequentially delaying and subduing any specific adap-
tive response. Macrophage phagosomes infected with MTB remain non-acidified
and unfused with lysosomes, conditions conducive to bacterial growth. Unlike
macrophages, DCs are not permissive to the growth and replication of virulent
MTB and the mycobacterial phagosome remains isolated from the biosynthetic
pathways of DCs. Nevertheless, infected DCs can prepare and present mycobacter-
ial antigens [220]. IFN-c promotes phagosomal maturation to phagolysosomes.
Further information about the phagosomal microenvironment in macrophages
can be inferred from the secondary effects of immunological activation on the
transcriptosome of MTB, used as an ingenious bioprobe. Of particular interest,
IFN-c-stimulated (NO-producing) macrophages evoke an MTB/phagosomal
microenvironment that is nitrosative, oxidative, inhibitory to aerobic respiration
and hostile to the pathogen, though the transcriptosome demonstrates the
remarkable ability of MTB to adapt [221]. Binding of ManLam to DC-SIGN pre-
vents mycobacteria and even LPS from inducing DC maturation, of obvious survi-
val value to a pathogen ultimately eliminated by an adaptive, IFN-c-mediated,
response. The resultant phenotype in DCs includes IL-10, which limits upregula-
tion of IL-12 and of co-stimulatory molecules and prevents Th1 responses [222].
The impairment of DC potency may explain why SCID mice, in which only an
innate response is possible, show the same limited resistance to infection as wild-
type mice up to 8 weeks post infection [223]. In relation to the adaptive response,
TLR2 knock-out mice, paradoxically, exhibit an enhanced tissue-damaging proin-
flammatory response in chronic infection that is associated with increased T cells
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and elevation of IFN-c and TNF-a, and must be driven by non-TLR2-related
mechanisms. In TLR2-deficient C57BL/6 mice, bacterial burden increases and a
chronic pneumonia develops alongside an ineffective granulomatous response
[224]. In MTB infection of MyD88-deficient mice there is no significant effect on
TNF-a, IL-12 and NF-kB, suggesting possible alternative TLR2-mediated path-
ways. TNF-a signaling via TNF-aR still operates in these circumstances to induce
NF-kB [225]. Infection of MyD88-deficient mice with M. bovis produces low levels
of proinflammatory cytokines and NO, but co-stimulatory capacity, MHC II
expression and Th1 responses remain intact. The antiinflammatory bias of the
innate response in macrophages prevents bacterial clearance from lungs, which
show increased mycobacterial burden and confluent pneumonia, but T-cell prim-
ing and IFN-c release is sufficient to clear infection from liver and spleen [226].
With intact TLR-signaling, antigen presentation is reduced in MTB infection,
favoring bacterial survival. Reduced antigen presentation is similar to the situa-
tion in Leishmania, but in MTB infection is ascribed to decreased expression of
MHC II molecules, dependent on the mycobacterial 19 kDa lipoprotein, signaling
through TLR2. In the earlier stages of infection the same mycobacterial compo-
nent can activate microbicidal innate immunity and it has been suggested that, as
MHC II inhibition begins, existing mycobacterial peptide–MHC II complexes are
stabilized, prolonging presentation as a �freeze frame’ [227]. Another MTB TLR2
ligand (LprG) can inhibit MHC II antigen-processing in primary human macro-
phages but requires long-term exposure [228]. MTB (or its 19 kDa protein) inhi-
bits, in an MyD88 (TLR)-dependent manner, various IFN-c-mediated macrophage
responses, with suppression of genes involved in MHC II antigen-processing,
antigen presentation and recruitment of T cells [229]. M. avium infection of
BALB/c macrophages also inhibits the induction of IFN-c-inducible genes by
downregulating IFN-cR with resultant impairment of Jak-STAT signaling [230].

In vivo, the phenotype of MTB mycobacterial-infected macrophages probably
tends to lie somewhere between a pure pro- and pure antiinflammatory macro-
phage phenotype. Although mycobacterial-infected adherent macrophages pre-
pared in vitro by GM-CSF do not secrete IL-12 they can still produce another cyto-
kine of the same family, IL-23 (IL12.p40/p19 heterodimer), rendering them capa-
ble of stimulating Th1/NK cells [231]. As in Leishmania, IL-10 secretion, inhibition
of apoptosis and reduced MHC II, CD86 and CD40 expression in tuberculosis are
antiinflammatory features of the macrophage phenotype, weighting the immune
balance in favor of mycobacterium survival, but, on final apoptosis, infected
macrophages, replete with intracellular bacteria, can be assimilated into DCs
which express IL-12, MHC I/II and co-stimulatory molecules and provide a means
of cross-presentation to CD8 and CD4 Tcells for the generation of antigen-specific
immunity. Direct processing of MTB by DCs adds to the Th1 response [232]. How-
ever, the delay in arrival of DCs into mediastinal nodes following MTB lung infec-
tion has been commented on in Section 9.2.3 [127]. Genetic factors influence the
immunological balance. Unsurprisingly, Th2-orientated BALB/c mice are readily
susceptible to infection with M. avium from combined failure of proinflammatory
macrophage activation (T cell-independent) and adaptive (CD4+ T cell-dependent)
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responses, analogous to mechanisms described in Leishmania. IL-12 protects
against mycobacterium infection in pathogen-free female BALB/c mice [233].
Granulomata are a feature of chronic MTB infection and contain infected acti-
vated macrophages, driving a persistent but only partially effective Th1 adaptive
response, represented by infiltrating T cells [213]. The role of TNF-a in relation to
intracellular pathogens is only now being clarified. MTB-induced TNF-a in RAW
264.7 cells is largely dependent on TLR-signaling [234]. Paradoxically, although
widely regarded as a proinflammatory cytokine, TNF-a may additionally be a neg-
ative regulator of an over-exuberant Th1/IFN-c response, as previously men-
tioned. TNF-a restricts the number of proliferating T cells and their activation dur-
ing mycobacterial infection. In TNF-a deficient C57BL/6 mice, the granuloma-
tous lung lesions are subjected to an enhanced, uncontrolled Th1 adaptive
response with overproduction of IFN-c and IL-12 and lung tissue destruction
through target cell (macrophage)/bystander apoptosis and necrosis. The pathology
is reduced by depletion of CD4+ and CD8+ T cells, which reduce IFN-c, or by
reconstitution of a wild-type phenotype using TNF-a gene transfer [235]. The
importance of TNF-a in causing T cell apoptosis and contracting the population
of activated T cells at the end of an immune response is illustrated by the
increased survival of CD8+ cells in anti-TNF-a antibody treated mice. CD8+ T cells,
normally deleted in the liver, survive in the antibody treated mice and recirculate
into the periphery [236]. In the clinical arena, anti-TNF-a used in the treatment of
rheumatoid arthritis has resulted in the disturbing side-effect of systemic autoim-
munity. Signaling through the p55 TNFR in the EAE model is proinflammatory
but is countered by signaling through p75 TNFR which brings about regression
of disease by promoting apoptosis of T cells [237].

Considering that macrophages are a major reservoir for HIV persistence and
replication, there will, predictably, be interactions with other pathogens sharing
the same cell. In terms of the global threat from HIV it is unfortunate that interac-
tions with Leishmania and tuberculosis appear more synergistic than antagonistic
[238, 239]. Synergism between HIV and �opportunistic’ infection undoubtedly
occurs primarily in macrophages but the secondary ramifications are discernible
throughout the immune system [240]. Chemokine receptor expression and proin-
flammatory/antiinflammatory balance are two aspects of the macrophage pheno-
type crucial to both HIV progression and its interaction with other pathogens.
Progression of HIV involves complex interactions, between macrophages, DCs
and T cells, that are not yet fully understood. Coverage here is limited to a few
general observations. Viral tropism for macrophages is present at disease initia-
tion and is maintained throughout HIV infection, although the optimum chemo-
kine co-receptor for HIV uptake changes as HIV envelope proteins alter with dis-
ease progression. It can be surmised that, during the early latent phase of HIV
infection, the virus is taken up by, and replicates in, macrophages, which display a
predominantly antiinflammatory phenotype. Later progression to AIDS seems to
coincide with a more proinflammatory macrophage phenotype, notably including
TNF-a, which supports increased viral replication and correlates, paradoxically,
with a decrease in the ratio of Th1/Th2. In early HIV, macrophage tropic (M tro-
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pic) HIV uses CCR5 as a co-receptor, which, together with the primary receptor
CD4, binds the viral envelope protein, gp120. The antiinflammatory cytokine, M-
CSF, is strongly induced in HIV-infected macrophages and upregulates CD4 and
CCR5 by an autocrine/paracrine circuit. Not only does M-CSF enhance HIV repli-
cation but it also promotes macrophage growth and differentiation. Expression of
CCL3, which is chemoattractant to T cells and macrophages, is also increased
[241]. Apoptotic cell uptake by macrophages vigorously enhances HIV replication,
at the same time inducing the antiinflammatory cytokine TGF-b and suppressing
proinflammatory cytokines such a GM-CSF, IL-1b and TNF-a. Notably, apoptotic
T cells may be taken up using the macrophage vitronectin receptor, which can,
additionally, interact with the Tat protein of HIV to increase TGF-b and HIV repli-
cation [242]. Thus, antiinflammatory macrophages are, in various ways, conducive
to HIV survival and replication. This may be a relatively silent phase in HIV dis-
ease clinically, although chronically elevated TGF-b may be an important factor in
the excessive fibrosis of HIV renal nephropathy [243]. The role of IL-10 in HIV is
more difficult to ascertain. It is an upregulator of CCR5 in human monocyte-de-
rived macrophages and an even stronger upregulator of CCR5 in human micro-
glia, so potentially increases HIV load by enhancing viral entry [244]. With regard
to HIV replication, the effect of IL-10 is more contentious, with possible suppres-
sion at lower concentrations and enhancement at higher concentrations. As HIV
progresses to AIDS, virus tropism switches to CCXR4, originally identified on
T cells but in fact also readily expressed on macrophages. Thus, CCR5-tropic HIV
(R5) gives way to CXCR4-tropic (X4) HIV, with an intermediate type (R5X4),
which can infect macrophages through either receptor. These changes can all
occur in the context of an existing antiinflammatory microenvironment. Indeed,
the cytokines IL-10 and TGF-b may encourage receptor progression by increasing
surface expression of CXCR4 on human monocyte-derived macrophages, whereas
proinflammatory GM-CSF and the Th2 cytokines IL-4 and IL-13 reduce it [245].
Increased absolute surface expression of CXCR4 over CCR5 seems to be a major
determinant of faster disease progression, since, at the intracellular level, a com-
mon gp120/gp41 mechanism in both X4 and R5 infected cells triggers identical
caspase-dependent and -independent cytopathic effects on T cells [246].

There are several reasons for suggesting that macrophages assume a proinflam-
matory phenotype in symptomatic HIV (AIDS):

1. Proinflammatory macrophages are well documented in the AIDs dementia
complex and there is evidence of increased NO production by brain macro-
phages [247]. Brain IFN-c is elevated in seropositive HIV-1, independent of
the presence of opportunistic infection or neuropsychiatric symptoms
[248]. Microglia can behave very much as macrophages elsewhere, with
TLR expression and the ability to present antigen when appropriately stim-
ulated, including CNS antigen. HIV-1 Tat is a protein required for replica-
tion but is not functional in resting macrophages. However, it becomes ele-
vated in inflammation and inhibits cAMP-mediated pathways by blocking
adenyl cyclase, so potentiating the proinflammatory drive [249]. IFN-c and
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TLR stimulation can induce IDO, which is elevated in some strains and
correlates with neuropathology [250].

2. The proinflammatory macrophage phenotype is associated with an acceler-
ated replication rate of HIV, a feature of AIDS. Upregulation of HIV-1 by
TNF-a involves NF-kB-responsive sites in the viral long terminal by which
transcription is increased. Concurrently, elevation of TNF-a secretion in
HIV-1 infected monocyte-derived macrophages increases anti-apoptotic
[Bcl-2 and Bcl-x(L)] proteins and decreases pro apoptotic proteins (Bax and
Bad) – partly dependent on an intact NF-kB pathway, and favoring viral
persistence [251]. Increased COX-2 driven by NF-kB is part of the proin-
flammatory response but provides feed-forward autocrine inhibition of
HIV-1 replication, through cAMP elevation and activation of PKA [246,
252].

3. There is evidence of a Th1 adaptive response, which implies a preceding
proinflammatory innate immune response [253]. The elevated monocyte/
macrophage activation marker, HLADR, correlates with CD4+ T cell deple-
tion [254]. IFN-c downregulates both coreceptors and chemotaxis but can-
not prevent entry of HIV into monocytes [255]. A study of IL-10 promoter
alleles suggests that decreased IL-10 in the later stages of infection could
contribute to progression and is consistent with increased Th1 responsive-
ness [256]. DCs provide the essential conduit between innate immunity
(macrophage phenotypes) and adaptive immunity (T cell phenotypes). HIV
in the periphery can �hitch a ride’ on DCs, attaching externally to the
C-type lectin DC SIGN, for direct delivery (in trans) to CD4 and coreceptors
on T cells [257]. As with macrophages, HIV can be internalized by DCs
which may act as a reservoir for the virus in lymphoid tissue. Infected DCs
and macrophages may respond differently to cytokines. Notably, IL10 inhi-
bits X4 replication in macrophages but increases it in DCs, as well as en-
hancing DC CXCR4 expression, thus possibly contributing to disease pro-
gression [258]. New research suggests that, early in the disease, a geneti-
cally determined balance may be set, essentially between innate and
adaptive immunity, which controls the rate of loss of T cells, many of
which may not be directly infected, since there is a generalized T cell activa-
tion [259]. In this context, a reduced TH1/Th2 ratio with disease progres-
sion results not from a Th1 to Th2 polarity switch but from a decline in the
availability of IFN-c-producing activated Th1 cells, resulting from preferen-
tial expression of CXCR4 on Th1 cells and activation-induced cell death.
Productively HIV-infected cells show a much increased output of IFN-c,
which is consistent with preferential Th1 viral replication and associated
upregulation of CXCR4 and CCR5 on Th1 cells compared to Th2. There is
a commitment of T cells to the Th1 lineage, despite the differential effects
of T cell apoptosis on the size and composition of the T cell pool. The apop-
tosis rate of Th1 is slightly increased despite upregulation of the anti-apop-
totic protein Bcl-2 [260]. Susceptibility to (HIV) activation-induced apopto-
sis is most apparent in TNF-a- and IFN-c-producing T cells of both CD4+
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and CD8+ subsets [261]. Although Th1 and Th2 T cells express similar lev-
els of CD4 and bind recombinant gp120 equally, Th2 cells are much more
resistant to apoptosis than Th1 [262].

4. Superadded infections clearly demonstrate that there is a correlation be-
tween increased HIV expression and microbially-induced proinflammatory
macrophage phenotypes. Indeed, the proinflammatory effects of TLR stim-
ulation during opportunistic infection may be a more critical determinant
of progression to AIDS than changes in the virus itself [238, 263]. However,
in this situation, macrophage phenotypes (whether pro- or antiinflamma-
tory) will be influenced by a daunting number of variables, including the
prevailing microenvironment [264], variability in molecular cell-wall struc-
tures within and between pathogens, relative concentrations of pathogen,
order of presentation of pathogens, phenotype of macrophages(or DCs) at
presentation, receptor types engaged (TLRs, lectins, others) and mode of
presentation (acute or continuing, sequential, overlapping) [265]. A few
examples illustrate the complexities. Stimulation of TLRs of macrophages
infected with HIV may potentiate viral expression either directly (in cis),
through induction of transcription factors (NF-kB), or indirectly (in trans)
through induction of proinflammatory cytokines such as TNF-a or IL-1b
acting in an autocrine or paracrine manner [266]. TLR4 stimulation by LPS
is a prototypical proinflammatory stimulator of macrophages and upregu-
lates cyclin T1 required for HIV Tat protein to mediate viral transcription.
HIV itself also upregulates cyclin T1 in macrophages [267]. Against this
must be offset the fact that LPS (TLR4 stimulation) causes sustained down-
regulation of CCR5 in monocyte-derived macrophages, with the overall
effect of inhibiting HIV [268]. To complicate the situation further, HIV
expression is, paradoxically, enhanced in LPS tolerance, in which proin-
flammatory cytokines and NF-kB are downregulated. One candidate med-
iator for this effect is c-Myb, which is overexpressed in LPS tolerance and
also upregulates HIV expression [269]. AMs are the major reservoir of HIV
in lung infection. TB induces high levels of CXCR4 in AMs as part of the
innate immune response to MTB. Expression of CXCR4 correlates with
increased HIV X4 uptake and replication. At the same time, TB-infected
macrophages produce increased chemokines, including CCL4 (MIP-1b)
and CCL5 (RANTES), which block CCR5 and so reduce R5 uptake, if only
transiently [270, 271]. Any reduction in uptake appears to be more than
countered because RANTES may have the adverse effect of inducing a
proinflammatory signaling cascade, which enhances virus replication. In
AMs, the balance between inhibition of excessive responses to harmless
particles and essential responses to significant TLR agonists (TLR2, 4 or 9)
is largely maintained by IL-10. It is, therefore, of relevance that IL-10 sus-
tained expression of CCR1 and CCR5 is reversible by various TLR ligands
that inhibit IL-10-induced CCR1/CCR5 expression [272]. MTB tends to
induce an overall antiinflammatory macrophage phenotype, as discussed
earlier, but phagocytosis of MTB into HIV-infected macrophages increases
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output of TNF-a as well as IL-10 and enhances MTB growth, probably as a
result of elevated TNF-a [273]. Monocyte-derived macrophages, preinfected
with TB before HIV exposure, show acute suppression of HIV replication
by unknown factors, since CCR5 binding chemokines and IL-10 are only
marginally affected [265]. The much less virulent M. avium readily induces
a proinflammatory response in macrophages, which includes TNF-a, IL-
1b, IL-6, GM-CSF and upregulation of IDO [274]. In compromised HIV-
infected macrophages, M. avium is an opportunistic pathogen that
increases both HIV and CCR5 expression, along with the expected activa-
tion of NF-kB and TNF-a [263]. Paradoxically, the less virulent �opportunis-
tic’ infections, such as M. avium and Pneumocystis carinii, may be more
likely to elicit proinflammatory enhancement of HIV replication and virae-
mia than perhaps MTB or Leishmania, both of which tend to reinforce an
antiinflammatory macrophage phenotype. In Leishmania, the observed
LPG-induced activation of HIV-1 LTR transcription is through a cAMP/
PKA dependent pathway, as well as being NF-kB-dependent [275]. Of con-
siderable current interest among candidate receptors for HIV-1 is DC-
SIGN, which binds gp120 and, in combination with CD4/CCR5, facilitates
a more efficient entry of HIV (in cis) into CD4-expressing AMs, particular-
ly when the CD4/CCR5 receptor combination is expressed at low levels
[276]. Furthermore, as DC-SIGN is now recognized as the leading receptor
for mycobacterial cell wall glycolipid, ManLAM (discussed earlier), interac-
tive effects on intracellular signaling pathways must be anticipated, notably
from increased IL-10 and reduced LPS-mediated DC maturation and Th1
responsiveness [238]. Measurement of plasma cytokines in HIV, TB and
HIV/TB-coinfected patients indicates that immune activation is highest
(IFN-c, IL-18 and IL-12) in patients with advanced HIV infection, low
CD4+ T cell counts and TB co-infection [277].

In conclusion, HIV can survive and replicate in macrophages of either antiin-
flammatory or proinflammatory phenotype, though replication is more rapid in
proinflammatory macrophages. HIV-infected monocytes/macrophages are a
major vehicle of viral persistence and dissemination. Progression to AIDS is asso-
ciated with changes in viral tropism and a switch to proinflammatory macrophage
phenotypes. Concurrent infections by opportunistic pathogens, particularly those
inducing proinflammatory changes in macrophages, may increase HIV expres-
sion.

9.2.5
Interactions between Tissue Microenvironments and Macrophages Generate
Diversity

It has been traditional do classify macrophage heterogeneity according to per-
ceived differences in macrophage morphology and function in different mamma-
lian organs – lung, gut, brain, skin, liver, spleen, kidney, bone. Alternatively, it
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might reasonably be assumed that steady-state phenotypes of resident macro-
phages in any tissue will correlate with the normal resting microenvironment and
that changes in phenotype of both resting and monocyte-derived macrophages
will occur predictably in response to specific perturbations of the system. The
complexities and diversity of macrophage–tissue interactions are illustrated by
looking at aspects of three very different microenvironments: liver, lung and
tumor.

Kupffer cells (KCs), the resident macrophages of the liver, constitute the major
portion of fixed macrophages in the body. Removal of senescent cells by KCs is a
non-inflammatory process, mediated in part by a C type lectin receptor. KCs are
strategically placed to clear LPS, most of which enters the body from the gut, but
KCs, like macrophages elsewhere, can generate the whole gamut of proinflamma-
tory cytokines, as well as reactive oxygen/nitrogen intermediates, and are conse-
quently able to cause proinflammatory liver damage [278, 279]. KCs are the main
source of proinflammatory cytokines in the liver. The normal liver microenviron-
ment would, of necessity, be one of LPS tolerance. Scavenger receptors help clear-
ance of LPS arriving from the gut, and speculatively the effect on KCs could be
antiinflammatory. LBP could also help neutralize LPS by transferring it to lipopro-
teins, such as high-density lipoprotein. In normal liver, expression of CD14 is low
and largely confined to KCs. Nevertheless, TLR4 signaling by the KC network is
critically required for the containment of acute Salmonella infection, and Salmo-
nella LPS triggers a full proinflammatory innate and adaptive immune response
[280]. When LPS tolerance is vigorously induced prior to virulent Salmonella chal-
lenge, proinflammatory cytokine output is markedly decreased but this may be
more than compensated for by markedly increased numbers of KCs, increased
phagocytosis and clearance of Salmonella from the blood, together with increased
neutrophil recruitment [281]. Systemic infection with Listeria monocytogenes has
given insight into the interaction between KCs and hepatocytes. Following intrave-
nous injection, the vast majority of Listeria are cleared by hepatocytes (60% in
10min), but KCs are the principal source of proinflammatory cytokines (TNF-a,
IL-1b, IL-12) on Listeria infection. In addition, early secretion from KCs of IL-6
(within the first hour) activates STAT3 intracellular signaling in hepatocytes and
induces the synthesis of acute phase proteins such as CRP, fibrinogen, a1 protei-
nase inhibitor and a1 acid glycoprotein (Figures 9.1 and 9.2). Depletion of KCs, or
IL-6 deficiency, largely abrogates the hepatocyte response, though hepatocytes
may have some potential for autocrine/paracrine stimulation from self-generated
IL-6 [282]. IL-6R is mainly expressed on hepatocytes, monocytes/macrophages
and some lymphocytes. Acute phase proteins are part of the humoral innate
immune system. CRP enhances opsonization and clearance of apoptotic cells by
macrophages, which are induced to express TGF-b [283] but, conversely, CRP may
be proinflammatory when binding to macrophage Fc receptors and may contrib-
ute to atherosclerosis [284]. Fibrinogen appears to be capable of stimulating TLR4
in the extravascular compartment, with chemokine release attracting other
immune cells to sites of inflammation [285].
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Infection with Schistosoma mansoni (SM), a helminth that colonizes portal
veins, elicits an antiinflammatory phenotype in murine KCs, characterized by IL-
10, IL-6, IL-4 and IL-13, but not IL-12 or IL-18. The associated T cell response is
dominated by IL-4, IL-5 and IL-13 but little IFN-c. The KC phenotype in this
instance instructs an antigen-specific Th2 response and the pathological changes
are those of hepatic fibrosis [286]. In chronic SM infection in humans, increased
IL-4 and IL-13 are associated with egg granulomata. The ability of stimulated pe-
ripheral blood mononuclear cells to produce IL-5 and IL-13 correlates with the
degree of hepatic fibrosis. TGF-b is also elevated during the evolution of hepatic
fibrosis in SM infection. In the severest fibrosis TNF-a and IL-10 tend to be ele-
vated and IFN-c low. Although the T cell response is clearly Th2 [287], the KC phe-
notype driving the adaptive response on sustained stimulation by SM could be
compensated proinflammatory activation in which IL-10 has suppressed IL-12
whilst PGE2 has suppressed iNOS, through elevation of cAMP. In support of this
view, LPS-induced iNOS in rat KCs can be markedly decreased by prior, or early,
cAMP elevation, preventing the degradation of IkBa, so keeping NF-kB seques-
tered in the cytosol [288]. A recent study in a reversible model of liver injury, in
which macrophages can be selectively depleted, either during distinct injury or
recovery phases, indicates the existence of functionally distinct subpopulations of
macrophages in the same tissue. In this model, depletion during advanced fibro-
sis results in less scarring and fewer myofibroblasts, but depletion during recovery
is associated with a failure of matrix degradation [289].

The effects of alcohol on KCs are complex and, in some respects, contradictory.
CD14 expression on KCs is elevated by alcohol, increasing sensitivity to LPS [290].
There is much evidence that LPS is a cofactor in toxin/alcohol-induced liver injury,
which is decreased experimentally by oral nonabsorbable antibiotics, colectomy or
a germ-free bowel, or more directly by inhibition of the proinflammatory response
of KCs [291]. In the early stages of alcohol-induced liver disease, fatty accumula-
tion appears to be related to PGE2, which is a product of COX-2 induction in
proinflammatory macrophages. PGE2 exerts its effect through EP2/EP4 receptors
expressed on hepatocytes, thereby increasing the intracellular second messenger
cAMP, leading to triglyceride accumulation. The trigger to increased proinflam-
matory activation and raised PGE2 could be alcohol-related increases in LPS
absorption from the gut and/or increased LPS sensitivity [292]. The toxic effects of
alcohol appear to be associated with an enhanced response of KCs to LPS rather
than an impairment of the known inhibitory feedback loop of cAMP/PKA on
TNF-a production. Alcohol substantially decreases the rise in cAMP and PKA acti-
vation normally found with PGE2 stimulation, but this is compensated for in
some way �downstream’, leaving the degree of TNF-a suppression unaltered [293].
Despite the increased likelihood of LPS-induced damage with alcohol, and the
impression that the main fibrogenic mediators are TNF-a, IL-1b and ET-1 [294],
the effect of acute alcohol intake in �binge’ quantities is found to be immunosup-
pressive in peritoneal macrophages, with TLR4 and TLR3 signaling impaired at
several points and proinflammatory cytokine expression reduced [295]. PGE2, act-
ing in an autocrine/paracrine manner through EP2 and EP4 receptors, inhibits
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fibrogenic mediators but enhances the anti-fibrinogenic cytokines IL-10 and IL-6
[294]. The following sequence is suggested for the development of alcoholic liver
disease. The process is initiated by KCs, which subsequently activate hepatic stel-
late cells (HSCs). Because of the chronicity of the input to KCs, feedback down-
regulatory pathways become activated but are ineffective and so KCs reach a new
equilibrium with only partial compensation of the proinflammatory phenotype.
Thus, KCs and the microenvironment exhibit a mixture of competing pro- and
antiinflammatory mediators (TNF-a, PGE2, IL-12, IL10; see Figure 9.3).

The proinflammatory microenvironment driving the fibrogenic process is
increased by hypoxia and cell necrosis. The cytotoxic actions of TNF-a are
enhanced by exogenous stressors and there is increased activation of proinflam-
matory MAPK cascades. Fibrogenesis is seen as a protracted process consequent
upon low grade chronic innate immune activation [296]. However, the interplay of
KCs and HSCs is the key to understanding liver fibrogenesis. HSCs make up 15%
of cells in normal liver but proliferate when activated and are the main effector
cells of hepatic fibrosis (of which irreversible cirrhosis is the end stage). Both KCs
and HSCs are activated through all stages of alcoholic liver disease [297, 298].
Increased TGF-b following alcoholic liver injury is one of the factors promoting
fibrogenesis [295], presumably a chronically-activated but thwarted attempt at
healing. IL-10 reverses fibrosis by downregulating proinflammatory overactivity,
allowing the liver microenvironment to revert to a normal resting (�steady’) state.
Failure of HSCs to continue to secrete sufficient IL-10 may be the prelude to irre-
versible liver cirrhosis [299].

The lung mucosa, like gut, faces constant microbial exposure. Despite this it
has strong �immunosuppressive’ properties, to which alveolar epithelium and
AMs contribute. In the �resting’ state, AMs are antiinflammatory, secreting IL-10
and expressing IL-10 receptors (IL-10Rs). In humans, AMs may even be the major
source of local IL-10 and, compared to the epithelium, the major respondent,
since alveolar epithelium appears to lack both IL-10 output and IL-10Rs [300]. In
C57BL/6 mice, normal alveolar epithelium can produce IL-10 constitutively and
influences the AM phenotype through AM-expressed IL-10Rs. AMs are not uni-
versally immunosuppressive because, on appropriate microbial challenge, they
retain a vigorous proinflammatory response. Ligands for TLR2, TLR4 and TLR9
all inhibit IL-10-mediated STAT3 signaling, with loss of IL-10-induced chemo-
kines and loss of suppression of TNF-a [272]. Equally, phagocytosis of allergen-
containing pollen starch granules by rat AMs through C-type lectins and b2-integ-
rins evokes rapid iNOS upregulation and release of NO [301]. In the normal lung
of Lewis rats, low concentrations of NO are produced by a minority of interstitial
macrophages, whilst AMs are inactive, but on in vitro incubation with heat-killed
Listeria, rat AMs readily upregulate iNOS [302]. In IL-10 knockout mice, iNOS
rises to higher levels on airway OVA challenge, following sensitization, than in
wild-type mice [303]. LPS activates NF-kB nuclear translocation in human AMs,
resulting in the release of proinflammatory NF-kB-dependent cytokines such as
IL-6, IL-8 and TNF-a [304]. AMs are essential for maximal NF-kB expression in
the lung on LPS challenge and AM depletion results in failure to mount an innate
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response, with reduction of proinflammatory cytokines, chemokines and
impaired neutrophil attraction [305]. Resting AMs have a reduced activity of the
Fos/Jun transcription factor AP-1 [306], but this is upregulated by exposure to
GM-CSF [307]. GM-CSF is expressed constitutively in normal lung and amplifies
the LPS/NF-kB and AP-1 pathways responsible for release of proinflammatory
cytokines (including TNF-a and GM-CSF itself), chemokines (responsible for
neutrophil recruitment) and matrix metalloproteases [308]. A role for GM-CSF in
macrophage differentiation in vitro has been alluded to earlier. Much of the differ-
entiation of AMs from monocytes has been attributed to the effects of GM-CSF
operating through the PU.1 transcription factor, which induces a wide selection of
genes controlling cell surface receptors (including TLRs), phagocytosis, surfactant
clearance, cell adhesion, collectin-binding and proinflammatory cytokines [309,
310]. Bleomycin produces an AM phenotype secreting TGF-b and inducing pul-
monary fibrosis [311]. Lack of GM-CSF is implicated in the pathogenesis of pul-
monary fibrosis because GM-CSF knockout mice are susceptible to the condition
[312]. Conversely, GM-CSF enhances production of PGE2 by upregulating COX-2
in macrophages, fibroblasts and alveolar epithelial cells. PGE2 is potently anti-
fibrogenic and inhibits bleomycin-induced fibrosis [313]. The potency of GM-CSF
in switching macrophage phenotypes is dramatically illustrated in the entirely dif-
ferent setting of macrophage infection by Leishmania, genetically manipulated to
express GM-CSF. As discussed earlier, Th2-biased BALB/c mice normally have
difficulty clearing Leishmania from macrophages and an antiinflammatory
response is induced. When intracellular Leishmania are engineered to produce
and secrete GM-CSF, BALB/c-strain macrophages show a dramatic reversal of
phenotype to one dominated by proinflammatory cytokines (IL-1b, IL-6, IL-18)
and chemokines (RANTES/CCL5, MIP-1a/CCL3, MIP-1b/CCL4, MIP-2/CXCL2
and MCP-1/CCL2) and deliver much-enhanced parasite killing [314]. Airway
instillation of liposome-encapsulated dichloromethylene diphosphonate, pre-
sumed to be taken up selectively by AMs, suppresses the activation of intrapul-
monary NF-kB in an acute inflammatory lung model, triggered by immune com-
plexes. There are corresponding reductions in TNF-a and MIP-2 and the model
suggests that AM NF-kB may be essential for the initiation of lung inflammation
[315].

Lung DCs have similarities in their behavior to AMs in both the resting state
and on exposure to provocations. Resting DCs are functionally immature, secret-
ing IL-10 [316]. On exposure to respiratory antigen (OVA), murine pulmonary
DCs reach bronchial nodes at 24 h and produce transient increases in IL-10. These
DCs are described as �mature’ in that they express MHC II and co-stimulatory
molecules and can induce regulatory (antiinflammatory) T cells, secreting IL-10
and IL-4 [317]. Alternatively, if OVA exposure is combined with stimulation by
proinflammatory cytokines, particularly TNF-a and GM-CSF together, DCs
express IL-12, MHC II and co-stimulatory molecules and then usually instruct
mixed Th1/Th2 adaptive responses [316]. Lung eosinophilia is said to be depen-
dent on antigen presentation by DCs to Th2 cells, as demonstrated by the injec-
tion of OVA-pulsed mature DCs into the airways of mice and rechallenge with
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inhaled OVA at 2weeks. The injected cells can be tracked to draining lymph nodes
but there is no firm evidence, on the basis of markers used, that effector lung
APCs, with which memory CD4+ or CD8+ Th1 and Th2 react, must necessarily be
DCs, particularly as the generation of (primary) T cell responses is strictly com-
partmentalized to lymph nodes [318]. Lung immunology highlights incongruities
between DC and AM identification markers and function. The first difficulty is
whether the antigen-bearing DCs, which migrate to regional nodes, and the
APCs, which present antigen to memory T cells in the lung, are in fact both DCs
[319, 320], or whether the latter are AMs [321]. Looking at markers and function
of human lung DCs, in vitro, they appear to express some features of immature
DCs (expression of CCR1 and CCR5 ability to endocytose dextran through MRs,
low co-stimulatory molecules, CD40 CD80 and CD86, poor expression of differen-
tiation marker CD83 and no CD1a) but also resemble mature DCs in their high
expression of MHC-II and a powerful ability to stimulate T cell proliferation in
mixed lymphocyte reactions, despite their low (but effective) expression of co-sti-
mulatory molecules [322]. Unfortunately, in vitro studies give no indication of DC
kinetics or site of T cell interactions but it has also been reported that T cell prolif-
eration is confined to nodes and specifically does not occur when memory T cells
are activated to produce effector cytokines in non-lymphoid tissues, such as lung
[321]. A second difficulty is actually distinguishing AMs from DCs, particularly if
both are proposed to be immunocompetent APCs in non-lymphoid lung tissue,
and this again depends on the interpretation of cell markers. A subset of APCs
with high MHC II expression and the ability to stimulate naive T cells can be iso-
lated from BAL fluid and further subdivided into CD1a+ and CD1a– groups.
CD1a+ behave as mature LCs (potent T cell stimulators as measured by T cell pro-
liferation in mixed lymphocyte reactions, but poor cytokine producers and S100+).
The CD1a– cells have a lower capacity to drive T cell proliferation but express IL-1,
IL-6 and TNF. Unlike monocytes these cells have dendritic morphology and low
CD14, suggesting they may be monocytes in the process of differentiating to DCs
but, on the basis of other cell markers, could equally well be differentiating
towards mature macrophages [323]. DC precursors (like monocytes) are said to be
attracted to lungs using expressed chemokine receptors, such as CCR1, CCR2,
CCR5 and CCR6, some of which may be stimulus specific, such as CCR1 and
CCR5 in bacterial infection [324]. What is not clear is to what extent DCs are pre-
committed circulating precursors or differentiate in situ from monocytes [325].
Some studies have relied on minimal or ambivalent markers to distinguish AMs
from DCs and there are very few studies that attempt to look at the kinetics of
both AMs and DCs concurrently. A final difficulty is that both AMs and DCs are
in very close proximity in the lung [326]. Indeed, it has been postulated that AMs
provide a suppressive counterbalance to the activation of DCs and that it could be
NO from macrophages that keep DCs in an immature state [327]. Resident AMs
have been considered to be immunosuppressive to local T cell activation and to
dampen effector responses to antigens, as measured in vitro by T cell proliferation
and effects of macrophage-depletion [328]. These hypotheses must be accepted
with caution. Macrophage depletion may increase the response to antigen by
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other means, such as increased availability of antigen to DCs. Paradoxically, AM
depletion increases the Th2 response and IgE production in the lungs of presensi-
tized OVA-challenged mice [329], whereas, arguably, removal of a suppressive cell
population should release a proinflammatory response. On the basis of AM deple-
tion and adoptive transfer studies in OVA sensitized and challenged BALB/c mice
it has, on the contrary, been suggested that AMs are inherently Th1-promoting
and important in antagonizing ongoing Th2-dependent allergic responses [330].
Perhaps the effects of AM depletion in a bacterial pneumonia may give a more
representative picture of the biological function of AMs. In Pseudomonas lung
infection, depletion initially limits the severity of the proinflammatory response,
but at the expense of increased bacterial load and ultimately increases morbidity
and mortality through impaired recruitment of neutrophils and failure to elimi-
nate the bacterium [331].

It may be concluded that AMs, DCs and associated cells, most importantly lung
epithelium [332, 333], act in a concerted way in response to environmental
changes, reinforcing either antiinflammatory, proinflammatory or transitional
responses. This view is consistent with a simpler interpretation of AM–DC inter-
actions, that AMs may buffer rather than polarize DCs. For example, if AMs are
in an antiinflammatory state, as in LPS tolerance or during the downregulation of
a proinflammatory response, they would tend to stabilize the DC population in, or
move it towards, an immature (antiinflammatory) state. Relevant antiinflamma-
tory signaling molecules involved in this paracrine �crosstalk’ between DC and
AMs might be TGF-b, IL-10 and PGE2. Therefore, instead of suppressing DCs, it
seems more likely that AMs (and probably all macrophages) normally operate in
parallel with them, being antiinflammatory in the resting state but proinflamma-
tory on TLR stimulation, or when exposed to proinflammatory molecules, an
important principle in understanding the contribution of AMs to asthma patho-
genesis, considered in the following chapter (10.2).

Tumor cells often produce molecules that recruit [334] and sustain �tumor asso-
ciated macrophages’ (TAMs). The inflammatory profile of the tumor environment
is shaped largely by unregulated production by tumor cells of cytokines such as
IL-10, TGF-b and IL-4, and, additionally, PGE2, all molecules which suppress
proinflammatory responses [335]. Moreover, it is just such secreted molecules that
ensure tumor growth and survival. Tumor-produced VEGF and M-CSF and several
chemokines assist monocyte/macrophage recruitment and survival [336]. Natural
tumor resolution is associated with a vigorous innate proinflammatory response,
supporting a Th1 adaptive response. TAMs at the invasive margins of tumors can
express co-stimulatory molecules and have been observed in cell-to-cell contact
with CD4+ and CD8+ cells, suggesting they are fully functional APCs [337]. Expo-
sure of macrophages to PGE2 increases intracellular cAMP [338, 339] and inhibits
IL-1 and TNF-a output. Exposure of T cells to PGE2 is permissive of IL-4 and
slightly enhances IL-5 secretion, but inhibits IL-2 and IFN-c. Tumor cell-derived
PGE2 inhibits TNF-a release by augmenting macrophage IL-10 synthesis [340]. In
turn, a TAM phenotype biased towards IL-10 exhibits autocrine reduction in IL-12
and reduced activation of NF-kB [341], perhaps in part from increased nuclear
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translocation of NF-kB (inhibitory) p50 homodimer. TAMs express antiinflamma-
tory cytokines, IL-1 receptor anatgonist, high levels of MR and scavenger recep-
tors, arginase in preference to iNOS and are poor APCs. In fact, TAMs from sup-
pressive tumor microenvironments have many features associated with �type 2�
antiinflammatory macrophages (M2), and may provide insights into the mecha-
nisms by which proinflammatory (M1) responses are downregulated [342]. Malig-
nant ascites from ovarian carcinoma has been found to contain an IL-10, TGF-b2-
producing HLA-DR-negative subset of monocytes, which inhibits T cell prolifera-
tion and IFN-c production and is unable to secrete IL-12 or TNF-a [343]. In mice,
cytotoxic CD8+ T cell adaptive responses against tumors may be specifically inhib-
ited by macrophages of an M2 phenotype, expressing high arginase activity [344].
In an antiinflammatory microenvironment there is little impetus for the differen-
tiation of mature DCs from monocytes or macrophages. As would be predicted,
DCs are usually scarce in tumor microenvironments and locked into an �imma-
ture’ phenotype [345]. M-CSF and IL-6, released from renal carcinoma cells, inhib-
it normal DC development from CD34+ progenitors and direct them instead
towards a macrophage phenotype [346]. Injected human antigen-loaded DCs fail
to localize effectively to tumors or nodes affected by cancer [347]. Therapeutic
efforts may be aimed at reversing the antiinflammatory tumor microenvironment
[348]. This is the rationale for intra-tumoral delivery of GM-CSF, which has been
shown, in mice, to convert (F4/80) TAMs into CD11c+ CD80+ MHC II expressing
DCs that activate NK cells and T-cells. The proinflammatory innate/adaptive
response is further improved, as is the prognosis, by additional delivery of IL-12
and co-stimulators [349]. Another way to redress the macrophage functional bal-
ance is by inhibition of COX-2 (overexpressed in human lung cancer). Specific
COX-2 inhibitors prevent PGE2-mediated induction of IL-10 and restore IL-12 in
APCs [350]. A paradox in tumor immunology is that a chronic proinflammatory
drive, whether from infection or other causes, finally yields a tumor to which
there is little innate or adaptive immune response. Escape of a tumor from effec-
tive immunosuveillance is most readily explained through a process of �immuno-
editing’ [348] taking place in what has been dubbed the �Darwinian’ microenviron-
ment of the tumor [336]. Thus, abnormal cancer cells expressing antigens most
capable of eliciting a Th1 response are successfully removed, leaving a less proin-
flammatory cancer cell phenotype, which is mirrored in the phenotypes of influx-
ing immune cells. The phenotypes of TAMs change the situation further by pro-
moting fibrosis and/or angiogenesis (aiding tumor spread). In the hypoxic condi-
tions of many tumors, macrophages upregulate a hypoxia-inducible transcription
factor, which increases expression of hypoxia-inducible genes, including VEGF
and CXCL8 implicated in angiogenesis [336, 337]. In support of the principle of
immunoediting, tumors arising in SCID or nude mice are more immunogenic
and less tumorogenic [348]. In a setting of chronic inflammation macrophages
may be pushed into a transitional phenotype through the induction of regulatory
programs, and so may secrete IL-10 as well as IL-12 and TNF-a and have
increased cAMP and reduced NF-kB activation. In summary, TAMs illustrate well
the varied phenotypes and functions of macrophages from M1 at one end of the
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continuum through to M2 at the other. It is increasingly recognized that TAMs
play a decisive role in determining tumor resolution or progression, as has been
formulated most eloquently in the �macrophage balance’ hypothesis [351].

9.2.6
Sequential and Regulatory Changes in Macrophage Phenotypes: Limiting Pro- and
Antiinflammatory Responses

TLR-triggered proinflammatory responses should run a finite course and should
automatically be downregulated to the steady state when pathogen destruction
eliminates TLR ligands. The proinflammatory response to pathogens tends to be
incremental, with staged expression of early and late innate response genes. The
innate response may be further amplified by the more specific adaptive response.
To prevent inappropriately large or persistent responses, upper limits to proin-
flammatory activation have evolved. Conversely, lower limits to antiinflammatory
responses (involving active expression of other subsets of genes) are equally nec-
essary and these may take the form of priming the system to react rapidly to
further proinflammatory stimuli and/or reversing excessive or protracted antiin-
flammatory phenotypes. Examples of the prevention of profound antiinflamma-
tory phenotypes might be the priming effect of IL-4 on Dectin 1 expression [147]
and the IL-4-induced enhancement of bioactive IL-12p70 in DCs and macro-
phages during microbial infection, or in the presence of ongoing inflammation
[352]. Effective Th-1 immunity, required to control the fungus Candida albicans,
depends on the presence of endogenous IL-4. The early IFN-c response (possibly
from NK cells of the innate immune system) is actually greater in IL-4 knock-out
mice, but in later infection IL-4 is necessary to prime the system for a continuing
effective IL-12-dependent Th1 response [353]. Surprisingly, even the direct IL-12
antagonist, IL-10, has been shown to be required for optimal co-stimulation of an
antifungal Th1 response to Candida [354]. In septic peritonitis, mice depleted of
KC-derived IL-10 carry an increased bacterial load which they fail to clear because
of reduced IFN-c production, rather than because of changes in other relevant
cytokines. Depletion of IL-10 before infection results in increased mortality, but
neutralization of IL-10 several hours after the onset of infection appears beneficial
– in line with the view that IL-10 primes for the proinflammatory response at the
onset of infection but, as the initial surge in IL-12 declines, a reciprocal rise in
IL-10 will be predominantly antiinflammatory (Figure 9.3) [355]. The antiinflam-
matory cytokines L-4 and IL-13 contribute to the downregulation of a proinflam-
matory microenvironment in rheumatoid joints, but the same two cytokines
prime for increased IL-12p70 release from synovial fluid macrophages [356]. IL-4
priming of DCs may be a factor promoting Th1 and cytotoxic T cell responses to
tumors [357]. Such results do not support an invariant inverse relationship be-
tween IL-4 and IFN-c. On the contrary, IL-4 can substitute for IFN-c in priming
macrophages for IL-12p70 production and, particularly in the presence of
GM-CSF, IL-4 can increase IFN-c by upregulating IL-12. The inference must be
that a proinflammatory response might just as effectively be initiated in the innate
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immune system in the presence of antiinflammatory (Th2) feedback as in the
steady (�resting’) state. An explanation for the actions of IL-4 and IL-13 may be
found in the IL-4R type I (IL-4Ra/cc) and IL-4R type II (IL-4Ra/IL-13Ra1) recep-
tors expressed by macrophages and DCs. Although IL-13 binds preferentially to
IL-4R type II, IL-4 and IL-13 can both activate STAT-6 through IL-R4a present in
both type I and II receptor heterodimers. At least for murine DCs in vitro, it
appears that IL-4 and IL-13 can synergize with GM-CSF to activate STAT-6 and
bring about DC maturation (upregulation of MCH II and co-stimulatory mole-
cules) via IL-4R type II, while IL12p70 in response to microbial products is medi-
ated by IL-4 (but not IL-13), acting through IL-4R type I and Jak3 [358]. In general,
mechanisms preventing overshoot of the antiinflammatory response are poorly
understood.

The macrophage is a major effector of both pro- and antiinflammatory
responses. During a typical immune response, macrophage phenotypes change
sequentially. Initial direct proinflammatory gene expression (in cis) under the
influence of the innate immune system is later modulated by integrated signals
from both innate and adaptive immune systems. Expression of these additional
genes often occurs in trans, following autocrine/paracrine receptor stimulation by
released cytokines, or in response to other proinflammatory molecules in the
microenvironment. Induction of proinflammatory genes is invariably offset by
induction of downregulatory genes, since failure to regulate the upper limit or
duration of immune responses could provoke septic shock, chronic inflammation
or even autoimmunity. Conversely, failure to control the lower limit could mani-
fest as post-sepsis immunosuppression. Prolonged expression of antiinflamma-
tory macrophage phenotypes mediates tolerance, as in the case of the much-
researched LPS tolerance. LPS tolerance has been defined as “a reduced capacity
of the host (in vivo) or of cultured macrophage/monocyte (in vitro) to respond to
LPS activation following first exposure to this stimulus” [359]. The multiple mech-
anisms that produce LPS tolerance are, probably, similar to those limiting, or re-
ducing, proinflammatory macrophage activity during any immune response [359,
360]. Some sequential aspects of macrophage pro- and antiinflammatory activa-
tion during an immune response are shown schematically in Figure 9.3 and some
of the mechanisms responsible are now discussed. Many operate entirely within
the confines of the innate immune system.

9.2.6.1 Pre-TLR and TLR Regulation of Immune Responses
In LPS tolerance CD14 (membrane and soluble), LPB and MD2 can be upregu-
lated, but not consistently in many cases, and the net outcome of these inter-
related factors in �tuning’ immune responses is not known [359]. Early research
into mechanisms of tolerance investigated whether downregulation of TLR recep-
tors was responsible. Though this may occur it is not now thought to be the most
important factor. Indeed, TLR2 expression is increased in LPS tolerance. Further-
more, Pam3Cys TLR2 stimulation promotes an antiinflammatory-biased innate
cytokine profile (abundant IL-10 and reduced elevation of IL-12) and a Th2 adap-
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tive response, suggesting that signaling through TLR2 can, under some circum-
stances, counteract TLR4 signaling in vivo [361]. Another TLR with antiinflamma-
tory properties is TLR9, which responds to CpG-DNA of bacterial and viral origin,
and which could account for the antiinflammatory effects of probiotics in a mur-
ine model of experimental colitis. Because microbial DNA is normally immunos-
timulatory, the route of absorption, through the small intestine, may be critical to
an antiinflammatory probiotic action [362].

9.2.6.2 Signal Transduction in the Regulation of Immune Responses
The LPS, CD14/TLR4, MyD88, IRAK, TRAF 6, MAPK/NF-kB signaling sequences
are rapidly curtailed after LPS exposure by a pathway involving PI3K and a PKC
isoform, which inactivates IRAK 1, and is operative within 30min of LPS stimula-
tion (Figures 9.2 and 9.3). PI3K is constitutively expressed in innate immune cells
(macrophages/DCs) so is activated alongside the primary proinflammatory signal-
ing pathways and is immediately available to limit the expression of proinflamma-
tory mediators such as TNF-a and IL-12 [363, 364]. Additionally, there is a slower
inactivation of an alternative LPS, IRAK, NF-kB signaling pathway, commencing
at the CD18/CD11b (CR3) receptor (but not involving PI3K). This alternative
mechanism of downregulation may be of importance in CD14 negative DCs, as
well as in macrophages, which express CR3 [365]. As well as inhibiting innate
immune responses to LPS, the negative regulatory effects of PI3K induction by
TLR4 stimulation are carried forward into the adaptive immune system, because
PI3K regulates IL-12 output from DCs [199]. Although Porphyromonas gingivalis
LPS signals primarily through TLR2, it again activates the PI3K pathway and, if
this is blocked experimentally, there is an excessive elevation of IL-12, and a con-
comitant severe reduction of IL-10 [366]. Stimulation of rat KCs either by Gram-
positive associated LTA (via TLR2/6) or Gram-negative associated LPS (via TLR4)
triggers expression of IL-10 and IL-6, which is specifically dependent on PI3K and
Jak2 signaling and counterbalances proinflammatory cytokines produced by other
pathways, setting the balance of pro- and antiinflammation at the very earliest
stages of an immune response [367, 297].

A further means of suppressing TLR4 and TLR2 signaling in monocytes and
macrophages (but probably not DCs) involves IRAK-M, which inhibits activation
of the NF-kB pathway by preventing the dissociation of the TLR/MyD88/IRAK
complex necessary for downstream engagement of TRAF6 [368]. Induction of
IRAK-M occurs within 2 h of stimulation of monocytes with TNF-a, itself released
as a result of TLR2 or TLR4 stimulation, or following exposure to NO [369]. The
tolerance that rapidly develops following Pam3Cys stimulation of TLR2 (in
human MonoMac6 cells) is thought to be predominantly the result of increased
IRAK-1 degradation and/or disruption of the NF-kB signaling pathway, reducing
NF-kB nuclear translocation [154]. Tolerance and cross-tolerance affecting TLR
signaling are by no means absolute and are countered, for example, by IFN-c and
GM-CSF, which rescue IRAK 1, allowing other proinflammatory inputs (such as
CpG DNA-induced IFN-c) to alter the balance away from tolerance [370].
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The early response to LPS through TLR4 and NF-kB, amongst other transcrip-
tion factors, is transient, as indicated by the decline of TNF-a and IL-1b after a
few hours. During the initial surge, TNF-a can act in a positive feedback loop to
stimulate further NF-kB activation. However, another target gene strongly
induced by NF-kB is that of I-kB, which binds NF-kB and restricts its cytoplasmic
availability for nuclear translocation and so constitutes a potent negative feedback
regulator of all NF-kB-dependent genes [371]. Upregulation of the p50 subunit of
NF-kB also plays a part in LPS tolerance by forming homodimers that cannot
bind to I-kB but can translocate to the nucleus, where they engage and block the
NF-kB sites of gene promoters [372]. In resting macrophages, PKA phosphoryla-
tion may account for a suppressive constitutive binding of p50/p50 homodimer to
DNA to reduce oversensitivity to proinflammatory activation in the absence of an
external stimulus [373]. An inhibitory spliced variant of MyD88 may be induced
by LPS in murine macrophages and have a role in LPS tolerance [374]. Intracellu-
lar signal transduction responsible for NF-kB activation may be reduced in LPS
tolerance but in vitro studies show that continuous stimulation of different TLRs
provokes sustained and additive activation of (RAW264) macrophage proinflam-
matory gene promoters [375], emphasizing that innate tolerance, at least as
expressed extracellularly in the tissue microenvironment, must be defined in
terms of cell output and not intracellular pathways. EKLF is a transcription factor
operating on the IL12p40 promoter, which activates it in resting macrophages but
represses it in proinflammatory activated macrophages by inhibiting NF-kB
nuclear localization. Other promoters of proinflammatory cytokines and chemo-
kines could be regulated similarly [376]. The early response to LPS is transient but
a second surge of proinflammatory activity is triggered, with an onset 8 to 12 h
after LPS exposure, and includes a novel cytokine, HMGB1, which reaches a pro-
longed plateau from 18 to 24 h after LPS and could, therefore, be a putative med-
iator of septic shock [377] (Figures 9.2 and 9.3). CD14, TLR4 and selected cyto-
kines (TNF, IL-1 and IFN-c, presumably acting in trans) are implicated in signal-
ing pathways leading to HMGB1 release from LPS-stimulated macrophages, but
HMGB1 can also enter the microenvironment passively from necrotic cells [378,
379]. HMGB1 may signal in part through RAGE, a receptor for advanced glycated
end products, amyloid b-peptide and S100 proteins (all ligands characterized by
b-sheets and fibrils). Recent research on RAGE indicates that its engagement may
be responsible for prolonged activation of NF-kB in models of innate sepsis but
appears to have little impact on adaptive immunity, other than its effects on pro-
inflammation at the level of effector cells (macrophages). Thus, in EAE, activation
of NF-kB and the initiation of the inflammatory response can occur indepen-
dently of RAGE, but RAGE has a role in its perpetuation [380].

LPS stimulation through TLR 4, or double-stranded (viral) RNA through TLR3
(or other routes), can upregulate IFN-b in macrophages and DCs. The transduc-
tion pathways have been considered to involve NF-kB and MAPKs and are
enhanced by NO in RAW 264.7 macrophages [381]. However, the induction of
IFN-b following TLR stimulation may, in fact, be mainly independent of the adap-
ters MyD88 and Mal/TIRAP which lead to NF-kB. Instead, two additional adap-
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ters, TICAM-1 and TICAM-2, may be required to activate IRF- and IFN-inducible
genes (Figure 9.2). Not only does this allow variable control of the different path-
ways, and of IFN-b signaling, but also mediates MyD88-independent DC matura-
tion [382]. As the immune response evolves, IFN-b can signal, in trans, through
IFNR1 to induce a second wave of genes that are Jak/STAT dependent by virtue of
possessing ISRE-binding sites. These genes include IP-10, iNOS, RANTES and
MCP-5, as well as co-stimulatory molecules, such as CD80, CD86 and CD40,
which are essential for participation of APCs in adaptive responses (Figure 9.2)
[383, 384]. Induction of iNOS may be much more effectively achieved by this path-
way than by NF-kB acting in the first phase of the response to TLR stimulation.
Furthermore, it seems likely that Jak/STAT signaling might be a necessity for
iNOS induction, because this is impaired in STAT1 deficiency and abolished in
Type 1 IFN receptor knock-out mice [383]. Feed-forward activation of NF-kB by
TNF-a, operating in trans through TNFR1, could act synergistically with STAT1
on the iNOS promoter. Yet other interferon-responsive genes could be activated
directly through IRF3. In murine resident AMs, autocrine/paracrine feed-forward
amplification through IFN-b and STAT1 is relatively inoperative compared to peri-
toneal macrophages, regardless of whether stimulation is applied through TLR2,
TLR3 or TLR4. The early gene response (TNF-a, CCL3, CCL4 and CCL5) is pre-
served, as is STAT1 activation, by exogenous IFN-b. One explanation is that con-
tinuous exposure to low concentrations of LPS at mucosal surfaces induces partial
tolerance, manifest as a failure to produce bioactive IFN-b. A second burst of a
proinflammatory response may then be held in check unless IFNa/b or IFN-c is
provided by other proinflammatory cells (epithelial cells or recruited monocytes),
activated above a certain threshold of microbial infection [385]. IFN-a is typically
produced in viral infections in conjunction with IFN-b. IFN-a is also produced in
large amounts by plasmacytoid DCs [386]. Recent research indicates that IFN-a-
producing murine DCs are mainly of myeloid origin, casting further doubts on
the reliability of lineage markers [387].

The type II interferon, IFN-c, is foremost amongst cytokines boosting innate
immunity and is copiously released by NK cells in proximity to proinflammatory
macrophages, in the presence of IL-12. In adaptive immunity, IFN-c is the defin-
ing cytokine of a Th1 response, further boosting proinflammatory macrophage
activation [388]. It is often stated that IFN-c primes for TLR responses and,
indeed, it is often present early in immune reactions, macrophages themselves
controversially being one possible source [389]. There is no doubt that IFN-c rap-
idly primes macrophages for full proinflammatory activation on subsequent expo-
sure to LPS or TNF-a [390]. However, a purist interpretation of an immune
response generated, de novo, requires TLR stimulation to precede IFN-c upregu-
lation. Short co-stimulation with a TLR agonist and IFN-c in the murine RAW
264.7 macrophages causes early amplification of IFN-c signaling attributed to p38
MAPK phosphorylation of STAT1 and to a transient increase in TLR expression
that resolves in 24 h [391]. In intracellular murine macrophage infection by Chla-
mydia pneumoniae, TLR stimulation is thought to upregulate IFN-c both directly,
via an NF-kB pathway, and (perhaps more certainly) indirectly through IFNa/b
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upregulation and STAT1 activation [392]. Both IFN a/b and IFN-c can bring about
sequential enhancement of a TLR-initiated response by STAT1 phosphorylation.
For IFN-c, phosphorylated STAT1 dimers bind to the c activation site (GAS) of
IFN-c-inducible genes, including class II transactivator and IFR genes. STAT1-
dependent pathways are supplemented by other non-STAT-dependent pathways
in IFN-c signaling, using various signaling intermediates, including MAPKs
(Figure 9.2). These non-STAT pathways and their functions are not yet well
defined. Up to 500 genes are estimated to be regulated by IFN-c [393].

Jak/STAT pathways are triggered by interferons, and by many other cytokines,
but their activation is often not sufficient for full responses and freely diffusible
STATS show overlap in their target genes [394]. Important regulators of Jak/STAT
pathways are members of the SOCS family of proteins. The mechanism of SOCS
regulation of TLR signaling has recently been defined [395]. Macrophage stimula-
tions through TLRs, IFN-c, IL-6 or GM-CSF are all targets of inhibition by SOCS.
For example, prolonged co-stimulation of RAW 267.4 macrophages with a TLR
agonist and IFN-c or preincubation with TLR agonist before IFN-c elicits �toler-
ance’ through TLR-induced expression of at least three SOCS proteins, SOCS1
SOCS2 and CIS, which mediate feedback inhibition directed to IFN-c signaling
[391]. SOCS inhibition shows no absolute pathway specificity but, nevertheless,
SOCS1 is the most efficient inhibitor of IFN-c signaling. Macrophages subjected
to prolonged LPS stimulation or to intracellular infection by Listeria exhibit both
p38 MAPK-dependent STAT1 phosphorylation and p38 MAPK-dependent induc-
tion of SOCS3. While STAT1 enhances the immediate response to IFN-c, with
increased output of IFN-c responsive genes, SOCS3 accounts for a later reduction
in STAT1 phosphorylation and downregulation of IFN-c-responsive genes.
SOCC3 protein is induced to maximal levels about 6 h after LPS stimulation, prob-
ably with the involvement of NF-kB. Reduction of STAT1 phosphorylation is evi-
dent at 4 h, reaching a maximum effect after 8-12 h. Similar kinetics apply to Lis-
teria infection. SOCS 3 inhibition affects not only IFN-c. For example SOCS3 also
inhibits Jak2 phosphorylation that is required for GM-CSF signal transduction
through STAT5 [396, 397]. The balance of activation and suppression of IFN-c
responsive genes (including MHC II) likely changes over time, depending on the
relative balance of TLR ligands and interferon concentrations in the immediate
microenvironment. Because of its potency in amplifying proinflammatory
immune responses, tight regulation of IFN-c is mandatory. Recent evidence sug-
gests IFN-c potently inhibits gene transcription in macrophages by inducing
ICER through a novel signaling pathway, utilizing casein kinase 2 and CREB.
ICER behaves as an early response gene with maximal expression within 3–6 h
(Figure 9.2) [398]. Other mechanisms by which IFN-c is inhibited include IFN-c-
induced antiinflammatory genes, such as the decoy receptors IL-1Ra and IL-18BP,
and enhanced activation-induced apoptosis in macrophages by mechanisms that
include upregulation of caspase 1 and increased sensitivity to Fas-mediated apop-
tosis [399].

SOCS3 is rapidly and strongly induced in macrophages by LPS, TNF-a, IL-1,
IL-6 and IL-10. An intact MAPK pathway is required and SOCS3 is produced by
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new protein synthesis, unlike STATS which are constitutively and immediately
available [400]. In addition, p38 MAPK rapidly inhibits the IL-6/STAT 3 pathway
by a more direct route, independently of SOCS3 and not requiring protein synthe-
sis (Figure 9.2) [401]. IL-6 is an early response cytokine, with binding sites for
NF-kB and AP-1 in its promoter, and is readily induced by low concentrations of
LPS [402]. In the past it has usually been considered proinflammatory in its
actions because it is induced early alongside other proinflammatory cytokines
(IL-1, TNF-a), but this bland description of such a pleotropic cytokine is no longer
tenable. The IL-6R incorporates gp130, through which it is linked to Jak/STAT3
signaling. IL-6 responsiveness in macrophages is negatively regulated by SOCS3,
which specifically prevents STAT3 activation in response to gp-130 mediated sig-
nals. In the absence of SOCS3, IL-6 action is unregulated and prolonged, with the
induction of different gene sets, which may be antiinflammatory, similar to IL-10-
STAT3-induced genes, or may be genes normally induced by interferons and
STAT1. Therefore, SOC3 in macrophages can be seen as blocking a fundamental
action of IL-6, which is to inhibit (LPS) proinflammatory signaling, thereby inhi-
biting proinflammatory cytokine production (TNF-a, IL-12). Hypothetically, IL-6
antiinflammatory activity in macrophages should be most evident at the onset of
an immune response before the build-up of SOC3, but alternative pathways,
possibly including 38p MAPK, inhibit IL-6 STAT3 signaling within minutes
[403, 404]. With such effective silencing it is currently difficult to discern any role
for IL-6 in macrophages! Perhaps the major impact of IL-6 is on adjacent, or more
distant, cells, particularly hepatocytes in the generation of acute phase proteins.
Intriguingly a soluble form of IL-6R (sIL-6R) may acquire IL-6 and then act, in
trans, by attaching to isolated gp130 molecules, universally expressed on all cell
membranes (unlike conventional IL-6R). One process that can be explained by
this mechanism is thermal activation of l-selectin adhesion of T cells, via a Jak
triggered T cell response [405]. Very recently IL-6 has been shown to suppress the
maturation of DCs [135].

IL-10 is one of the most powerful antiinflammatory cytokines, regulating the
upper limits and duration of macrophage proinflammatory activation during
immune responses, but, unlike IL-6, its receptor lacks gp130 and its STAT3 sig-
naling pathway is therefore insensitive to inhibition by SOCS3 [406]. The IL10R1
subunit of the IL10 receptor is upregulated on activated macrophages, making
them the major target for the cytokine. IL-10 inhibits the expression of MHC II,
co-stimulatory molecules, NO, cytokines, chemokines and adhesion molecules,
actions previously attributed to its interference with the function of transcription
factors, such as NF-kB or AP-1. It now seems more likely, from microarray experi-
ments, that IL-10 exerts virtually all its effects by activating STAT3, but the exact
mechanism by which STAT3 represses activated genes still requires clarification
[407]. Although most IL10-responsive genes are repressed by STAT3, IL-10 is a
strong inducer of both SOCS3 and SOCS1 and the latter is involved in negative
regulation of IL-10 signaling [408]. It is of great interest that glucocorticoids,
which generate a similar range of immunosuppression as IL-10, may in fact share
a common mode of action, through the glucocorticoid-induced leucine zipper
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(GILZ), which is upregulated in macrophages by both IL-10 and glucocorticoids,
binds directly to the p65 subunit of NF-kB and inhibits its action [409]. The recip-
rocal autocrine relationship between IL-12 and IL-10 in macrophages still requires
an explanation at the molecular level. The IL-12p40 promotor may, in fact, be
more sensitive to the transcription factor c-rel than to p50/p65 NF-kB and, signifi-
cantly, IL-10 has been shown to reduce the level of c-rel in RAW 264.7 nuclei, by
inhibiting IkBa. A further observation from microarray experiments is that c Maf
is induced by IL-10, both beeing reinforced by a positive feedback loop. While
potently activating IL-10 and IL-4 expression, c Maf, at the same time, selectively
inhibits IL-12p40 and IL12p35 genes [410]. Another proinflammatory cytokine
negatively regulated by IL-10 is IL-1b. LPS can stimulates IL-10 production in
macrophages through a Jak3 pathway and IL10 then acts through an autocrine
feedback circuit to downregulate proinflammatory cytokines [411]. LPS possibly
induces IL-10 through nuclear transfer of modified IRAK1 and phosphorylation
of STAT3 (serine 727) on the IL-10 promoter.

9.2.6.3 Regulation of Immune Responses by Cytokines and other Bioactive
Molecules
Bioactive molecules generated in the proinflammatory microenvironment have a
major effect in defining the upper limit of the proinflammatory macrophage
response. Two examples are given. Firstly, COX-2 induction occurs in the early
response to TLR stimulation under the control of various transcription factors,
including NF-kB. Apart from the proinflammatory effects of PGD2, another
released product of COX-2 is PGE2, which exerts a strong anti-inflammatory feed-
back, operating through specific membrane receptors which increase adenyl
cyclase activity and elevate intracellular cAMP. The overall outcome of elevated
cAMP is an increase in many antiinflammatory mediators, notably IL-10 and
TGF-b and reduction in many proinflammatory molecules, notably TNF-a and
IL-12. Elevation of cAMP blocks p38 MAPK phosphorylation and thereby downre-
gulates IL-12p40mRNA and IL-12p70 in murine peritoneal macrophages [412].
Elevated cAMP reduces GM-CSF by a mechanism not involving IL-10 [409]. Auto-
crine reciprocal regulation of IL-12 and IL-10 in macrophages, independently of
IFN-c, is well known [413]. The second example is the downregulation of macro-
phage proinflammatory responses by the inflammatory product adenosine, oper-
ating through adenosine receptors, which can occur entirely within the confines
of the innate immune system. Stimulation of the A2B receptor of bone-marrow-
derived BALB/c macrophages increases cAMP and inhibits IFN-c-induced expres-
sion of MHC II, proinflammatory cytokines and NO. The A2B receptor is itself up-
regulated by IFN-c [414]. In human macrophages the A2A receptor mediates simi-
lar antiinflammatory functions, most significantly reducing IL-12 and increasing
IL-10. The A2A receptor is upregulated by IL-1b and TNF-a but downregulated by
IFN-c [415]. The macrophage A2A receptor has been described as an �angiogenic
switch’ because of a broad synergism between TLR2, TLR4, TLR7, TLR9 and A2AR
to upregulate vascular endothelial growth factor expression and downregulate

299



9 Evolution and Diversity of Macrophages

TNF-a in murine macrophages, effects hypothesized to promote wound healing
in a proinflammatory setting [416].

9.2.6.4 Regulation of Immune Responses by Decoys
Decoy receptors prevent access of ligands to their normal signaling pathways, and
may act extracellularly, at the cell membrane or intracellularly. First described for
the IL-1/IL-18 receptor family, and later for TNF-a receptors, decoys moderate
proinflammatory signals. However, other decoys can reduce the activity of antiin-
flammatory cytokines, such as IL-10 or IL-13 [417]. Thus, such receptors should
produce graduated negative feedback, tending to keep immune responses within
upper and lower limits. This is particularly well described for inducible soluble
receptors. With IL-1RII, its availability is increased by antiinflammatory agents,
such as IL-4 and glucocorticoids, but inhibited by IFN-c. A more general regulator
of proinflammatory responses is D6, a promiscuous decoy and scavenger of many
inflammatory chemokines (ligands of CCR1 through to CCR5) and located in lym-
phatic and placental endothelium [418]. Another recently described decoy receptor
is sRAGE [380].

9.2.6.5 Regulation of Immune Responses by the Adaptive Immune System
Responses generated in the adaptive immune system amplify the innate
responses that instruct them, whether these be pro- or antiinflammatory. The
main innate signal for Th1 amplification of (proinflammatory) immunity is IL-12,
and this is tightly regulated to avoid excessive magnitude or duration of action.
Factors opposing IL-12 �overshoot’ may include IL-10, IFN-a, IFN b, ligation of
FccR, complement or scavenger receptors, PGE2 and corticosteroids, as well as
several �proinflammatory’ mediators such as TNF-a and some chemokines. It is
important that activated T cells should not trigger IL-12 overproduction indiscri-
minately through CD40–CD40L interaction with bystander APCs in the tissues,
but this is prevented by the requirement for initial APC activation by microbial
stimulus during an innate response before co-stimulatory amplification can
become operative in the adaptive response [419]. IFN-c is well established as the
prototypical T cell-derived (Th1) proinflammatory cytokine acting on macro-
phages. Recent research suggests that an APC-triggered T-cell response is a �one-
off’ process and restimulation is ineffective unless new T cells are recruited [420].
Another T-cell-derived cytokine secreted by activated memory CD4+ T cells is
IL-17, and it, too, has the capability of interacting with macrophages to augment
the output of proinflammatory cytokines (TNF-a and IL-1b) and eicosanoids. The
IL-12-related cytokine, IL-23, from proinflammatory activated macrophages may
be a major instigator of the IL-17-producing Tcell phenotype [421]. At the opposite
(antiinflammatory) end of the spectrum, antigen-specific regulatory T cells can
also receive instruction from the innate immune system and, in turn, augment an
antiinflammatory microenvironment by suppressing proinflammatory T cells,
restraining DC maturation and APC function and promoting an antiinflamma-

300



9.2 Diversity of Macrophages in Mammalian Tissues

tory (IL-10 secreting) phenotype [422]. The novel cytokine IL27, produced mainly
by macrophages and DCs, is an inhibitor of both Th1 and Th2 responses but,
paradoxically, helps to initiate Th1 responses. The IL-27R (WSX-1 combined with
gp130) is mainly expressed on naive T cells and NK cells and its ligand, IL-27, can
activate at least four Jak/STAT pathways (Jak1 and STAT1, STAT3, STAT4 and
STAT5) and exerts a modulating effect, which depends on the prevailing T cell
phenotype [423]. In naive murine CD4+ T cells the Th1-specific transcription fac-
tor T bet and its gene product IL-12Rb2 are strongly induced by IL-27 [424]. In
activated Th1 cells, as following IL-12 stimulation, STAT4 will be operative already
and in this case IL-27 might inhibit the response by additional activation of
STAT1 and STAT3. The STAT3 inhibitory pathway, in particular, also mediates the
downregulatory effects of IL-6 and IL-10, as already discussed. Conversely, GATA
3 is a crucial transcription factor for Th2 responses and is inhibited by IL-27.
GATA 3 is itself induced by IL-4 through a STAT6 pathway and reciprocally inhi-
bits IL-12Rb2 and STAT4 expression, which are involved in the development of
Th1 responsiveness. Although much of the detail is not yet known, these prelimi-
nary findings suggest that IL-27 is not a primary determinant of the polarity of an
immune response, but is a strong regulator of both excessive pro- and excessive
antiinflammatory activity. Accordingly, WSX knock-out mice demonstrate unregu-
lated combined Th1 and Th2 hyperactivity in response to Toxoplasma gondii [425]
or Trypanosoma cruzi infection [426] and in the case of Leishmania a predominant
initial unregulated Th2 hyperactivity [427]. Excessive Th2 responsiveness
encourages parasitemia while excessive Th1 responsiveness causes progressive
and eventually fatal proinflammatory liver damage. Further interactions between
macrophages and T cells, particularly in the generation of tolerance, are consid-
ered later, but it notable that TLR3 and TLR9 are now known to be expressed on
activated CD4+ T cells and, on binding their respective ligands (dsRNA and CpG
DNA), prolong T cell survival [428].

9.2.6.6 Regulation of Immune Responses by Apoptosis
The effects of apoptosis are apparent at every stage of an immune response, affect-
ing its amplitude and/or duration [429]. Apoptotic mechanisms modulating
immune responses include apoptosis of effector macrophages, secondary effects
on macrophage phenotypes from uptake of apoptotic cells and feed-forward
effects of innate cytokines on T cells, such as the requirement for IL-12 to prevent
Th1 apoptosis [430]. TNF-a and FasL directly trigger intracellular death pathways,
as do glucocorticoids. The balance of survival factors versus apoptotic factors in
immune cells is complex, depending on the expression and interplay of multiple
pro- and anti-apoptotic genes.

9.2.6.7 Interaction of Regulatory Mechanisms during Immune Responses
In conclusion, all these mechanisms fit a model based on simple principles.
Firstly, innate immunity instructs adaptive immunity, implying that the proin-
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flammatory/antiinflammatory balance (or polarity) of an immune response is pro-
grammed in the innate immune system. Secondly, specific primary signaling
pathways link biologically significant inputs to appropriate biologically significant
outputs. The decision as to what constitutes a significant input/output must be
intuitive, but based on the principles of evolution might include TLR stimulation
leading to effector mechanisms for microbial killing, such as NO; apoptosis lead-
ing to antiinflammatory removal of cells or immune surveillance; and tissue dam-
age (proinflammation) leading to tissue repair (antiinflammation). The most
direct or prominent signaling route(s) between these chosen inputs and outputs
must then be defined pragmatically as the primary signaling (transduction) path-
way(s). Proinflammatory and antiinflammatory responses are either amplified by
positive feedback (direct or indirect) or reduced by negative feedback (direct or in-
direct), making up subsidiary or secondary signaling pathways. Negative feedback
mechanisms, for example, are initiated by the primary signaling pathways and
serve to reduce (dampen) or reverse them. When acting within the same cell
(intracrine, in cis), such opposing mechanisms may be contemporaneous with
the build-up of innate responses. Delayed or sequential responses (acting in trans)
may be directed back onto the same cell (autocrine) or onto adjacent cells (para-
crine) or even distant cells, via blood (endocrine). Adaptive tolerance and immu-
nity are viewed as special cases of delayed feedback. Some of the regulating mole-
cules involved in secondary signaling, such as those working through gp130-con-
taining receptors, are particularly versatile and can dampen both pro- and antiin-
flammatory immune responses in both the innate and adaptive immune systems.
Macrophages are central to the successful operation of immune signaling net-
works because they can receive primary inputs and deliver primary outputs
(through their diverse phenotypes) and contain all the necessary primary and sec-
ondary signaling apparatus. They are, for the same reasons, often involved in
immune system failures, such as sustaining an inappropriate proinflammatory
output in autoimmunity or an inappropriate antiinflammatory output in cancer.

9.2.7
Macrophage Diversity: an Overview

The determinants of all macrophage phenotypic diversity, including differentia-
tion and maturation, activation and �deactivation’, proinflammatory, �transitional’
and antiinflammatory status, survival and apoptosis, are the induced and sequen-
tial expression of gene products. Heterogeneity is the result of gene transcription
programs induced by multivarious environmental stimuli, providing a huge range
of phenotypes. Only necrotic cell-death might be excluded because this is simple
chemical disruption of the cell. The dynamics of the tissue microenvironment
accounts for inducible gene expression in precursor monocytes and determines
the multiple phenotypes of macrophages and DCs and their subtypes. Functional
macrophage diversity is caused by changes in tissue microenvironments that
include the transduction of inputs from cytokines, hormones and other bioactive
molecules, as well as exogenous inputs from the wider environment, notably
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infection. Macrophages are seen primarily as sentinels of the innate immune sys-
tem, intercepting and reacting directly to microbial stimuli [431], and DCs primar-
ily as sentinels of the adaptive immune system. Therefore, the ratio of the two cell
types produced at any one time in any non-lymphoid tissue (though difficult to
measure, as activated DCs usually emigrate) will determine the initial balance of
innate and adaptive immunity. Macrophage input necessarily precedes output but
the output can in turn profoundly and directly alter the shaping of the microenvir-
onment – the activated cell is both a transducer and effector, with perhaps more
potential to change a local microenvironment than any other immune cell. Much
of traditional �polarized’ immunology is currently unraveling because inputs and
outputs of immune cells are far more complex and varied than previously envis-
aged. Intracellular transduction pathways integrate a multiplicity of signals and
generate a multiplicity of outputs [136, 139]. Even the boundaries between macro-
phages and DCs are blurred with redundancy of function where their phenotypes
overlap. DCs and macrophages may sometimes develop in the same conditions
from common precursors or one may differentiate from the other. With the
advent of total genome arrays it will be particularly interesting to discover to what
extent the diversity of macrophage outputs generated by innate and adaptive
inputs overlap and to what extent they differ. In the current state of uncertainty,
macrophage phenotypes are probably best specified in terms of as many of the
relevant parameters as possible. The convention is developing of prefixing the
responding cell type with some of the important inputs, such as TNF-DCs or IFN-
DCs [432] and of extrapolating back from patterns of multiple gene expression
(�signatures’) to putative inputs [433]. From macrophage diversity emerge recur-
ring and unifying themes. Macrophages in leishmaniasis and cancer share many
common phenotypic features, as do macrophages in listeriosis and organ-specific
autoimmunity. Increasingly, insights into one condition are serving to illuminate
another.
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10
Macrophages – Balancing Tolerance and Immunity
Nicholas S. Stoy

10.1
Balancing Tolerance and Immunity

10.1.1
Introduction

The existence of innate and adaptive immunity is well established, but less is
known about the generation and maintenance of tolerance. Immune tolerance
has usually been ascribed to T cell-processing mechanisms located either centrally
(in the thymus) or peripherally (in secondary lymphoid tissue). However, more
recently, an instructive role for DCs in shaping tolerance has emerged. In the
paradigm presented here, innate (peripheral) tolerance is proposed as a more for-
mal counterpart to innate immunity. By definition, innate tolerance is a primary
response expressed in peripheral non-lymphoid tissue microenvironments and
must be independent of any T cell adaptive response. It depends essentially on the
ability of macrophages to display variable antiinflammatory, as well as proinflam-
matory, phenotypes in response to local tissue microenvironments. Macrophages
are deemed to play a crucial role in both inflammation and immunomodulation
at the local level, and are assumed to be reliable quantifiers of ongoing tissue
inflammation. DCs, as well as several �non-professional’ immunologically-acti-
vated cells, also contribute to the polarization of the local microenvironment, but
DCs characteristically emigrate following activation and antigen capture. The rele-
vance of opposing mechanisms of innate tolerance and innate immunity to over-
all immunity, and to the pathogenesis of inflammatory conditions, is examined.
Towards the end of the chapter, asthma and systemic lupus erythematosus are
analyzed in some detail to illustrate how the paradigm might prove useful in
unraveling complex interactions between macrophages, DCs, NKs, natural T cells,
T cells, B cells, and eosinophils. Hopefully, the paradigm will go some way
towards bridging the gap between observational studies and mathematical model-
ing of the mammalian immune system, as well as indicating how macrophage-
based treatment strategies of immune disorders might offer some unique advan-
tages.



In vivo, it is now almost axiomatic that innate immunity instructs and activates
adaptive immunity [1]. When inflammation is initiated by the innate immune sys-
tem, proinflammatory activated macrophages characteristically promote [2] and
reflect a microenvironment in which DCs process antigen derived from pathogens
[3], or necrotic cells [4, 5]. In addition to transporting antigenic material, DCs carry
specific polarizing and activating signals to secondary lymphoid tissue [6, 7].
Thus, through what may be termed �innate functional response linkage’ (IFRL)
[8], a proinflammatory macrophage phenotype is usually linked to a Th1 response
[9, 10]. More recently, macrophages with antiinflammatory phenotypes have been
described [11–14], often associated with antiinflammatory or �steady-state’ micro-
environments in which DCs are still able to take up antigen but receive different
polarizing and activating signals [15–20]. In this case, IFRL describes a sequence
linked to Th2 or regulatory T cell responses [10, 21, 22]. An apparent contradiction
to IFRL, which will be considered in detail, is �inflammation’ in asthma, since in
that condition proinflammatory responses in the lung may correlate more closely
with Th2 than Th1 adaptive responses [23].

The default setting of macrophages (and microenvironment) at mucosal bound-
aries is generally antiinflammatory [24–26], antigen being processed in an antiin-
flammatory manner from the outset [27]. Extrapolating from extensive in vitro
studies it has been suggested that, through �sampling’ the local microenviron-
ment, macrophages assume phenotypes similar to other immunologically active
cells. Uncommitted monocytes recruited to immunologically active sites, trans-
form into activated macrophages of similar phenotype to those already present
[28]. Likewise, DCs can differentiate from uncommitted monocytes, responding
to the prevailing microenvironment by developing pro- or antiinflammatory phe-
notypes [29–32].

It is hypothesized that tissue macrophages are ideally placed to integrate pat-
terns of input from local microenvironments. The innate immune system can
function independently, generating innate immunity or innate tolerance, but its
operation is usually further modified by T cell responses [33]. Innate tolerance, it
is argued, instructs adaptive tolerance.

10.1.2
Macrophage Phenotypes: Effects on Immunity and Tolerance

Proinflammatory macrophages are presumed to be principal effector cells of both
innate immunity (as through TLR stimulation) and adaptive immunity (as
through MHC II/antigen/TCR engagement and co-stimulation). The macrophage
proinflammatory phenotype consists of a range of outputs, including pathogen-
toxic and/or tissue-damaging molecules, adhesion molecules, MHC and co-stimu-
latory molecules and various macrophage signaling molecules, which, directly or
indirectly, modulate the existing phenotype. Despite NF-kB activation, implying
eventual apoptosis, anti-apoptotic mechanisms prolong proinflammatory macro-
phage survival [34, 35]. IL-12 from proinflammatory macrophages, or other cells,
stimulates local NK cells and T cells to secrete IFN-c, amplifying the proinflam-
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matory response in the tissues as well as providing anti-apopototic signaling to
activated Th1 cells [36]. IL-12 produced by migrating DCs promotes polarization
towards Th1 in lymphoid tissue [37]. However, recent information suggests that
mature DCs, which are derived in vitro from monocytes (regardless of how the
maturation process is achieved), rapidly secrete IL-12p70 initially, but then lose
this capability. The time course of these changes is critical to polarizing T cells in
lymphoid tissue and, in vitro, the process may take 10 days. In any event the data
have led to the suggestion that one of the main functions of DCs could simply be
to amplify the initial innate response in the tissues [38].

By contrast, antiinflammatory macrophages are both producers of, and may be
induced by, antiinflammatory molecules [8, 39–41]. So-called �alternatively acti-
vated’ macrophages, specifically induced in vitro by IL-4 or IL-13, exhibit upregu-
lated antigen-presenting capacity (MHC II) [42], novel chemokine expression [43],
and anti-proliferative effects on T cells [44]. Some molecules from antiinflamma-
tory macrophages, particularly TGF-b and proline [45], promote angiogenesis and
fibrosis [43], of importance in tissue healing [46–48]. The most complete and
authoritative functional classification of macrophage phenotypes to date recogniz-
es innate activation, classical (IFN-c-induced) activation, innate/acquired deactiva-
tion, alternative (IL-4 or IL-13-induced) activation and humoral activation [28].
Innately activated, innately deactivated and humorally activated macrophages are
all capable of displaying antiinflammatory (or non-inflammatory) properties and
so could be mediators of innate tolerance. In addition, �transitional’ macrophages,
with mixed proinflammatory and antiinflammatory phenotypes, may arise during
induction and resolution of inflammatory responses. It is proposed that an
immune response, in vivo, always begins with a change in the balance of innate
tolerance and innate immunity. The change may then be communicated to the
adaptive immune system, which responds predictably. The initial innate response
also programs into the system later modulatory processes, through which the
magnitude and duration of both innate and adaptive responses are altered. Con-
trary to common assumptions, the magnitude and kinetics of the antigen-specific
T cell response to bacterial infection may be programmed from peripheral tissues
within the first day, well before the height of the proinflammatory response and
independently of both duration of infection or quantity of antigen, although per-
sistence of infection is required to drive continued T cell expansion [49]. If stimu-
lation of the innate immune system persists, various competing mechanisms
may eventually be found operating at the same time in the same tissue microen-
vironment, presenting a dynamic balance of cells, cytokines and other bioactive
molecules, of great apparent complexity [50]. Any paradigm attempting to explain
immunological responses in peripheral tissues impacted by the environment
(gut, lung, skin) must accommodate not only the full range of observed macro-
phage phenotypes but also temporal sequencing, positive and negative feedback
modulation of inflammation and mechanisms switching the polarity of immune
responses.

Innate tolerance actively opposes innate immunity. Both innate tolerance and
innate immunity are graded responses, lying on the same continuum. Closely
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related to the �innate tolerance–innate immunity continuum’, and identifiable in
the same tissue microenvironment, is an �antiinflammatory–proinflammatory
continuum’. As discussed in 9.2.4, innate immunity is a phylogenetically ancient
(and originally �stand-alone’) mechanism based on the recognition of highly con-
served microbial-associated molecules by pattern recognition receptors, which in
the case of some well-categorized TLRs activate immediate proinflammatory effec-
tor mechanisms to bring about an immune response [51]. Inflammation, al-
though a powerful effector of immune responses (both innate and adaptive), is
relatively non-specific and results in tissue damage [52], itself a potential enhancer
of inflammation. Tolerizing signals are necessary, at every stage of an immune
response, to prevent over-exuberant responses leading to damaging sequelae such
as endotoxic (LPS-induced) shock, chronic inflammation and autoimmunity.

10.1.3
Concept of Innate (Peripheral) Tolerance

As a general principal, it appears that immunological tolerance, regardless of its
origin, exerts an antiinflammatory (or non-inflammatory) influence on tissue
microenvironments. For example, mucosally-induced (oral) tolerance and toler-
ance to self-T cells are both associated with reduced local proinflammatory activity.
Similarly, peripheral T cell tolerance (�adaptive tolerance’), whether from T cell
elimination, anergy or the production of phenotypically antiinflammatory T cells,
manifests in the tissues either as a total lack of T cell response or as a suppressive
(or neutral) influence on tissue proinflammatory responses. Thus, T cell tolerance
reinforces, or has no effect on, antiinflammatory or non-activated macrophage
phenotypes, but may exert a downregulatory influence on proinflammatory
macrophage phenotypes. As discussed, tolerance to tumor cells, which themselves
often secrete antiinflammatory molecules, can often be traced to a failure to
induce proinflammatory macrophage responses, or to their active suppression
[53, 54]. Transplant tolerance and tolerance to the developing fetus both depend
on a lack of activated proinflammatory macrophages in the local microenviron-
ment, since these are recognized as major effectors of rejection [55]. In keeping
with these observations, it is postulated that innate tolerance is specifically asso-
ciated with non-inflammatory or antiinflammatory microenvironments. Like
innate immunity, innate tolerance is induced as a direct reaction to external
(environmental) and/or internal immune system perturbations. As well as oppos-
ing immunity, innate tolerance enhances or maintains local resistance to tissue-
damaging inflammation. In the context of infection, innate tolerance can be pro-
tective of both �host’ and �pathogen’ [56], but the balance can become unstable in
either direction. Innate tolerance may initially increase pathogen virulence by
enabling evasion or neutralization of an effective immune response, but, even-
tually, innate or adaptive immunity may be triggered and the balance redressed.
Stimuli, other than microbial, may trigger the same mechanisms as mediate
innate tolerance. The definition of innate tolerance is proposed to encompass not
only stabilization and enhancement of antiinflammatory macrophage phenotypes
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but also downregulation of classically-activated macrophages [57], so long as the
mechanism does not involve the adaptive immune system.

10.1.4
Concept of Adaptive Tolerance

In the �resting’ or �steady state’ [20], macrophages in peripheral tissues display
non-inflammatory or antiinflammatory phenotypes, characteristically secreting
IL-10 and/or TGF-b. Under such circumstances, DC priming and antigen acquisi-
tion results in the induction of subsets of antiinflammatory T cells, secreting
IL-10/IL4 (Th2), IL-10 (TR1) or TGF-b (Th3 or CD4+CD25+) [18, 28, 58–61] and
can express the same T cell receptors as their Th1 counterparts [21, 62, 63]. In
vitro, DCs prepared in an IL-10-dominated microenvironment secrete IL-10 and
produce IL-4-secreting Th2 cells [64]. IL-10 causes a persistent anergy in human
CD4+T cells [65] whilst antigen-specific T cell anergy is imparted by IL-10-primed
immature DCs [66]. The presence of TGF-b in the innate microenvironment may
reinforce tolerance through the adaptive immune system, judging from studies in
which TGF-b-treated APCs induce TGF-b-secreting CD4+ T cells and delete anti-
gen-specific APCs through a Fas/FasL pathway [67–69]. CD4+CD25+ regulatory T
are able to inhibit other T cells (notably CD8+T cell proliferation), perforin, gran-
zyme B and IFN-c production [70]. Antiinflammatory T cells are probably relative-
ly short-lived and deleted after a few cycles of cell proliferation [71], implying that
a continuous input of tolerizing antigen (foreign and/or self) from the innate sys-
tem into the adaptive system is likely to be necessary for the maintenance of anti-
gen-specific T cell tolerance and for deletion of antigen-specific T cells [72]. Adop-
tive transfer studies have confirmed that repetitive presentation of very low doses
of antigen, including self-antigen, exclusively by DCs, can cause clonal deletion (or
anergy) of antigen-specific T cells [16, 73]. In the �maturation’ hypothesis [74–77],
DCs, when continuously exposed in the �immature’ state to �physiological’ mix-
tures of low dose self and/or non-self antigens, behave as tolerogenic DCs, but on
exposure to microbial wall stimulants and interferons in a pro-inflammatory
microenvironment they rapidly �mature’ to immunogenic DCs. Once instructed
in lymphoid tissues, Th1- and Th2-polarized T cells tend to �run true-to-form’, in
vivo, in their tissue effector roles, regardless of the polarity of the microenviron-
ment [78], in keeping with the important proposition that the polarity switch be-
tween tolerance and immunity lies not in the adaptive but in the innate immune
system. This does not exclude natural T cells, including probably regulatory Tcells,
having a primary polarizing role within the innate immune system.

Macrophages and DCs express receptors with overlapping functions. These
receptors are usually induced and activated by the same environmental or endo-
genous stimuli. Some receptors are identical, such as TLRs, and some are differ-
ent but with overlapping functions, such as MRs on macrophages and DEC205
on DCs. The paradigm presented here proposes that macrophages and DCs func-
tion so closely together in tissue microenvironments [79] that they can be amalga-
mated into a single �macrophage–DC functional unit’ (MDU; see Figure 10.1).
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The MDU has a dual role: the first is information collection, integration and
transduction into a local effector output (mainly implemented by macrophages)
and the second is information transfer to lymphoid tissue (mainly implemented
by DCs). The identification of each cell type or their roles need not be absolute
and partly on the vagaries of cell surface markers used to identify them. Indeed,
as hinted earlier, a purely functional definition of macrophages and DCs may be
worth considering. In the steady state the MDU constitutively expresses receptors
capable of initiating responses to either anti- or proinflammatory stimuli. The
properties of the MDU provide the basis for an elegant, flexible and powerful sys-
tem of innate and adaptive immune surveillance, which generates tolerance in
the steady state. Macrophages and DCs are continuously sampling the microenvir-
onment to assemble a pro- or antiinflammatory phenotype in the MDU. Stimula-
tion of macrophages and DCs depends on cell-surface receptor concentrations
and ligand affinity and on the concentration of ligands in the microenvironment,
resulting in a hierarchical pattern of response (as is already recognized for T cell
epitopes). At the same time as the innate pro- or antiinflammatory polarity of the
MDU is established, receptor-mediated uptake of selected material from the
microenvironment provides a mechanism for multiple antigen processing and
antigen-presentation in lymphoid tissue. Whereas anti- and proinflammatory
macrophages mainly stay in the tissues, antiinflammatory (immature) and proin-
flammatory (mature) activated DCs mainly migrate to lymphoid organs. All the
different grouped antigens taken up by one DC are transferred, tagged with either
an anti- or proinflammatory polarizing signal, to lymphoid tissue to instruct the
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Figure 10.1 A qualitative/semi-quantitative
representation to analyse immune
responses, with specific reference to macro-
phages and the sequential events affecting
macrophage phenotypes. Here, lupus is ana-
lysed: the pre-disease heightened state of
innate tolerance (sequence 1+2) is over-
whelmed following an additional environ-
mental input (+ sequence 3), precipitating
clinical lupus. Note that the final microenvir-
onmental cytokine balance is a mixture of
�type 1’ and �type 2’ with (in this particular
case) an excess of �type 1’. Semi-quantitative
features of the model are the representation
of concentrations (of cells, cytokines, etc.) by
areas, including hypothetical maximum con-
centrations (dashed area outlines) and con-
centrations at a particular stage in a specific
immune response. The ratio of macrophage
to DC concentration may vary; indeed, to
explore different functional outcomes, all
cells which fail to migrate may, arbitrarily, be

defined as macrophages or, alternatively, any
cells which react with naive T cells, even if
they fail to migrate, may, arbitrarily, be
defined as DCs. Macrophages and DCs
constitute the MDU, which includes adaptive
as well as innate responses; the ratio of the
MDU committed to innate versus adaptive
immunity is another potential variable. The
scheme can be manipulated to model the
steady state (equivalent to sequence 1 in the
lupus example), any other proinflammatory
environmentally triggered response
(infection, organ-specific autoimmunity),
LPS tolerance, cancer and �allergic’ asthma
(X) and/or �proinflammatory asthma’ (Y)
(see dotted lines and eosinophil area). NK
and NKTmay be incorporated in sequences
and other cells, such as mast cells and
effector cells (eg goblet cells, fibroblasts,
and smooth muscle cells in asthma) may
be added.
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appropriate T cell response. In the steady state, a continuous trickle of self anti-
gens derived from apoptosed cells will be presented by tolerogenic DCs to the
adaptive immune system [80]. This will include uptake by DCs of apoptosed
macrophages, together with their phagocytosed contents and antigenic material,
providing the basis for tolerogenic cross-presentation of antigen to the adaptive
immune system. Adjuvants work by biasing the polarization of the MDU either
towards proinflammation or antiinflammation, usually corresponding to changes
in the balance between innate immunity and innate tolerance [81].

The processes by which tolerogenic T cells are generated in lymphoid tissue are
not entirely clear. Some investigators have found that a low concentration of anti-
gen is an important determinant of tolerogenicity [82] but, in addition, antiinflam-
matory cytokines are considered to have a polarizing role. The two points of view
are reconciled if low dose antigen fails to trigger maturity in DCs, keeping them
in an antiinflammatory mode. Under steady-state conditions, T cell activation fails
to produce IFN-c and is followed by early T cell deletion [71]. By comparison,
proinflammatory microenvironments containing TNF-a, IL-12 and/or other
proinflammatory cytokines (interferons) usually bring about maturation of DCs to
a Th1-inducing phenotype. In particular IL-12, augmented by (innate) IFN-c
primes peripheral blood myeloid DCs (CD1a+ CD11c+) for a strong Th1 adaptive
response, as would occur in vivo when they encounter viruses, bacteria or other
Th1-polarizing infections. However, plasmacytoid DCs (CD1a– CD11c–) do not
behave in this �classic’ manner, as judged from in vitro studies. They secrete pri-
marily IFNa/b (on viral infection), but this cytokine does not apparently promote
DC maturation, supports an IL-10 secreting phenotype and may influence mye-
loid DC polarization towards T reg [83]. With the exception, perhaps, of total elim-
ination of proinflammatory T cell clones through �exhaustion’ (on exposure to
continuing high antigen concentrations), a usual prerequisite for induction of
adaptive T cell tolerance would appear to be an antiinflammatory microenviron-
ment in lymphoid tissue, as would be found in the immediate surroundings of
phenotypically antiinflammatory DCs during cognate antigen interaction with
T cells. As indicated above, related groups of antigens presented by a single tolero-
genic DC would then induce related groups of antigen-specific tolerogenic T cells.
Influencing T cells towards the same outcome in response to multiple epitopes
from the same pathogen has been used as a strategy in attempting to formulate
effective anti-Leishmania vaccines.

A further important consideration in adaptive tolerance is how DC-primed
T cells affect, and are affected by, the microenvironment of the peripheral tissues,
the actual �battleground’ of immunological responses. As yet there appears to be
continuing uncertainty about cytokine profiles and types of APC (macrophages,
DCs or indeed other �non-professional’ APCs) that present antigen to antigen-
specific memory T cells in tissues in vivo, the so-called effector limb of DTH
[69, 84, 85]. Furthermore, the presence or absence of proinflammatory cytokines
such as IL-15 and IL-12 may regulate nonspecific (antigen-independent) bystander
activation of memory T cells in tissues [86], thus providing amplification of
immune responses. The paradigm assumes that �committed’ memory T cells (pro-
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grammed as Th1, Th2, Th3 or T reg) can all be recruited to immunologically active
tissues by chemokines, but will usually behave as terminally differentiated cells
[87], subsets of which are selected for specific and nonspecific (bystander) activa-
tion by the prevailing microenvironmental conditions, so reinforcing the response
that has generated them, whether this be pro- or antiinflammatory. In this view,
the Th1 phenotypes enhances proinflammation and T reg phenotypes enhance
antiinflammation but the predetermined polarity of T cells is not changed by the
local microenvironment [73]. Antigen-specific TCR engagement of Th1 cells with
macrophages will promote an increased availability of IFN-c and IL-12 and other
proinflammatory molecules. Similarly, antigen-specific TCR engagement of regu-
latory T cell subsets with macrophages could increase IL-4 and promote an alter-
natively activated macrophage phenotype. Antigen non-specific T cells, activated
through bystander mechanisms, may easily outnumber activated antigen specific
T cells. Regulatory T cells introduced into a tissue microenvironment could also
suppress innate immune responses directly through the release of antiinflamma-
tory cytokines (IL-10, TGF-b) [88]. In these respects memory T cells do not display
(or display to a much lesser extent) the plasticity displayed by recruited mono-
cytes/macrophage [89], DCs and probably some other cells such as eosinophils, all
of which may receive direct instruction from the microenvironment to develop
either anti- or proinflammatory phenotypes, and presumably then exert a decisive
influence on the programming and modulation of subsequent T cell adaptive
responses.

On microbial challenge tissue DCs may be the earliest cells to synthesize bioac-
tive Th1-inducing IL-12 as they do not require IFN-c co-stimulation. However, the
paradigm predicts that macrophages too are readily activated to a proinflamma-
tory phenotypes, including IL-12 secretion, because the necessary combination of
proinflammatory cytokines rapidly becomes available in acute inflammatory
microenvironments. Sources of initial IL-12 could include macrophage and/or
DC membrane-stored IL-12, or IL-12 released from neutrophils, leading to the
rapid release of IFN-c from local NK or T cells [6]. The cytokine/chemokine osteo-
pontin (OPN) is a product of proinflammatory activated macrophages. It increases
IL-12 and reduces IL-10 secretion and aids macrophage recruitment and differen-
tiation [90, 91]. At the same time OPN promotes migration of DCs to lymph nodes
[92], constituting one putative mechanism of IFRL, tying macrophages and DCS
into the early shaping of Th1 polarization. Environmental stimulation of OPN
release from macrophages and NK cells of the innate immune system is provoked
by Mycobacterium tuberculosis infection of macrophages. Conversely, transgenic
OPN �knock-out’ mice react to some viral or bacterial infections with reduced
IL-12 and increased IL-10-production and fail to mount an effective Th1 (IFN-c)
response [90, 93, 94]. IL-15 is another proinflammatory macrophage cytokine of
the innate immune system that may help prime DCs for antigen-presentation to
T cells [95], as part of IFRL. In these ways, the build-up of proinflammatory tissue
macrophages and DCs would occur in parallel, as required by the paradigm. Con-
versely, the same sort of microenvironmental linkages are presumed to occur in
the generation of innate and acquired tolerance, except that the cell phenotypes in
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this case are antiinflammatory. Absence of IL-12 during DC priming in tissues is
probably as critical to polarization of T cells away from Th1 and towards Th2 and
T reg as is the presence of innately-generated suppressive cytokines, such as IL-10
and TGF-b. Ratios of IL-12/IL-10 or IL-12/PGE2 occurring in the tissues may be
useful measures of the balance between innate tolerance and innate immunity, as
well as predicting proinflammatory versus antiinflammatory T cell polarization in
draining lymph nodes and predicting (in mice) the ratio of B cell-generated IgG2/
IgG1 isotypes. An important component of adaptive tolerance is the production of
relatively ineffective antibodies of the IgG1 isotype (in mice). The innate cytokine
IL-12 plays an important part in directing isotype switching to complement fixing
IgG2 antibodies and protective antibody immunity in infection [96, 97].

Finally, the paradigm takes full account of temporal changes in macrophage
function with changing microenvironmental inputs. In contrast to macrophages,
DCs are usually considered to undergo maturation or terminal differentiation
after tissue microenvironmental stimulation but this may simply reflect the fact
that they promptly migrate to lymphoid tissue, where they are considered to have
reached a definitive state of maturation, whether mature or semi-mature [75], and
are not subject to further modifying stimuli. Based on IFRL, the adaptive immune
system in vivo serves only to amplify, or sustain, (innate) tissue effector responses,
without changing their polarity (whether this be pro- or antiinflammatory). T cells
modulate inflammation by providing feedback onto macrophage receptors. T cell
signals, which may operate through cytokine release or direct cell–cell contact, are
integrated, along with other microenvironmental inputs, into the final macro-
phage phenotype (Figures 9.3 and 10.1). Indeed, the division between innate and
adaptive inputs in determining macrophage phenotypes may be hard to decipher
because the former initiate, and usually overlap, the latter and because macro-
phages and T cells not uncommonly employ the same biologically active mole-
cules (IL-10, TGF-b, TNF-a, OPN [98] and others). In the present paradigm,
�switching’ of a tissue microenvironment from anti- to proinflammatory (or vice
versa) originates in macrophages rather than T cells (Figure 10.1). Thus, macro-
phages are both potent modulators of environmental stimuli and potent local
effectors of inflammatory responses. Macrophage self-regulatory molecules may
act immediately (usually reinforcing a proinflammatory phenotype as part of an
innate immune response) or in a �delayed direct’ manner (either delayed reinfor-
cement or delayed inhibition [99, 100] of a proinflammatory phenotype) or in a
�delayed indirect’ manner (involving other intermediate cells, such as T cells [101]
or B cells [102]). A growing number of molecules produced initially by macro-
phages in innate proinflammatory responses are now thought to be directly
instrumental in the later downregulation of these same responses; PGE2 and
OPN may be in this category, comprising autocrine or paracrine mechanisms of
innate tolerance. Thus, PGE2 is one of the NF-kb-dependent products of proin-
flammatory macrophage activation that can later stimulate increased IL-10 by rais-
ing cAMP via PGE2 receptors [99, 103, 104]. Although downregulatory for proin-
flammatory cytokines, PGE2 is, however, potently anti-fibrotic, and so, presum-
ably, does not contribute to the healing phenotype of antiinflammatory macro-
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phages. As already indicated, OPN clearly promotes the proinflammatory pathway
by increasing the IL-12/IL-10 ratio and its synthesis is increased by concomitant
induction of iNOS (in RAW 264.7 macrophages). Conversely, OPN exerts negative
feedback onto iNOS [105] and, furthermore, it may be chemotactic and stimulant
to fibroblasts in the antiinflammatory phase of an immune response [90, 106].
Rheumatoid synovial fibroblasts themselves produce large amounts of OPN [107].
There are numerous further examples of tolerogenic feedback instigated by the
innate immune system. For example, proinflammatory activated macrophages
and other APCs express a molecule, PDL-1, which could be induced (in a STAT1-
dependent manner) as part of an innate response to microbial products, including
LPS (via TLR4), or in response to IFN-c (from NK cells), but which is inhibitory to
peripheral T cell activation when it interacts with PD-1, a co-stimulatory molecule
expressed by activated effector T cells in peripheral tissues. This negative feedback
loop is reinforced by IFN-c-secreting activated T cells and, presumably, suppresses
over-exuberant adaptive responses. Another macrophage molecule, PD-L2, is only
inducible (in a STAT6-dependent manner) through interaction of proinflamma-
tory activated macrophages with IL-4 or Th2 cells, and so, presumably, could be a
downregulator of excessive Th2 activation during the effector phase of an immune
response or could perhaps be a reciprocal modulator of macrophage function
[108]. Although IDO induction occurs in proinflammatory activated macrophages
and DCs, it may nevertheless be downregulatory. Currently there are more
hypotheses than answers in this area, but tryptophan depletion, T cell anergy and
imparting of an apoptotic signal to activated Th1 cells, all associated with IDO
upregulation, may have regulatory significance [109–111]. In general, therefore,
�switching-off’ proinflammatory responses in macrophages takes place either if
the initial stimulus resolves, as in pathogen elimination by a successful proin-
flammatory response [112], or if tolerance to the stimulus develops. Whatever the
mechanism, changes in T cell phenotypes in vivo are usually linked via IFRL with
preceding changes in macrophage phenotypes (Figure 10.1). This applies even to
the determination of differential apoptosis between T cell subsets, to activation/
deactivation of cytotoxic CD8+ T cells through �cross presentation’ of antigen (orig-
inating from one cell and presented by another, [113], to �infectious’ spread of tol-
erance to other T cells [114], or to secondary effects of T cells on the function of
other cells, particularly B cells. Although mechanisms still need much clarifica-
tion, generation of regulatory T cells [115] (and lack of support for Th1 [36]) is a
sequential adaptive response to innate tolerance, and the outcome is stabilization,
restoration or enhancement of the antiinflammatory (�suppressor’) macrophage
phenotype. The absence of proinflammatory cytokines in the �priming’ tissue
microenvironment is evidently crucial to the induction of adaptive as well as
innate tolerance.
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10.1.5
Innate Tolerance: Receptors, Responses and Mechanisms

Like innate immunity, innate tolerance employs germline encoded macrophage
receptors but, unlike innate immunity, these when stimulated induce antiinflam-
matory phenotypes. Primary stimulation of macrophages must be distinguished
from stimulation via the adaptive immune system. By definition, innate tolerance
cannot be mediated by cells of the adaptive immune system, namely T and B cells,
specifically activated by the response. However, recently described natural T cells
and a subset of �innate’ B cells are exceptional in having verifiable claims to the
innate immune system. The definition excludes antiinflammatory T cell cytokines
acting on macrophages, but not the same cytokines (IL-4, IL-13 and TGF-b) if pro-
duced by macrophages through primary stimulation [116–119]. Although B7/
CD28 blockade effectively and reciprocally induces anergic T cells and antiinflam-
matory macrophages [55] it too lies outside the definition of innate tolerance. Also
excluded are immunoglobulins from antigen-specific adaptive B cell responses,
which, in the presence of LPS or other co-stimulatory molecules, can elicit rapid
and potent antiinflammatory signals by engaging a subset of monocyte/macro-
phage FCc receptors [102, 120], thereby preventing, or reversing, IL-12 production
(either directly or through IL-10 induction) [121–124]. Macrophage receptors
involved in innate tolerance respond to environmentally derived stimuli, exactly
as demonstrated for receptors involved in innate immunity [125]. MMRRs for
innate tolerance and innate immunity may even be reciprocally regulated, e.g.
increased TLR expression with proinflammatory stimuli, decreased with antiin-
flammatory; increased expression of MRs with antiinflammatory stimuli (IL-10
and IL-4) [126–128], decreased with proinflammatory [129]. Another possibility is
that a single receptor may direct pro- or antiinflammatory intracellular signaling
depending on the stimulus, as exemplified by CD14, which can participate in TLR
signaling, as described, but can also, and perhaps dominantly, be a receptor for
apoptoic cells. In the latter role it has been described as an �apoptoic cell pattern
recognition receptor’ and could help terminate proinflammatory responses
through activating antiinflammatory pathways [130]. Antiinflammatory macro-
phage phenotypes are already known to be induced by some microbial-related li-
gands, including the receptor-binding B unit of cholera toxin [131–133], the simi-
lar non-toxic AB complex of E. coli [134] excretory/secretory material from live
adult filarial parasites [135–137] and Gram-negative flagellin [138]. Both extracel-
lular and intracellular infections may elicit innate tolerance. These include the
intracellular macrophage pathogens Leishmania, Trypanosoma cruzi, MTB, Plasmo-
dium and Chlamydia. In both Leishmania [139] and Chlamydia, secretion of TGF-b
and/or IL-10 from infected macrophages is a manifestation of innate tolerance. In
splenic infection by Leishmania donovani, the parasites localize to the macro-
phage-rich red pulp and secrete TGF-b, in the demonstrable absence of co-localiz-
ing T cells, as part of a primary macrophage immunosuppressive response [140].
Toxoplasma is an obligate intracellular protozoon parasite, which in SCID mice
increases macrophage secretion of IL-10 and the active form of TGF-b, indicating
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clearly that T cells are not required for this response [141]. In IL-10 �knock-out’
mice there is a vigorous immune response with elevated IL-12 and IFN-c causing
considerable �bystander’ damage to the liver and increased mortality [142]. When
mediating innate tolerance, TGF-b may act in an autocrine way to increase its
own output and may stimulate IL-10 production and downregulation of IL-12R
[143]. Intracellular infection of macrophages by Toxoplasma suppresses NF-kB
nuclear translocation by enhancing IkBa phosphorylation and inhibits the output
of the proinflammatory cytokines, IL-12 and TNF-a, in response to LPS. [144].
Induction of innate tolerance is instrumental to the survival of MTB. Inoculation
of macrophages with MTB provokes a short burst of TNF-a, maximal at about 8 h,
but this is followed by a sustained secretion of IL-10, downregulation of TNF-a
and increased output of sTNFR2, thereby silencing an apoptotic signal to the
infected macrophage [145]. Macrophages taken from acute helminth infections
have proinflammatory phenotypes, supporting a Th1 response, whereas macro-
phages from chronic infaction have suppressed IL-12 and NO, but secrete higher
levels of IL-6 and PGE2. These APCs express MHC II and co-stimulatory CD40
and B7-2 and bias T cells toward IL-4 secretion (Th2). Intact STAT6 signaling is
essential for expression of this antiinflammatory phenotype [146]. The filarial
nematode (helminth) Brugia malaya produces a tolerant phenotype in responding
peritoneal macrophages, which biases the adaptive response towards Th2, an
effect dependent on macrophage output of TGF-b rather than IL-10 [147, 148].
Brugia malaya produces a homolog of MIF-1 that recruits macrophages to the site
of infection and induces in them Ym1, a reliable marker of a tolerogenic anti-
inflammatory macrophage phenotype. Among other cells recruited by the MIF-1
homolog are eosinophils [149].

The maintenance of innate tolerance and its restoration after an immune
response may crucially depend on phagocytosis of apoptotic cells [150], a process
requiring the collaboration of a series of receptors to assist tethering [151, 152]. Of
these, the phosphatidylserine receptor has been given prominence [153, 154], per-
haps to an unwarranted degree. Recent evidence from phosphatidyl receptor
knock-out mice suggests that apoptotic cells can be engulfed quite satisfactorily
without it [155]. Apoptotic cell-uptake satisfies the criteria for innate tolerance
because an antiinflammatory phenotype (increased TGF-b and/or IL-10 and
reduced TNF-a) is characteristically induced [156–159].

LPS tolerance is included in innate tolerance because the macrophage pheno-
type can be directly skewed in an antiinflammatory direction without the interven-
tion of the adaptive immune system [160, 161]. Downregulation of IL-12 [162,
163] and reciprocal upregulation of IL-10 occurs in LPS-tolerant macrophages and
is accompanied by induction of cytosolic arginase I [164, 165], also a marker of
alternatively activated macrophages [39]. Arginase I competes with iNOS for avail-
able arginine (Figure 9.2) [166]. Survival of antiinflammatory macrophages is sup-
ported by the anti-apoptotic effects of arginase and IL-10 [147]. TGF-b, a product
of antiinflammatory macrophages, suppresses iNOS directly [167] and increases
arginase activation [168]. Macrophages (particularly AMs) may produce endogen-
ous IL-4 and IL-13, both of which could act in an autocrine manner, conceivably
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within the boundaries of innate tolerance [41, 116, 117, 119, 169]. IL-13 induces
arginase in macrophages, by increasing cAMP [166], and (like IL-10) can reduce
NF-kB and proinflammatory molecules [170–172]. Very high arginase/iNOS ratios
occur with exposure of macrophages to IL-4, IL-13 and IL-10 acting synergistically
[173], as might be encountered in adaptive (alternative) activation. On its own,
LPS coinduces arginase and iNOS but addition of IFN-c pushes the balance more
towards iNOS [174]. Upregulation of arginase can be triggered by pathogens, such
as Leishmania, and correlates with innate tolerance. Stimulation of macrophages
in vitro by the trypanasomal antigen cruzipain increases IL-10, TGF-b and argi-
nase and reduces iNOS [175]. Schistosoma induces arginase 1, and the iNOS/argi-
nase ratio is inversely correlated to the degree of granulomatous and fibrotic
change in the liver. Trauma is associated with release of TGF-b, Th2 cytokines and
catecholamines, which synergistically induce arginase, and probably contribute to
post-traumatic immunosuppression [176]. Since arginine is a unique substrate for
both arginase and iNOS, factors regulating the two enzymes greatly influence the
dynamic balance of macrophage effector functions. Apart from direct enzyme
competition for substrate there is additional post-translational inhibition of iNOS
mRNA by arginine metabolites (Figure 9.2) [177, 178]. When macrophages are in
antiinflammatory mode the balance is in favor of arginase, with production of
molecules that are implicated in tissue healing and repair, such as polyamines
and (pro-fibrotic) proline. Measurements of the relative expression of arginase 1
and iNOS after LPS stimulation of rat peritoneal macrophages in vitro demon-
strates that iNOS first appears at around 2 h, and is maximal at 8–12 h, but argi-
nase appears later, at 4 h, and is maximal at 12 h. Similarly, in vivo injection of
LPS rapidly induces iNOS in lungs and spleen, maximal as early as 2 to 6 h
whereas the induction of arginase, though strong, is delayed, reaching a maxi-
mum at 10 h, and so is ideally sequenced to downregulate NO production in
immune responses. Genetic factors regulating the iNOS/arginase ratio impact
markedly on the ability of macrophages to control infection or to reject tumors
(both requiring a high NO output). BALB/c macrophages are poor producers of
NO but are high in arginase 1, which is triggered by Jak/STAT6 signaling follow-
ing IL-4 and/or IL-13 receptor stimulation [179–180]. The iNOS/arginase ratio in
macrophages is already receiving therapeutic attention. Greater than 95% wild-
type BALB/c mice succumb to metatstaic mammary carcinoma (4T1) after
removal of the primary tumor, but greater than 60% of STAT6-deficient mice sur-
vive under the same circumstances. Ablation of the Jak/STAT6 pathway is highly
effective in promoting (M1) macrophage phenotypes and tumor rejection [181]. In
infection, too, STAT6 knock-out mice achieve a much greater bacterial clearance
in peritoneal sepsis [182]. In the paradigm, in the absence of infection, antiinflam-
matory macrophages, with a low iNOS/arginase ratio, are induced innately and
reinforced adaptively.

The phenomenon of LPS tolerance supports the general view that low dose
stimulation by constant bombardment with putative antigens may maintain the
gut and airways in the �default’ antiinflammatory state, through continuous
induction of non-specific innate tolerance. LPS/antigen-tolerant APCs are mark-
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edly impaired in their ability to induce IFN-c from NK or T cells in the adaptive
phase of the immune responses, [161, 183] a clear demonstration of IFRL. Of
interest, neonatal tolerance can occur in the absence of functional Th2 or Th1
responsiveness [184], and maintenance of oral tolerance specifically requires
neither Th1 nor Th2 cells [185, 186]. However, if neonatal adaptive responses are
provoked they are of adaptive tolerance with expression of IL4 [187]. Assuming
most mucosal surfaces at any one time are set to �antiinflammation’ (innate toler-
ance), it is possible to postulate a general �bystander’ downregulatory effect on lo-
calized proinflammatory responses exerted both afferently in lymph nodes and
efferently through regulatory T cells entering the tissues [188]. Tolerance of the
lung or gut to the normal (external) environment is viewed as a dynamic process
in which innate immunity or tolerance is continually instructing the adaptive
immune system so that the setting of overall tolerance versus immunity is itself
�acquired’ from the environment.

Like arginase, the recently-described molecules, Ym1 and Fizz1, are highly
expressed in alternatively-activated macrophages and stimulated by the Th2 cyto-
kines IL-4 and/or IL-13, through a STAT6 pathway [14, 189]. Furthermore, Ym1
and Fizz1 may be directly inducible in (parasitic) infection, as by Trichinella spiralis
[190], Trypanosoma congalese [191] and Fasciola hepatica [192], giving a clue that
Ym1 might be a reliable indicator of innate (as well as adaptive) tolerance. Perhaps
this explains why nematode-elicited macrophages in vivo exhibit a greater eleva-
tion of Ym1 than achieved by IL-4 and IL-10 stimulation of macrophages in vitro
[44] and why selective upregulation of Ym1 and Fizz1 in APCs is now recognized
as a generalized feature of nematode infection [193].

A highly effective way of ending an immune response, and a means to restore a
tolerogenic microenvironment, is proinflammatory macrophage apoptosis. It
may, additionally, serve a last immune function by killing intracellular microbes
for cross-presentation to the adaptive immune system. Activation-induced cell
death of macrophages both removes a potent proinflammatory source and poten-
tially converts it into an antiinflammatory one through uptake and processing of
apoptotic cells. However, macrophages tend to be resistant to apoptosis, despite
producing copious cytotoxic molecules. Constitutive [194], and upregulated,
expression of NF-kB is a survival factor for macrophages and renders them resis-
tant to TNF-a- and FasL-mediated apoptosis occurring through pathways involv-
ing caspases 2 and/or 8. Migration inhibitory factor (MIF) aids macrophage long-
evity and sustains global proinflammatory function through suppressing activa-
tion-induced p53-dependent apoptosis [195]. Although MIF was earlier described
as a pituitary-secreted hormone it is produced in high local concentrations by LPS
and exotoxin-stimulated macrophages as well as by macrophages exposed to
TNFa and IFN-c [196]. Conversely, proinflammatory stimuli such as LPS increase
intracellular ceramide, which in turn inhibits IKK and several of the protein
kinase signaling pathways responsible for activating NF-kB and/or AP-1 and re-
quired for sustaining proinflammatory gene transcription (including iNOS and
COX-2) [197]. The mode of action of ceramide is not entirely known, and may, to
some extent, be cell-specific, but in T cells it activates caspase-2 and -8 upstream
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of mitochondria [198]. Differentiation of human monocytes into macrophages
induces rapid downregulation of caspase-8 as well as upregulation of Bfl-1, an
anti-apoptotic member of the Bcl-2 family. Monocytes are relatively short-lived
unless they differentiate into macrophages [199]. Sphingomyelinase catalyzes the
conversion of sphingomyelin into ceramide, which is pro-apoptotic but is counter-
acted by sphingosine-1-phosphate, which promotes macrophage survival. Apopto-
sis of bone–marrow-derived macrophages after withdrawal of M-CSF can be
reduced by ceramide-1-phosphate, which inhibits sphingomyelinase and prevents
the build-up of ceramide. Protracted survival of AMs in vivo may depend on con-
stitutive activity of ERK MAPK and the PI3K-regulated effector Akt maintaining a
high level of ceramidase activity, which converts ceramide into the harmless prod-
uct sphingosine, which is found at high concentration in AMs [200–202]. Cas-
pases are not indispensable for macrophage activation-induced death because
apoptosis still occurs by a caspase-independent route when macrophages are stim-
ulated in the presence of a pan-caspase inhibitor [203].

The paradigm lays great emphasis on cytokines and other biologically active
molecules having a determining role in setting the polarity of the microenviron-
ment at every stage of an immune response. In microenvironments already exhib-
iting inflammation, PGE2 (from proinflammatory activated macrophages) could,
for example, downregulate IL-12 production in DCs, even in the presence of
IFN-c, thereby polarizing towards Th2 and promoting immunosuppression in
macrophages [204]. This would occur through both direct autocrine and T-cell-me-
diated mechanisms. Exposure to LPS [205] or GM-CSF [206] induces COX-2 along
with other NFk-B-dependent proinflammatory molecules and chemokines in
stimulated monocytes [207]. Subsequently, PGE2 increases IL-10 in macrophages,
constituting a delayed tolerogenic feedback loop. PGE2 enhances Th2 at induction
and activation. Nevertheless, in the basal state, as discussed, PGE2 may prime the
Th1 pathway, as evidenced from in vitro experiments in which DCs are incubated
with GM-CSF and IL-4, with or without addition of PGE2 [208]. The molecule
PGE2 is turning out to have diverse innate tolerogenic functions, including a role
in the age-related reduction of Th1 immunity. Enhanced induction of COX-2 may
be a consequence of increased NF-kB activation, which occurs with aging as a
result of accentuated cytoplasmic I-kB degradation. LPS produces greater eleva-
tions of ceramide in macrophages of old mice, suggesting an alternative explana-
tion for increased PGE2 not involving NF-kB [209]. Ceramide stimulates JNK/
AP-1-mediated activation of the C/EBPb gene, which is a promoter of COX-2 tran-
scription. Ceramide also enhance p38 MAPK-mediated COX-2 induction via
CREB [210]. PGE2 downregulates phagocytosis. Overall, antiinflammatory macro-
phage phenotypes displayed in innate tolerance correlate well with increased
intracellular cAMP [211, 212], whereas proinflammatory, but not antiinflamma-
tory [213, 214], macrophage phenotypes often correlate with increased NF-kB acti-
vation/nuclear translocation [215].

In the context of innate tolerance, mention should be made of the endocrine
influences, exogenous and endogenous, of glucocorticoids, which directly induce
an antiinflammatory phenotype in macrophages and/or downregulate a proin-
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flammatory phenotype. An important contribution of glucocorticoids to innate tol-
erance may be their ability to enhance the nonphlogistic uptake of apoptotic leu-
kocytes, including spent neutrophils [216, 217]. By enhancing apoptosis, glucocor-
ticoids counterbalance the proinflammatory innate immune system mediator,
macrophage migratory inhibitory factor (MIF) [218, 219]. Cell-specific stimulation
of the glucocorticoid receptor increases caspases 9/3 by an intracellular signaling
pathway involving PKC and the generation of acid sphingomyelinase and cer-
amide [220, 221]. Not all GC actions are overtly tolerogenic and a recent report
suggests that they can synergize with TNF-a to upregulate TLR2 expression [222].
UV light can promote innate tolerance by directly suppressing the proinflamma-
tory phenotype of skin macrophages (reduced IL-12, increased IL-10) through
engagement of the macrophage complement receptor, CD11b, by iC3b deposited
in UV-irradiated skin. Although macrophages secrete TNF-a under these condi-
tions, UV enhances the tolerogenic phenotype [223]. In experimental silicosis,
AMs in the acute phase display a transitional phenotype with upregulated iNOS
offset by upregulation of arginase-1, Fizz1 and Ym1/2. These studies revealed,
unexpectedly, that in the later fibrotic stages there is no association with M2
macrophages. Nevertheless, there is a reduction of silica-induced lung fibrosis in
IL-10 knock-out mice. The pro-fibrotic effect of IL-10, in vivo, probably results
from increased expression of macrophage pro-fibrotic TGF-b together with a
reduction in antifibrotic PGE2, from downregulation of COX-2. Net increased
fibrosis in the absence of IL-10 apparently depends on influxing Th1 CD4+ T cells,
bringing into question some established views [224, 225]. In a wider context, these
studies indicate that tolerance may be the net outcome of a delicately balanced
microenvironment, with elements of both innate and adaptive immune systems.
In chronic inflammatory conditions, macrophages appear to develop partially sup-
pressed proinflammatory phenotypes.

Induction or maintenance of innate tolerance by viruses is an effective �strategy’
for evasion of innate immunity [226]. An estimated one-third of the adenovirus
genome is used to counteract innate and adaptive antiviral immune responses
[227]. The ways in which viruses neutralize cell immunity are numerous, and
include virus-induced release of soluble receptors for proinflammatory cytokines
(viroceptors), homologues of IL-18-binding protein and of IL-10 [228], a GM-CSF
inhibitory factor, interference with TNF-a-related cytolysis/pro-inflammation
[229], induction of TGF-b1 by infected cells [228], chemokine homologs that block
endogenous chemokine binding [229], prevention of MHC I antigen presentation
[227], downregulation of MHC I and MHC II expression and blockade of comple-
ment activation [228]. The induction of IFNa/b by viruses stimulates an immedi-
ate innate cytotoxic and, more importantly, IFN-c response from NK cells, within
hours of primary infection, and a delayed response from adaptive CTLs, as well as
negatively regulating IL-12 expression [230]. The presence of dsRNA in virally
infected cells strongly induces Jak1/Tyk2 STAT pathways (which mediate actions
of IFNa/b) and upregulates NF-kB and MAPK, contributing to the host immune
responses [230, 231]. DCs may become locked into a tolerogenic (immature)
mode. For example, the highly pathogenic Lassa virus produces a high level of tol-
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erance in both MCs and DCs, neither of which are activated. The related Mopeia
virus does not cause the same severe immunosuppression because it strongly acti-
vates infected macrophages, but not DCs, to produce IFNa/b along with HLA and
co-stimulatory molecules [232]. Viruses demonstrate well how immune tolerance
can be maintained by mechanisms interfering with the apoptosis, which ulti-
mately governs the presence and balance of all immunologically active cells in tis-
sue microenvironments. Both apoptosis and prevention of apoptosis can be advan-
tageous to viruses [233]. Adenoviruses and Herpes viruses oppose apoptosis by
interfering with intrinsic apoptotic mechanisms in the host cell and by blocking
extrinsic mechanisms such as the death receptors Fas and TRAIL, which are tar-
geted by cytotoxic T cells and NK cells. Viable viral target cells are required for
viral replication and persistence [226, 233, 234]. Conversely, apoptosis may assist
the spread of viruses in apoptotic blebs to other phagocytic cells without exciting a
proinflammatory response. Apoptosis is construed in the paradigm as an antiin-
flammatory, tolerogenic, process and prevention of apoptosis may likewise be
associated with antiinflammatory phenotypes. Against this, apoptosis, which is
particularly promoted by interferon a/b synergizing with TNF-a, may be an
important host defense mechanism favoring immunity by restricting viral replica-
tion and survival [235].

The correlation between antiinflammatory cell phenotypes and innate tolerance
is not absolute. While proinflammatory changes are usually associated with innate
immunity (HIV perhaps being an exception), antiinflammatory changes or lack of
inflammation are not always reliable indicators of innate tolerance since they may
also accompany innate immunity. Perhaps the simplest example of non-inflam-
matory innate immunity is protection against infection by epithelial or endothelial
barriers [236], as in original concepts of immune privilege. Barrier immunity may
be reinforced by AMPs of the defensin/cathelicidin families, which provide a con-
stitutive antimicrobial presence, as when secreted onto the ocular surface epithe-
lium or skin, but are produced more abundantly by (and are chemotactic for) neu-
trophils during proinflammatory responses [237]. Microbial interactions with
MBL, other collectins, such as surfactant-associated proteins and with the comple-
ment system can all bring about innate immunomodulatory effects on macro-
phage phenotypes and DC programming, both pro- and antiinflammatory. By
binding to microbial carbohydrate moieties serum MBL can aid in the physical
elimination of potential pathogens without necessarily eliciting a proinflamma-
tory response [238]. One possibility is a direct interaction of MBL with macro-
phages to promote opsonisation of bacteria and viruses. More significantly, MBL-
bound to carbohydrate moieties expressed on common bacteria, such as Staphlo-
coccus aureus, can activate the complement system, through MBL-associated serine
proteases, independently of anti-bodies and C1q, to produce opsonic C3 frag-
ments, which assist phagocytosis [239]. Both MBL and C1q opsonize apoptotic
cells and facilitate their uptake into both macrophages and immature DCs. C1q
may be especially important in inducing an antiinflammatory DC phenotype, to
the extent that IL-10, TNF-a and IL-6 are induced, but not IL-12. It has been
speculated that C1q opsonization may even assist in the non-inflammatory
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removal necrotic debris [240, 241]. Several other opsonizers (CRP, amyloid A, sur-
factants) may remove cells and microbes nonphlogistically. Phagocytosis of apop-
toic neutrophils by AMs (but not peritoneal macrophages) can be dramatically
enhanced by surfactant A opsonization, but not by MBL and C1q [242]. However,
surfactant A significantly enhances the uptake of C1q-coated particles by AMs
[243]. There remains an unresolved debate as to what determines whether the
phagocytic uptake of apoptotic cells will be anti- or proinflammatory. Macro-
phages and immature DCs are important sources of C1q and other early compo-
nents of complement but the significance of this is unknown. Upregulation of
MR, both macrophage-associated and in soluble form, is induced by IL-10 and/or
IL-4 [126], as would be found in antiinflammatory (or �transitional’) microenviron-
ments of either innate or adaptive origin. Gram-positive bacteria display surface
carbohydrate patterns that can bind directly to several membrane-anchored lectin
and lectin-like molecules (including MR) on macrophages and DCs, some of
which have been identified with antiinflammatory phenotypic modulation [244].
Carbohydrates on Shistosoma eggs may be taken up by MR of macrophages and
DCs to produce, sequentially, innate tolerance and the anticipated adaptive
responses, Th2, IgE and IgG1 (IFRL) [245]. Finally, there is growing interest in
natural antibodies, produced by a subset of B cells (B-1) which secrete germline
encoded (innate) antigen-specific IgM that recognizes microbial and viral coat
antigens and leads to complement activation via the lectin pathway [246, 247].

Clearly, many complex balances exist between host and pathogen during the
innate phase of an immune response, even prior to macrophage involvement. In
attempting to determine the overall outcome, two simple questions may be posed:
firstly, is the response antiinflammatory/non-inflammatory (best assessed by the
activation phenotype of local tissue macrophages) and, secondly, does it favor the
persistence/replication of the pathogen? If the answer to both questions is �yes’ it
is likely that the response involves innate tolerance rather than innate immunity.

10.1.6
Incorporating NK and NT Cells into the Innate Tolerance/Innate Immunity Paradigm

The possible inclusion of NK and NTcells in innate tolerance deserves special con-
sideration because of their firmly established role in the innate immune system.
The cytotoxic and IFN-c-producing roles of NK cells are well known but the acti-
vating signals for NK cells have to compete against ligands of a series of inhibitory
immunoglobulin-like NK receptors that bind to and protect cells expressing
MHC I [248]. Cells lacking MHC I (�missing self’) are preferentially targeted for
lysis and/or cytokine production by NK cells [249]. Proinflammatory signals for
recruitment, proliferation, activation and survival of NK cells include several che-
mokines and combinations of the cytokines IL-2, IL-12, IL-18, IL-15 [250, 251],
IFN-c and IFNa/b, mostly derivable from activated macrophages and/or DCs.
Combinations of IL-15 and IL-12 induce a powerful proinflammatory drive
through induction of STAT4 responsive genes [252]. It has recently been discov-
ered that bacterially-activated murine DCs rapidly secrete a combination of IL-2
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and IFNa/b that strongly activates NK cell IFN-c output without the requirement
for an adaptive response (these results assume non-contaminated cell purifica-
tion). Human DCs too secrete IL-2 in an IL-15-dependent manner [253]. In the
absence of IL-12/IL-18 or IL-2/IFNa/b, inhibitory ligands dominate over excita-
tory ligands, but when these proinflammatory cytokines are present the outcome
is in favor of NK activation and IFN-c production [254]. IL-12 can directly stimu-
late the perforin gene promoter (and cytolysis) via STAT4 [255] and IL-15 can also
activate perforin-dependent cytolysis [256]. IL-15 and IL-18 synergistically upregu-
late IFN-c transcription in NK cells by STAT and NF-kB-mediated pathways
respectively and IL-15, but not IFN-c or IFNa/b upregulate IL-12Rb2 on NK cells
[257]. In CMV viral infection of C57BL/6 mice, the IL-12/STAT4 pathway is
responsible for IFN-c expression while IFNa/b/STAT1 accounts for induction of
IL-15-mediated cytotoxicity [258]. The clear implication is that NK cells are
strongly activated to proinflammatory cytokine release and cytotoxicity, when
macrophages or DCs are already activated to proinflammatory phenotypes in local
tissue proinflammatory microenvironments [251], but, in a prevailing antiinflam-
matory microenvironment, NK cells, if present, may mediate a much more selec-
tive surveillance of putative target cells for cytolysis. Cells would be selected for
elimination because of downregulated MHC I molecules, one cause of which
could be intracellular infection [259, 260]. Another exciting recent discovery is that
human NK cells possess TLRs that respond to CpG and dsRNA with IFN-c and
TNF-a release and cytotoxicity that is effective against tumor cells or immature
DCs [260]. The cytokine output of NK cells (ranging from IFN-c, TNF-a, GM-CSF
and IL-8 to IL-10, IL-5, IL-4 and IL-13) appears to correlate well with microenvir-
onmental conditions, as mirrored by local macrophage phenotypes. For example,
IL-12 promotes IFN-c and IL-10 in NK cells whereas IL-4 stimulates IL-5 and IL-
13 [261, 262]. However, intraepithelial NK cells in the rat gut spontaneously
secrete an unusual combination of IL 4 and/or IFN-c [263]. An important means
of curtailing immune responses is the suppression of NK cell IFN-c output by
PGE2, which downregulates NK IL-15 receptor function, so blocking continued
stimulation by IL-15 produced by macrophages [264]. Contributing to regulation
of proinflammatory responses might be the cytolysis of �immature’ dendritic cells
that have failed to take up bacteria or antigen and which are preferentially targeted
by activated NK cells. Activated (maturing) DCs, which express IL-12, TNF-a and
CCR-7 are relatively protected by upregulated MHC I [265]. The most tangible
expression of innate tolerance by NK-cells is their subversion by some microbes
and tumor cells. Mechanisms of interaction with viruses include blocking of NK
activating receptors by viral proteins, viral components acting as ligands for inhi-
bitory receptors and virally-induced modulation of cytokines to an antiinflamma-
tory mode [266]. Tumor cells usually have an antiinflammatory cytokine profile
that fails to activate NK cells but, with addition of IL-12 and with a coating of IgG,
tumor cells are successfully lysed by NK cells in vivo in BALB/c mice [267]. Leish-
mania provides a very good illustration of the dynamic balance of innate tolerance
and innate immunity for it is now known that live Leishmania promastigotes can
directly activate NK cells to produce IFN-c without any requirement for antigen
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presentation [268]. On the contrary, Leishmania induces a tolerogenic response
from its main host cell, the macrophage, as already discussed. The overall picture
of NK-mediated tolerance is of highly regulated phenotypes, providing surveil-
lance of abnormal cells in an antiinflammatory microenvironment but respond-
ing to a proinflammatory microenvironment with a surge of reinforcing cytokines
and cytotoxicity [249, 269].

NT cells are a heterogeneous group that includes both ab and cd T cells and are
thought to possess their own innate recognition pathways for lipid/glycolipid
components of microbial cell walls or infected cell membranes. Responses range
from proinflammatory cytokines, IFN-c, TNF-a and GM-CSF, to the antiinflam-
matory cytokines IL-4 and IL-10. By recognizing various distinctive ligands, it may
be presumed that NT cells complement the MMRRs of macrophages in shaping
antiinflammatory as well as proinflammatory responses, although the nature of
the natural ligands await clarification [270]. One particular subset of NTs is NKT
cells, with an invariant TCR recognizing glycolipid antigens restricted by CD1d
presentation on APCs. NKT cells fulfill the criteria for innate immunity/tolerance
because no prior antigen exposure or sensitization is required to achieve a rapid
release of large amounts of either proinflammatory or antiinflammatory cyto-
kines. The glycolipid, a-galactosylceramide (a-GalCer) can be presented by CD1d,
and tends to predispose towards IL-4, but little is known about natural TCR
ligands of NKT cells [271]. The difficulties in establishing causality of NKT pheno-
types is illustrated by Trypanosoma cruzi infection, during which NKT cells limit
parastaemia in the acute phase, presumably by an IFN-c-dominated response, but
in the chronic phase NKT cells secrete IFN-c and IL-4 and augment the antibody
(TH2-dependent) response. It is not certain whether binding of tyrpanosomal gly-
cophosphoinositol to CD1d, or a surge of IL-12, or other proinflammatory cyto-
kine(s), is responsible for the acute phase phenotype [272]. In filarial larvae infec-
tion of BALB/c or C57BL/6 mice, NKT cells are responsible for rapid IL-4 produc-
tion, within 24 h of infection, and this innate response may contribute to early
suppression of T cell proliferation along with initiation of a Th2 adaptive response
[273]. The presence of anergy or tolerance (equivalent to innate tolerance)
amongst some subsets of NT cells is already documented in HIV and TB [270] in
xenograft or allograft acceptance [274, 275] and in advanced cancer [276]. In toler-
ance to rat pancreatic islet xenografting, NKT cells secrete combinations of IFN-c
and IL-4, but genetic deletion of either of these cytokines does not abrogate toler-
ance entirely, suggesting perhaps a suppressive role for another NKT-secreted
cytokine, such as TGF-b, IL-10, IL-6 or TNF-a. However, lack of IFN-c (from
whatever source) does prolong graft survival somewhat [274]. On allografting of
BALB/c tissues into C57BL/6 mice, graft acceptance is ascribed to blockade of
T cell co-stimulatory pathways (LFA-1/ICAM-1, CD28/B7) and in this case is abso-
lutely dependent on the presence of NKT cells. IFN-c is also required for allograft
tolerance. During the course of rejection, in the absence of immunosuppressive
treatment, NKT cells do not seem to regulate alloreactive T cells. In advanced
human prostate cancer, circulating NKT cells are diminished, proliferate less and
show reduced production of IFN-c but unchanged IL-4 compared to healthy con-
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trols. The assumption here is that loss of a proinflammatory profile in these NKT
cells equates to lack of capability to destroy cancer cells [276]. The finding of NKT
cells with antiinflammatory phenotypes in splanchnic nodes is consistent with an
influx of antiinflammatory DCs from the gut [277]. The correlation of antiinflam-
matory NKT cells in the spleen with induction of anterior chamber-associated
immune deviation (ACAID), resulting in systemic tolerance, suggests that these
cells are involved in an antiinflammatory circuit, picking up their cytokine polarity
in the eye or spleen from CD1d-mediated association with antigen carrying APCs
(presumably DCs) of the same phenotype. IL-10 from NKT cells is essential for
the differentiation of antigen-specific regulatory T cells (adaptive tolerance) in
ACAID. Cells bearing the macrophage marker F4/80 in the anterior chamber also
secrete IL-10. Thus, ACAID elegantly demonstrates the faithful carriage and amplifi-
cation of a tolerogenic signal throughout the innate and adaptive immune system, as
embodied in the principle of IFRL [278, 279]. InACAID, B7 andCD40 are downregu-
lated, possibly secondary to IL-10, so it is of interest that, in the absence of an
intact CD40 costimulatory pathway, a-GalCer stimulation of NKT cells produces
IL-4 but not IFN-c [280]. In relation to differential cytokine secretion several
lineages of human NKT cells have been defined, based on surface markers. Only
CD14+ NKT cells secrete IL-4 and IL-13 on primary stimulation while CD4– CD8–

NKT cells secrete IFN-c [281]. NKT cells can mediate antigen-specific oral toler-
ance [282], and can prevent EAE [283]. In contrast to the above litany of suppres-
sive antiinflammatory responses, NKT cells can deliver strong proinflammatory
activation on stimulation by IL-12/IL-15 from macrophages [284]. Indeed, IL-15, a
major macrophage-secreted cytokine, is a survival factor for NKTcells [285].

The diverse phenotypes of NKT cells are another indication of the complex
interdependence (usually cooperative) of cells involved in innate immunity, and
demonstrate the crucial influence of sequential cytokine release on the balance
between innate tolerance and innate immunity. Two hypotheses, which are not
mutually exclusive, may be considered for the role of NKT cells in innate immu-
nity. Firstly, they may be primarily ligand-driven by putative CD1d-restricted glyco-
lipids so that, like cd T cells, they extend the range of innate immune recognition
to include more non-peptide antigens. Secondly, they may be primarily driven by
cytokines and other inflammatory mediators. In favor of the first suggestion, NKT
cells on exposure to a-GalCer are involved at the earliest time points of immune
reactions, a view based on the fact that they release IFN-c and IL-4 before any
other cells. They themselves appear to have no cytotoxic effector function in the
setting of innate immunity but rapidly activate NK cells to secrete IFN-c (within
6 h) and to become cytotoxic [286, 287]. NKT cells present a-GalCer to CD1d-ex-
pressing DCs during proinflammatory responses, inducing NKT cell secretion of
IFN-c but NKT cells additionally prime DCs to activate antigen-specific CD4+ and
CD8+ T cells to IFN-c-producing and cytotoxic phenotypes, consistent with an
adaptive immune response [288]. Remarkably, NKT cells can also promote bystan-
der activation and proliferation of memory CD4+ and CD8+ T cells, in an IFN-c/
IL-12-dependent fashion, a property they share with superantigen-activated T cells
[289] and with IL-15-secreting macrophages [86]. NKT cells may themselves
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become effector cells later in a proinflammatory immune response, because in vitro
they develop cytotoxicity when treated with combined IL-2 and a-GalCer. Activated
NKTcells express CD40L, which engages CD40 onAPCs and stimulates them to pro-
duce IL-12. There is a requirement for IL-12 to induce NKTcells to secrete IFN-c [290,
291]. However, in vivo IL-12 is available rapidly from other sources in an innate
immune response, and CD40 expression by DCs is an indication that they have
already been activated, usually through TLR stimulation [292], negating any absolute
requirement for NKTcells to trigger IL-12 release by APCs. Conversely, NKTs appear
to require an external source of IL-12 to achieve a proinflammatory phenotype.
Despite the specific and rapid ligand-driven proinflammatory burst, NKT cells are
notorious for changing their phenotypes. Within hours or days of initial activation
with a-GalCer the early IFN-c-dominated output often gives way to a predominantly
IL-4 secreting cell (unlike NK cells) and within 6 days of injection NKTcells polarize
the adaptive response towards Th2 cells and IgE as an indicator of humoral immunity.
Hence, a-GalCermay be used as an adjuvant to promote Th-2 polarization [293]. IL-4
secretion by NKTcells should encourage alternative macrophage activation. The sec-
ond hypothesis suggests that NKTphenotypes, in vivo,may bemore responsive to the
existing cytokinemilieu than to unknown glycolipid ligands. If this were the case, the
complexion of the role of NKT cells would change quite significantly, because they
would then bemore likely to derive their activation cues from the phenotypes of other
cells, such as TLR-stimulated macrophages and DCs, and behave as microenviron-
mental-responsive cells, rather than asmicroenvironment-directing cells. In the liver,
for example, KCs are responsive to local conditions by reinforcing an antiinflamma-
tory tolerant microenvironment. Polarization towards Th1 (increased IFN-c, TNF-a)
occurs if NKTcells are depleted, increasing susceptibility to LPS-induced hepatotoxi-
city. NKTcells are regulated by KC cytokines, dietary factors and norepinephrine, the
latter promotingNKTcell survival and sohelping tomaintain the liver in a tolerogenic
state [294]. In the steady state, with low dose continuing stimulation, NKTs may be
primarily tolerogenic, andNKTdeficienciesmay predispose to organ-specific autoim-
munity. In viral infectionNKTcells can potentiate both the pro- and antiinflammatory
activities of macrophages and DCs [295]. In Salmonella septicemia, NK, cdTand NKT
cells are upregulated and participate in a general proinflammatory reaction, but high
numbers of activatednatural Tcells correlatewith increasedmortality andnot survival
[296]. The necessity to polarize NKTcells by cytokines to the required phenotype has
become evident in their increasing use in cancer treatment. Although a-GalCer is
used for initial stimulation it is necessary to combine activated NKTcells with IL-12 to
prevent the drift towards Th2 polarization and to maintain the necessary enhanced
IFN-c levels during therapy [297–299]. The chameleon qualities of NKTcells suggest
that, in the current paradigm, they are reinforcers and stabilizers of the activities
of the dominant cells in an innate immune response rather than themselves
being the dominant cell. Dominant polarizing cells are usually those responding
directly to exogenous stimuli (or endogenous danger signals) and this, more often
than not, coincides with APC TLR stimulation. Unless the elusive natural glyco-
lipid ligand(s) of NKT cells suddenly declare themselves it is likely that the source
of any primary stimulation of NKTcells will have to be sought elsewhere.
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10.1.7
Definitions and Terminology

From the previous considerations, innate peripheral tolerance may be defined as
any in vivo response to environmental, microenvironmental or intracellular stim-
uli that does not involve cells of the adaptive immune system or their products,
which is antiinflammatory or non-inflammatory in nature, is not autoaggressive
and may be associated with persistence of an infective agent and/or processing of
self or foreign antigen in a non-proinflammatory manner. Defined in this way
innate tolerance includes other immune cells making important and sometimes
nonredundant contributions to innate tolerance, notably natural T cells, �innate’
B-1 cells and various other cells that can reinforce or initiate innate tolerance,
such as epithelial and endothelial cells, masts cells and fibroblasts. Thus, �non-
professional’ immunologically active cells can be agents of innate tolerance (as
already recognized in innate immunity). Innate tolerance is not confined to cell-
mediated changes and may include non-cellular processes that prevent pathogen-
induced innate inflammation.

The use, in the paradigm, of the term �antiinflammatory’ as an alternative state
of macrophage/DC activation is deliberate, though possibly contentious. It
emphasizes that the tissue microenvironment is paramount in determining the
direction and outcome of immune responses. Thus, �Th2-mediated inflammation’
is an aberrant/regulatory reaction to an ongoing (often chronic) proinflammatory
state, or a specific response to an environmental (infective) agent. Adaptive toler-
ance, placed in context, is more than just a T cell-mediated �state of nonrespon-
siveness to an antigen’ [300] and may be defined as any antiinflammatory or non-
inflammatory adaptive response to innate tolerance, which does not mediate
immunity to micro-organisms. As alluded to earlier, the �ideal’ response to a hel-
minth parasite might be an effectively targeted Th2/B cell/IgE-mediated attack
accomplished entirely below the proinflammatory threshold, in which innate tol-
erance would instruct an adaptive response, tolerant to the parasite in every
respect except for the specific and entirely focussed anti-parasitic IgE effector
mechanism [301]. Although a build-up of effector cells would occur, failure to
release any proinflammatory (�danger’) signals, either exogenous or endogenous,
would avert pro inflammatory tissue damage. The reality is somewhat different!
Some phases of parasite life cycles, as well as microbial infections in general,
almost invariably excite at least a degree of proinflammatory (macrophage)
response, which often proves essential for successful elimination, but at the
inevitable expense of tissue-damaging inflammation [302–308]. One particularly
well-adapted �silent invader’, Anaplasma phagoctophilum, which may enter the
macrophage cytosol without resort to TLRs, is possibly the ultimate expression of
microbially-induced innate peripheral tolerance to date. Nevertheless, adaptive
immunity or some other innate mechanism still manages to clear this particular
infection by means as yet unknown [309].

Where macrophage innate overproduction of TGF-b occurs, or where innate
proinflammatory responses are aberrantly linked to excessive T cell or eosinophil
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production of TGF-b, or associated molecules, exuberant fibrosis and scarring
may result [310, 311]. It is debatable whether pathological exaggeration of normal
healing processes (angiogenesis, fibrosis) can truly be described as �inflammatory’
[312, 313]. If the term inflammation is extended to accumulations of immune
cells associated with Th-2 [314], or more strictly type-2 cytokines, a different, but
perhaps no less valid, picture of inflammation emerges in which type 1 and type 2
inflammation [44] lie at either end of a continuum with a non-inflammatory re-
gion in the middle. The approach is very suited to describing responses to parasi-
tic worms and Leishmania, and the microenvironment of tumors [315], but such a
broad usage of the term �inflammation’ causes some difficulty interpreting the
other much-used terms �proinflammatory’ and �antiinflammatory’. These difficul-
ties are seen in the literature where, for example, IL-12 may be described as anti-
inflammatory in conditions such as asthma and Schistosoma infection [316] and
proinflammatory in conditions such as Listeria infection, even though in both
cases the cytokine is polarizing immune responses away from Th2 and towards
Th1. Granulomatous disease highlights the problems of terminology [317]
because the histopathological appearance may belie the functional status of the
immune cells, which could be producing predominantly type 1 or type 2 cytokines
or a combination of the two [318, 319]. In Schistosoma mansoni infection, IL-13 is
largely responsible for an eosinophilic granulomatous �inflammation’ that can
lead on to hepatic fibrosis. Reduced granuloma formation, which follows treat-
ment with IL-13Ra2, acting as a decoy for IL-13 may, therefore, be described as an
antiinflammatory response [320]. Unfavorable outcomes of type 2 inflammation
are over-exuberant restorative processes such fibrosis of lung or liver. Even though
TGF-b may predispose to the proinflammatory condition of Alzheimer’s disease,
this is because the amyloid b protein activates proinflammatory pathways (NF-kB)
and iNOS [321, 322].

The paradigm is readily cross-referenced to Matzinger’s well-known �danger’
model [323] because a �danger’ signal is any endogenous signal, such as HSPs,
HMGB1 or S100 proteins, that activates the innate immune system (neutrophils/
macrophages/NK cells) to a proinflammatory phenotype as part of a local
immune response. In the current macrophage-focussed paradigm, as in the dan-
ger model, inappropriate innate immune system responses can occur in autoim-
munity, cancer and graft rejection. The paradigm presented here differs, though,
from the danger model in some respects: firstly the danger model places the
emphasis on endogenous alarm signals as the instigator of immune responses,
rather than exogenous stimuli acting on macrophages/DCs. Secondly, in the pres-
ent paradigm, macrophages can, additionally, be stimulated to an antiinflamma-
tory phenotype, which actively offsets proinflammatory stimuli. Indeed, endogen-
ous signals triggering this process are more intrinsically endogenous than signals
triggering immune responses. Thirdly, the danger model is mainly concerned
with macrophages as APCs whereas the current paradigm is concerned with all
the integrated influences that affect macrophage effector function.
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10.2
Ramifications of the Paradigm: Asthma

The paradigm implies that environmentally-triggered (innate) proinflammatory
microenvironments, incorporating proinflammatory activated macrophages,
could drive many subacute and chronic inflammatory conditions, regardless of
whether there is a Th1 or Th2/Treg adaptive response. However, antiinflamma-
tory microenvironments and macrophages would be expected to support only anti-
inflammatory (regulatory) T cell responses (or no response at all), and should not
cause inflammation, even if eosinophils accumulate [324, 325], because the micro-
environment (and eosinophil phenotype) should remain antiinflammatory. Survi-
val of LPS-stimulated eosinophils is reduced by addition of IL-10 [325], whereas
survival of eosinophils is prolonged by GM-CSF [326]. Eosinophils, themselves,
can produce in excess of 20 cytokines and other bioactive molecules across the
whole antiinflammatory/proinflammatory spectrum [327], ranging from TGF-b
[328, 329], IL-4 [318], IL-5 [330], IL-10 [331] and IL-13 [332], to superoxide [333],
iNOS [334], IDO [335] leukotriene C4, cytotoxic granular proteins, GM-CSF [336,
337] and IFN-c [338]. Eosinophils are expanded under the influence of circulating
IL-5, a product of Th2 cells [339, 340] and recruited by eotaxins to immunologi-
cally-active sites as part of the adaptive immune response [336]. The eotaxin recep-
tor CCR3 is induced in eosinophils by IL-5 [341]. Eotaxins are strongly induced in
airway epithelial cells by the (predominantly) Th2 cytokine, IL-13 [342, 343], but
also by proinflammatory stimuli – notably combinations of TNF-a, IL-1 and
IFN-c – and directly by helminth larvae in the lung [344]. According to the para-
digm, if eosinophils retain plasticity, the final eosinophil phenotype should be de-
termined by the tissue microenvironment. Eosinophils do indeed adopt either a
non-degranulating cAMP-dominated, relatively inactive, phenotype [345] in antiin-
flammatory microenvironments or �mature’ to a proinflammatory, NFk-B-acti-
vated phenotype, exhibiting enhanced survival in proinflammatory microenviron-
ments [346, 347]. Unlike macrophages, eosinophils probably do not express TLRs
or CD14 [348] and so would not initiate innate immune responses or survive in
the absence of proinflammatory mediators, such as GM-CSF, inducible, for exam-
ple, by lung exposure to LPS [326]. Like eosinophils, monocytes can express the
eotaxin receptor, CCR3, and so both cells may be recruited together to proinflam-
matory microenvironments, in which eotaxin and other chemokines are upregu-
lated [349–352]. Eotaxins are expressed by epithelium, fibroblasts, macrophages
and eosinophils. Eotaxin 2 is upregulated in monocytes by LPS and IL-1b, but not
TNF-a, and in macrophages by IL-4. Other eotaxins may have different kinetics
and triggers [353]. Eotaxin(-1), eotaxin-2 and eotaxin-3 all directly stimulate a
proinflammatory phenotype in eosinophils, including superoxide generation and
degranulation [354]. In a proinflammatory microenvironment, eosinophils will
reinforce inflammation [355, 356] as well as help to recruit more eosinophils and
macrophages through chemokine expression. By contrast, during humoral (anti-
inflammatory) responses, increased IgE upregulates the high affinity IgE receptor
on eosinophils [357] and on engagement of this receptor, eosinophils release IL-10
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[358]. In the absence of proinflammatory reactions, eosinophils in peripheral tis-
sues should therefore adopt an antiinflammatory phenotype, secreting IL-10.
Indeed it may be conjectured that a combination of macrophages and eosinophils
could mediate IgE-dependent cyotoxicity to helminth parasites, through upregula-
tion of high affinity IgE receptors [359], at the same time releasing IL-10 but not
NO, thus avoiding proinflammatory damage to the surrounding tissues [359–
361]. This would be an example of innate tolerance driving adaptive (IgE-mediat-
ed) immunity, rather than the usual adaptive tolerance, and highlights the impor-
tant distinction between inflammation and immunity, processes that are normally
but not necessarily linked. In this situation the antiinflammatory cytokine IL-13
might contribute to parasite expulsion from the gut by increasing mucus produc-
tion from goblet cells [362]. Although non-inflammatory control of infection is an
attractive proposition, it is increasingly realized that many pathogens usually (per-
haps invariably) need a proinflammatory reaction for their final elimination, to
which both eosinophils and macrophages could contribute actively. In the gastro-
intestinal tract, where eotaxin is constitutively expressed, the presence of �resting’
eosinophils may enhance ongoing innate responses [363]. The phenotypic plastic-
ity of eosinophils has even been thought to encompass a DC-like role since endo-
bronchial eosinophils have been shown to capture particulate antigen and migrate
to local lymph nodes [364]. Further investigation, however, has shown them to
have low expression of MHC II and to be incapable of antigen presentation [365].

According to the paradigm, impairment of IL-12 [366–368], IL-18 [369], IL-18R
[370–372] or other Th1-directing signal (such as Myd88) [373, 374], variations in
inherent T cell-responsiveness [375], or aberrant DC responses to the prevailing
microenvironment are all possible mechanisms through which proinflammatory
macrophages could drive Th2/Treg responses [63, 376, 377]. Speculatively, for
example, DCs could be disproportionately responsive to PGE2 [378–380], a prod-
uct of LPS-stimulated proinflammatory macrophages [381, 382], but with well-
documented receptor-mediated antiinflammatory signaling properties. The partial
breakdown of normal IFRL could account for the pathogenesis of some chronic
inflammatory disorders, such as asthma [115, 383]. Under such circumstances,
via DC signaling to draining lymph nodes, an increase in both Th1 and Th2, with
the possibility of a Th2-preponderance, would be predicted by the paradigm (Fig-
ure 10.1). A mixed Th1/Th2 pattern has been verified in some animal models of
asthma [384] and suggested in humans, where an increased ratio of IL-4/IFN-c
may predict an asthmatic tendency in infants [385]. Analysis of plasma and intra-
cellular T cell cytokines in asthma shows elevation of both proinflammatory/Th1
(IL-18, IL-12 and IFN-c) and antiinflammatory/Th2 (IL-13 and IL-10) cytokines,
with a tendency to an overall increased Th2/Th1 ratio [386]. In status asthmaticus
there is a marked increase in both proinflammatory (IL-1b and TNF-a) and antiin-
flammatory (IL-10, IL-1Ra and TGF-b1) mediators in BAL fluid, but here
increases in Th1 may predominate over increases in Th2 [387]. In support of a
dysregulation of PGE2 in asthma, monocyte-derived DCs in asthma produce
enhanced PGE2 (COX-2 induction) and IL-10, but only equivalent increases in
IL-12p70 (compared to normal controls) on LPS stimulation [388]. LPS-stimulated
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AMs also produce more PGE2, probably as a normal component of a proinflam-
matory phenotype (including IL-1b and IL-8) [389]. Whether PGE2 from AMs in
asthma could be elevated disproportionately, as found in BALB/c macrophages
stimulated with LPS compared to other strains, and whether this runs in parallel
with and/or determines in some way the asthmatic DC phenotype in vivo remains
conjectural. In asthma, Th2-dependent eosinophil accumulation [390] and degra-
nulation [391] would, therefore, be driven by an overriding innate proinflamma-
tory response, reinforced by IFN-c, in which AMs (AMs) would be prominent
[392–394]. Thus, allergen challenge and clinical asthma are associated with release
of proinflammatory cytokines such as IL-1b and TNF-a [395] that appear to drive
an aberrant, but thwarted, downregulatory Th2 response, spearheaded by IL-13
and IL-4. In severe uncontrolled asthma the prototypical proinflammatory signal
NF-kB is persistently activated, through increased phosphorylation of IkBa, and
is associated with continuous output of inflammatory mediators [396]. Moreover,
it has been suggested that a proinflammatory microenvironment, displaying typi-
cal upregulation of NF-kB activation [397], rather than antigen presentation, may
even be essential for Th2 (and, therefore, eosinophil) recruitment in respiratory
tract infection [398]. Exacerbation of asthma by microbial (proinflammatory) stim-
ulation of TLRs expressed on AMs supports the paradigm [399], as does increased
NF-kB activation in AMs in asthma [400, 401], reduced IL-10-positive cells in spu-
tum after allergen challenge and decreased IL-10 after LPS challenge. Thus,
anomalously, even though asthma is described as a �Th2-mediated disease’, LPS is
a risk factor [402]. IL-15 from proinflammatory submucosal macrophages in
asthma induces GM-CSF in eosinophils, both cells types being dependent on
NF-kB for induction of inflammatory mediators and prolonged survival [403]. In
addition, IL-15, like IL-12, enhances innate IFN-c release from NK cells [404].
GM-CSF is well-recognized as a proinflammatory cytokine in the lung [405, 406]
and is, for example, elevated (alongside NF-kB activation) in asthma-associated
respiratory syncytial virus infection, which as the paradigm predicts, is character-
ized by macrophages and eosinophils with proinflammatory phenotypes [407].
Eotaxin mRNA is rapidly induced in AMs after allergen challenge [336]. PGE2 at
the inflammatory site may be instrumental in downregulating eosinophil [408] as
well as macrophage and NK [264] proinflammatory activity.

It has already been suggested that the activation status of eosinophils in a local
microenvironment will closely follow that of proinflammatory macrophages
responsible for the initial response [409]. It is therefore of great interest that aller-
gen challenge (assumed by the paradigm to induce proinflammatory macrophage
activation) causes reduced expression of IL-5R and refractoriness to IL-5-provoked
degranulation in recruited eosinophils recovered from BAL fluid. At the same
time, eosinophil responsiveness to the proinflammatory cytokine GM-CSF is
retained, giving a mechanism by which the eosinophil phenotype may be con-
verted from anti- into proinflammatory on arrival in a proinflammatory lung
microenvironment [410–412]. It has previously been observed that eosinophils
can release IL-5, IL-13 and GM-CSF in blood, but only GM-CSF in tissues [336].
Monocytes release increased GM-CSF and reduced IL-10 on LPS stimulation
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[413]. Lipid mediators produced by the 5-lipoxygensase pathway, and released
from proinflammatory macrophages, are a strong endogenous chemoattractant
for eosinophils, stimulating them to superoxide production and degranulation, as
well as promoting GM-CSF secretion from cultured monocytes [414].

In the face of conspicuous evidence of proinflammatory lung changes in
asthma, there are clearly problems interpreting asthma in terms of a simple Th1/
Th2 polarization [415]. Of possible significance are Th2 cells retaining plasticity to
revert to Th1/Th0, IL-4 increasing IL-12, and IL-12 promoting Th2 in the absence
of IFN-c [416]. In adoptive transfer studies in which human T cells and/or mono-
cyte-derived DCs from asthmatic or normal subjects are transferred to SCID
mice, DCs from allergic subjects migrate to lymph nodes more effectively and are
more effective inducers of Th2 cells. Reasons offered for initial Th2 polarization
are sustained T cell stimulation during specific antigen presentation and
increased expression on DCs of CCR7 [417]. However, macrophages are also
prominent in the lungs of DC donor mice, which, like the recipients, display com-
bined increases in Th2 cells, eosinophils and IgE following antigen challenge.
Additionally, constituents of the DC-priming microenvironment could easily
include the proinflammatory cytokine TNF-a, as well as LPS, both of which have
been implicated in the increased expression of CCR7 – results that are entirely
consistent with a proinflammatory microenvironment and impaired IFRL leading
to any observed aberrant Th2 responses. If (innate) proinflammatory responses
are dampened, �Th2-inflammation’ should be reduced in parallel. In an in vivo
murine model of asthma, injection of OVA-pulsed peritoneal macrophages, which
produced high levels of IL-10 on interaction with antigen-specific T cells or LPS in
vitro, inhibited lung Th1 (IFN-c) and, more significantly, Th2 (IL-4 and IL-5) cyto-
kines, eosinophil recruitment and asthma manifestations [418]. Again, both exo-
genous and endogenous IL-10 have been shown to suppress eosinophil infiltra-
tion [419, 420], and activation. Transgenic C57BL/6 mice lacking IL-10 exhibit
more eosinophil infiltration on repeated OVA allergen challenge than wild-type
mice but this does not affect IgE [419]. In terms of the paradigm, IL-10 would off-
set a proinflammatory macrophage phenotype, including iNOS induction [421]
and would compete with innate proinflammatory stimuli, such as LPS [422].

There is much debate about the relationship between �inflammation’ and
asthma. Asthma is undoubtedly a heterogeneous condition. The current paradigm
may be useful in disentangling the contributions of three interrelated mecha-
nisms: first, proinflammatory (innate) mechanisms, important in driving some,
but probably not all, asthma manifestations (nor indeed all asthma); second, anti-
inflammatory mechanisms, mainly driven by the adaptive immune system and
responsible for mucus overproduction and chronic aberrant fibrosis; third, mech-
anisms responsible for airway hyperresponsiveness (AHR). From this triple stand-
point, IL-10 makes no proinflammatory contribution, but could arise from a par-
tially compensated �transitional’ macrophage phenotype or from a pure antiin-
flammatory innate stimulus. In asthma arising after a proinflammatory trigger,
adaptive (Th2) IL-10 could arise from aberrant DC transmission, but in pure
asthma (as in a pure helminth reaction) it would arise from normal IFRL. In the
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lung microenvironment, IL-10 can increase AHR but reduces eosinophil activa-
tion and survival and reduces proinflammatory tendencies, including the innate
proinflammatory drive to asthma, where relevant [423, 424]. TGF-b behaves simi-
larly, but unlike IL-10 it might reduce AHR and is strongly fibrogenic. Although
TGF-b1 has come under much scrutiny, not least as a possible treatment for
asthma [425–427], TGF-b2 is in fact the most prominent isoform in severe
asthma, when it is highly expressed by eosinophils. It may induce several media-
tors responsible for thickened sub-epithelial basement membrane [428]. IL-13,
like IL-4, is classified as an antiinflammatory cytokine. Both can increase mucus
and may cause AHR [332] and enhance IgE production by B cells. IL-13 is now
recognized as perhaps the major effector molecule of asthma. In asthma, IL-13
increases adhesion molecule and chemokine expression in endothelium, recruits
eosinophils, promotes collagen production, smooth muscle cholinergic contrac-
tion and proliferation, and stimulates matrix metalloproteinases and cathepsin
proteases, all of which come under the umbrella of the term �allergic inflamma-
tion’ [427, 429]. However IL-13, is antiinflammatory in that it decreases release of
TNF-a, IL-1b and proinflammatory chemokines from LPS-stimulated monocytes/
macrophages and reduces iNOS. Application of the paradigm predicts two very
different routes to IL-13-mediated asthma and allows interpretation of often con-
flicting experimental observations. In considering the antiinflammatory cytokines
in asthma, DNA microarray analysis recently revealed that arginase (and the
downstream product putrescine) is increased in murine models of asthma, trig-
gered either by OVA or Aspergillus fumigatus, suggesting that alternatively activated
macrophages generated by IL-4/IL-13 could play a part in pathogenesis [430, 431].
These findings do not sit well alongside a central role for proinflammatory media-
tors driving asthma [311], but cannot be ignored. Applying the �triple analysis’,
such macrophages are unlikely to be proinflammatory because increased arginase
reduces the metabolism of arginine through the iNOS pathway. However, both
iNOS and arginase could be upregulated together [165] in a �transitional’ pheno-
type (Figure 9.3) and still compete for arginine or, assuming asthma is a segmen-
tal or patchy process, some macrophages could have fully proinflammatory phe-
notypes and some could be fully alternatively activated. Interstitial lung macro-
phages may be more accessible to alternative activation than AMs. Conceivably, in
some asthma variants both innate triggering and effector macrophages could be
antiinflammatory. Alternatively activated macrophages produce less NO, which
would, hypothetically, increase AHR [431]. Turning to proinflammatory cytokines,
IL-12 will increase any proinflammatory component in asthma by increasing the
Th1 (IFN-c) amplification of lung proinflammatory macrophage phenotypes, but
at the same time will reduce all the asthma-promoting Th2 cytokines (IL-5, IL-4
and IL-10). Although the direct effect of this on AHR is unpredictable, the latter
results are likely to be unfavorable, if asthma pathogenesis is fundamentally driv-
en by an innate proinflammatory process [432]. In asthma generated in a relatively
antiinflammatory setting, for example a grass allergy in mice, IFN-c or IL-12 may
be beneficial by reducing IgE and inhibiting Th2 cytokines, with a consequent
reduction in AHR, IL-12, activated NK cells, reduced lung eosinophilia and
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increased IFN-c [433]. Vaccination with a plasmid containing OVA cDNA fused to
IL-18 cDNA polarizes towards Th1 and reverses AHR, associated with increased
IFN-c and reduced OVA-specific IgE [434]. Mast cell-derived histamine promotes
IL-10 in DCs and programs a Th2 response with increased IgE. Allergens bind
directly to IgE on mast cells, triggering several mediators, including histamine,
creating an atopic rather than a proinflammatory feedback loop [435].

To summarize, in pure allergen driven asthma, AHR and mucus production
can be induced in the absence of all proinflammatory cells and all proinflamma-
tory mediators, requiring only IL-13. This cytokine can induce eotaxin and IL-5 in
airway smooth muscle cells, can induce mucus through a STAT6 pathway, can
upregulate profibrotic molecules, either by upregulating TGF-b or downregulat-
ing PGE2, and can provoke AHR, partly perhaps by reducing NO through alterna-
tive macrophage activation. The sources of IL-13 are primarily T cells, but may be
mast cells, basophils and eosinophils. The afferent route to IL-13 T cell output
would be through antiinflammatory macrophage/DC (MDU) activation (Figure
10.1) [429]. The pure allergy route to asthma is reminiscent of the �weep and
sweep’ reaction to helminths in which mucus and increased contractility help
clear the gut [362]. At the other extreme, a purely pro-inflammatory innate
response could drive an aberrant adaptive Th2 response with the consequences
discussed above. In most cases the pathogenesis is likely to be a combination of
both (Figure 10.1). AHR is not reliably related to either eosinophil influx or IL-4/
IL-13-induced B cell isotype switching to IgE, and, in fact, may be more closely
related to proinflammatory mediators such as TNF-a and GM CSF [367].

Finally, there are striking parallels between the pathogenesis of asthma and
ulcerative colitis (UC) (Crohn’s disease is clearly an IL-12-Th1-driven disease
[436]). The innate stimulus in both ulcerative colitis and asthma support a mixed
Th1 and Th2 response. In UC there are increases in IL-1b, IL-12p40, TNF-a and
IFN-c and in IL-4, IL-5, IL-10, IL-13 and TGF-b [437, 438]. Purer versions of each
condition generating primarily Th2 may be compared. Asthma mediated primar-
ily by induction of IL-13 corresponds well to oxazolone colitis in BALB/c mice in
which the same cytokine is paramount in pathogenesis [439]. Characteristically,
however, proinflammatory cytokines are prominent in both astma and UC and
aberrant DC conduction may have a role in generating a mixed Th1/Th2 response
in both. It is known, for example, that PGE2 is increased in macrophages and eosi-
nophils in UC [355, 356] and IDO is strongly overexpressed in proinflammatory
macrophages and/or eosinophils in both conditions, constituting another putative
bias towards Th2 [335, 440]. By contrast, another recent report suggests that
induction of IDO in resident lung cells, rather than DCs, using a TLR9 ligand,
could be beneficial to airway inflammation and AHR, perhaps because enhanced
innate immunity somehow inhibits adaptive responses [441].
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10.3
Ramifications of the Paradigm: Autoimmunity

The paradigm is readily applicable to autoimmunity. Organ-specific autoimmu-
nity, as exemplified by multiple sclerosis (MS) or insulin-dependent diabetes mel-
litus (IDDM), could be initiated and sustained by environmentally driven [7, 442,
443], but misplaced, innate immune responses in which proinflammatory acti-
vated macrophages in the target organ overcome innate tolerance, cause �bystan-
der’ tissue damage and release autoantigens to the immune system. Several
mechanisms have been proposed but a common feature is that IFRL, and the DC
link to lymphoid tissue, remains intact, accounting for specific Th1-mediated
autoantigen-directed adaptive responses in genetically susceptible individuals
[444–446]. In the paradigm, innate tolerance normally holds autoimmunity in
check, preventing activation of self-reactive memory Th1 cells. In NOD mice,
innate tolerance restrains IDDM, one indication of which is an antiinflammatory
phenotype in NKT cells [447]. When �inhibitory’ NKT activation is promoted by
multiple doses of a-GalCer in the NOD IDDM model, tolerogenic DCs are
recruited to pancreatic lymph nodes and spleen [448]. Blockade of IL-10 activity, in
vivo, abrogates protection from IDDM [447]. Likewise, reduction of antiinflamma-
tory (inhibitory) NKT cells lowers the threshold to IDDM [448]. Thus, whilst stim-
ulation of NKT cells to a proinflammatory phenotype exacerbates EAE or IDDM,
stimulation of the same cells to an antiinflammatory phenotype, is protective
against these conditions [283]. Nevertheless, experimental observations to date
suggest NKT cells themselves do not initiate diabetes but, rather, modulate the
threshold of proinflammatory macrophage activation in response to a putative
environmental stimulus. There is good evidence that proinflammatory macro-
phages are responsible for �single cell insulitis’, the earliest known abnormality in
�spontaneous’ IDDM development in NOD mice and diabetes-prone BioBreeding
rats [446]. Interestingly, microarrays have revealed very high expression of OPN in
active MS lesions. In murine EAE, OPN has a sustained proinflammatory exacer-
bating effect. Although not necessary for disease initiation, it appears to be able to
tip the balance from a �relapsing-remitting’ to a progressive form. OPN-negative
mice produce less IFN-c and more IL-10. In the human disease, raised plasma
OPN correlates with MS relapse or secondary progression [449]. In secondary pro-
gressive forms of MS, raised OPN is associated with reduced IL-10 [450], possibly
signifying a low-grade chronic proinflammatory drive from the innate immune
system. Notably, abnormalities of T cell responses and (cytokine) repertoire are
not a necessary requirement for organ-specific autoimmunity since all the ob-
served behavior of T cells, whether tolerogenic (disease-suppressing) or proinflam-
matory (disease-enhancing), can be explained by innate programming of the adap-
tive immune system; this includes the characteristic selection and spread of (auto-
immune) T cell epitopes. In MS, one effect of IFN-b is to redress the proinflam-
matory bias by increasing IL-10 and reducing OPN [449, 451]. The assumption
must be that restoration of innate peripheral tolerance, alone, will remove the
drive to organ-specific autoimmunity.
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Systemic autoimmunity, as exemplified by systemic lupus erythematosis (SLE)
and its murine models, can (and perhaps must) also be linked to environmental
triggers and abnormalities in innate tolerance. A salient feature is enhanced
expression of innate tolerance, which, however, fails to counter an abnormality in
the clearance of apoptotic cells [452]. Antiinflammatory clearance by macrophages
is overwhelmed by an impaired capacity of the immune system to clear apoptotic
cells and/or by a selective increase in the turnover of apoptotic cells (Figure 10.1)
[452–454]. Although the substrate of autoimmunity in SLE is presumed to be the
overloading of the combined �antiinflammatory’ mechanisms of the innate and
adaptive immune systems, IFRL between innate and adaptive tolerance is pre-
served, as in organ-specific autoimmunity. Enhanced innate tolerance occurring
in various lupus-prone murine strains is manifest, even in young pre-diseased
animals, at the level of individual monocytes/macrophages, which, on LPS stimu-
lation and, crucially, in the presence of apoptotic cells, produce increased IL-10
and reduced proinflammatory cytokines, including TNF-a, (IL-6), IL-1 and IL-12
[455–457]. Increased IL-10 from SLE monocytes reduces their ability to stimulate
Th1 responses, a clear manifestation of innate tolerance [458]. Conversely, in the
absence of apoptotic bodies or, on combined stimulation with LPS and IFN-c,
macrophages from lupus-prone strains show near-normal proinflammatory
responses, including bioactive IL-12p70 generation, but no increase in IL-10 out-
put [456, 457]. High innate production of IL-10 has been documented in presym-
tomatic SLE, in mild to moderately active SLE and in asymptomatic first-degree
relatives of SLE patients [459]. Furthermore, increases in IL-10 production
through FccRIIb stimulation of monocytes/macrophages by (antigen-antibody)
immune complexes (ICs) could occur, raising the possibility of a positive feedback
loop involving ICs and antiinflammatory monocyte/macrophage phenotypes
[460]. The potential protective value of an antiinflammatory innate tissue microen-
vironment might be partially offset by a tendency of SLE monocytes/macrophages
themselves to undergo accelerated apoptosis [454, 461]. Uptake of apoptotic
macrophages containing remnants of other apoptosed cells, or increased direct
uptake of apoptosed cells by DCs programmed in an antiinflammatory microen-
vironment, would likely enhance �antiinflammatory’ antigen cross-presentation to
CD4+ and CD8+ cells [454]. Increased stimulation of innate and adaptive tolerance,
combined with only partially successful removal and immune processing of apop-
totic cells/blebs displaying putative surface autoantigens (DNA, phosphatidylser-
ine, cardiolipin) [452], would be predicted to promote the development of hyper-
gammaglobulinaemia, IGg 1 antibodies (in mice), soluble ICs and increased IgE
[455, 462]. Increased Th2 support to B cells may be inferred from the finding that
in lupus patients CD4–CD8– (double-negative) T cells interact with CD1c+ B cells,
including CD40–CD40L interaction, to produce high levels of IL-4, and mediate
IgM to IgG isotype switching in a CD1c-restricted manner. Although this could be
a mechanism promoting autoantibodies it is important to note that the ratio of
IL-4/IFN-c is highest in T cells from mildly active rather than very active disease
(or normal controls) where the ratio is reversed. These findings are consistent
with the operation of innate and adaptive tolerance [463, 464]. Before the onset of
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spontaneous lupus nephritis in NZB/W F1 mice, anti-IL-4 antibodies, which
downregulate IgG1 and IgG3 anti-DNA autoantibodies, are effective in preventing
disease onset. However, anti IL-12 antibodies, which reduce potentially nephro-
toxic IgG2 antibodies, do not protect at this stage. These results suggest that the
build up of autoantibodies via Th2 is more critical to disease initiation than an
intact proinflammatory innate and adaptive immune apparatus. IL-12 may be sup-
pressive to the �priming’ phase of lupus by inhibiting the number of DNA anti-
body-producing cells. Combined anti-IL-12 and anti-IL-4 antibodies reverse the
protective effects of anti-IL-4 antibodies alone on disease initiation, perhaps
because an increased ratio of IL-10/IL-12 will favor B cell proliferation, antibody
secretion, MHC II expression and differentiation to plasma cells, at the same time
downregulating the APC potential of tissue macrophages [458]. On this back-
ground, additional conditions that bring about class switching from (murine)
IgG1 to IgG2 DNA autoantibodies could mark the transition (�checkpoint’) to
active disease.

One of the enigmas of SLE is the elevation of proinflammatory cytokines evi-
dent in peripheral blood, indicating the importance of inflammation in disease
pathogenesis. Indeed combined elevations of Th1 and Th2 cytokines in peripheral
blood are associated with the most severe disease. The present paradigm, however,
predicts no tissue damage in SLE from the antiinflammatory reactions discussed
above (much as would be expected in a pure antiinflammatory response to hel-
minth infection). IL-12 is in abeyance and Th1 responses suppressed by IL-10
[458]. Conversely, the paradigm allows for the grafting on of an innate proinflam-
matory component, serving to alter the microenvironment, at least in the most
vulnerable tissues, to a proinflammatory state. Because innate immunity pro-
grams adaptive immunity, disease severity should correlate most directly with
markers of innate (proinflammatory) immunity. Loss of innate tolerance would be
reflected in an increase in the IL-12/IL-10 ratio in the macrophage phenotype, al-
though, according to the paradigm, absolute microenvironmental concentrations
of each cytokine would be increased (Figure 10.1). There are, indeed, reports that
IL-12 and Th1 cytokines are increased more than IL-10 in active disease whereas
in �early’ SLE IL-12 is decreased [465, 466]. Serum IL-12p70/IL-10 ratio is
increased in SLE and correlates with disease activity, whilst IL-10 levels correlate
with anti-DNA antibody levels, as predicted [467]. IL-12p40 is elevated in peripher-
al blood in SLE [468, 469] but cannot be considered a reliable guide to bioactive
IL-12p70 for several reasons. First, although essential for IL-12p70 production,
IL-12p40 and IL-12p35 must be released from the same cell to combine into the
active heterodimer [470]. Second, the binding properties of IL-12 make it likely
that it is retained and exerts its action close to its site of release, stimulating neigh-
boring cells in a paracrine manner [471]. For example, IL-12p70 is elevated in
rheumatoid joints and MS brain, both conditions involving local proinflammatory
activated macrophages and Th1 responses. Third, IL-12p40 may act as an antago-
nist to IL-12p70 at IL-12R, but whether this is relevant in the local tissue microen-
vironment, at a single cell level, is uncertain [472] since IL-12p40 is invariably
secreted in excess of both IL-12p35 and active IL-12p70 [470]. As a further compli-
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cation, it has recently been suggested that IL-12p40 monodimer might behave as
an agonist at IL-12R. Fourth, IL-12p40 may combine with other macrophage- and
DC-generated molecules to create other �IL-12-like’ molecules, notably with p19,
to form the novel cytokine IL-23. This may be induced by LPS or viral infection
(along with IL-18) as part of an innate immune response [473], but unlike IL-12
preferentially activates memory T cells. Finally, the amount of IL-12p70 produced
by DCs at the point of their interaction with T cells in lymphoid tissue will have
most influence on T cell polarity and will usually correlate with a proinflammatory
microenvironment in the tissue of origin (IFRL). The essential proinflammatory
sequence in SLE (and many other conditions) is postulated to be primary stimula-
tion in peripheral tissues of IL-12p70 production in both macrophages and DCs,
leading to DC migration to lymphoid tissue, after which enhanced CD40 expres-
sion by DCs, also induced by IL-12p70, allows DC interaction with CD40L on T
cells, amplifying IL12p70 production still further [292]. A pre-existing antiinflam-
matory microenvironment, in which IL-4 and/or IL-13 are present, may prime for
IL-12 production when challenged with an appropriate proinflammatory environ-
mental stimulus, increasing the instability of the SLE microenvironment.

Although there is uncertainty about the exact relevance of IL-12 to active lupus
there is clear evidence in respect of a Th1 component and elevation of other proin-
flammatory monocyte/macrophage cytokines, including IL-18 and IL-15. It has
been found, too, that proinflammatory macrophages secreting IFN-c [474, 475]
are required for the development of glomerulonephritis in the MRL-lpr/lpr mur-
ine model of SLE and are the primary cells initiating inflammation in kidney
interstitium [476]. Deposition of anti-DNA antibody or ICs alone is not sufficient
[477]. That plasma IL-18 is closely associated with disease severity [469, 478] is
understandable when it is appreciated that IL-18 can enhance either Th1 or Th2
[479], depending critically on several other parameters, including relative availabil-
ity of IL-12 [480], expression of T cell receptors for both IL18 [481, 482] and IL-12
and increased production of IL-4 from ligand-activated NKT cells under the influ-
ence of IL-18 [483]. Hypothetically, therefore, IL-18 could provide innate support
both to Th2 [484], including IgE production, and to Th1 in the pathogenesis of
SLE, depending on the prevailing microenvironmental IL-12/IL-18 ratio. In the
early stages of a proinflammatory response to bacterial infection, IL-18 may even
tend to limit IL-12 production [485]. In Listeria infection, IL-18 stimulates macro-
phages to secrete both TNF-a and NO [486]. Normally, IL-18 combines with IL-12
to give a strong drive to Th1 responses in T, NK and NKT cells. IL18 is elevated in
MRL-lpr/lpr lupus-prone mice that overexpress IL-18R and show enhanced IFN-c
secretion [482]. IL-18 accelerates lupus nephritis and provokes lupus-like skin
rashes in the same mouse model. Interestingly, in this model, the �butterfly’ rash
is solely dependent on IL-18, does not occur with IL-18 and IL-12 together and is
associated with an early systemic Th2 response [487]. Another proinflammatory
cytokine of macrophage origin and increased in SLE, is IL-15 [404]. Like IL-18,
IL-15 synergizes with IL-12 in innate immunity to induce NK cells to secrete
IFN-c, albeit much less potently than a combination of IL-18 and IL-12 [404, 488].
However, IL-15 and IL-12 is much more potent than combined IL-15 and IL-18 in
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inducing IL-10. The optimal combination for GM-CSF production is IL-15 and
IL-18 [488]. Other strong candidate cytokines to drive SLE are type 1 interferons
(IFNa/b), produced in abundance by plasmacytoid DCs but also by monocytoid
DCs and macrophages. In the paradigm, any composite proinflammatory drive
sufficient to counteract the default Th2 humoral bias will precipitate clinical dis-
ease. Transgenic lupus-prone mice engineered to lack either IFN-c or IL-4 have
demonstrated the non-redundant roles of Th2 and Th1 in lupus-associated tissue
injury [489]. IgG class switching in lupus is driven firstly by antigenic determi-
nants, notably nucleosomes of apoptotic cells, triggering interactions between T
and B cells, and secondly by cytokines, with an increased IFN-c/IL-4 ratio favoring
pathogenic IgG2 over IgG1. Some T cell intrinsic abnormalities in lupus, particu-
larly sustained induction of COX-2, increase T cell viability following activation.
Of note, upregulated COX-2 occurs in proinflammatory macrophages, as found in
tissues affected by active lupus. Antibody class switching from IgG1 to IgG2a in
B cells is triggered by IFN-c and is transduced through t-Bet.

What stimulates the proinflammatory innate response in SLE? An environmen-
tal link has long been suspected [490] and, in the current paradigm, additional
environmental factors are involved in the loss of peripheral tolerance to lupus
autoantigens. An environmental input initiates a swing towards a proinflamma-
tory innate microenvironment that is superimposed on the pre-existing antiin-
flammatory microenvironment, thus pushing macrophages and DCs away from
the (enhanced) expression of innate tolerance towards proinflammatory Th1-in-
ducing phenotypes, considered responsible for the initiation, maintenance and
relapse of clinical disease (Figure 10.1) [491]. Possible �environmental’ triggers
that might promote a proinflammatory response in SLE include infection [486],
UV light exposure, certain drugs (some of which may exacerbate apoptosis) and
even �therapeutic’ IFN-c itself [490], a situation reminiscent of early unsuccessful
attempts to treat MS with IFN-c. Both viral and some bacterial infections may be
strongly influential in precipitating clinical disease by generating type-1 interfer-
ons in the microenvironment (from macrophages and DCs) and more specifically
activating immunostimulatory DCs charged with self-antigens [492]. Experimen-
tally, increased IFN-a exacerbates murine lupus and partial ablation of IFN-a
reduces disease morbidity and prolongs survival. Expression of TLR7, TLR8 and
TLR9 by (plasmacytoid) DCs and macrophages dictates preferential antigenic
responses to DNA and RNA, which can be of viral, bacterial or self origin. Exogen-
ous E. coli CpG-DNA causes progression of lupus nephritis in MRL-Fas lpr mice
by activating a TLR9 pathway, leading to a significant elevation of IgG2a and a
trend towards elevation of IgG1 serum DNA autoantibodies. Whilst B cell TLR9
could mediate this response directly, increased TLR9 expression occurs locally on
macrophages/DCs in nephritic kidney, which are activated to drive Th1 responses.
In this way stimulation by CpG-DNA of TLR 9 macrophages in kidney could
exacerbate lupus nephritis, provoking cross reaction with self DNA and increased
IGg2a autoantibodies [493]. In lupus, aberrant CD4+ plasmacytoid DCs may be
generated from monocytes, through exposure to IFN-a, and increase the transit of
autoantigens to the T and B cell compartments. The combination of reduced plas-
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macytoid DCs in peripheral blood in active SLE and the presence of IFN-a-secret-
ing plasmacytoid DCs in affected tissues, such as skin, suggests an unstable tissue
microenvironment in which macrophages and DCs are secreting type 1 interfer-
ons [492]. The virtually universal finding of a signature of type-1 interferon-upre-
gulated genes in peripheral blood mononuclear cells in active pediatric lupus has
lead to the view that this cytokine could be the major driving force behind the dis-
ease, constituting a powerful mechanism to overcome innate and adaptive toler-
ance. The signature includes some hallmark lupus antigens (Ro52, Lamin 1b),
the chemokine MCP-1, markers of transition to a mature DC phenotype (DC-
LAMP) and several complement cascade and apoptosis-related genes [494]. The
situation does not appear to be so clear-cut in adults, with only about half having
an IFN signature, but this correlates well with clinical disease severity, particularly
the involvement of kidneys and/or CNS [495]. Studying lupus glomeruli from
renal biopsies by microarray analysis reveals that at least half show high expres-
sion of genes with type 1 IFN response elements in their promoters, but these
tend to correlate inversely with fibrosis gene clusters, which are indicators of a
worse prognosis. The cell type in the kidney displaying IFN I signatures could be
recruited NK cells rather than locally-activated macrophages and whether these
NK cells are protective or injurious is at present uncertain [496]. Just as TNF-a
has been given prominence in the pathogenesis of rheumatoid arthritis, IL-4 in
allergy and IFN-c in uncomplicated proinflammatory responses, so too is IFN-a
now receiving much attention as the driving force behind lupus. In one interpre-
tation of the cytokine network, immune responses are portrayed as a dynamic sys-
tem under the control of two opposing vectors, IFNa/b versus TNF-a and IFN-c
versus IL-4, thus incorporating the idea of regulatory balances between different
proinflammatory cytokines, as well as the accepted balances between opposing
pro- and antiinflammatory cytokines [492].

Another environmental agent, UV-B exposure, enhances innate tolerance at
low exposure levels but overcomes it at higher levels. Single erythema-inducing
doses of UV-B applied to human epidermis generate (innate) tolerogenic (�sup-
pressor’) macrophages secreting TGF-b and IL-10 and communicate a TGF-b-de-
pendent anergic signal to T cells [497]. In this context, exposure of mice to low
dose UV-B suppresses IL-12p70 (but not PGE2, IL-1, IL-6 or TNF) in splenic APCs
[82, 498], which in turn induces hapten-specific �suppressor’ T cells, and reduces
Th1 responsiveness [499]. At higher doses, UVB is suggested to cause damage to
keratinocytes sufficient to overcome the ability of innate tolerance to cope with
increased apoptotic and/or necrotic products, thereby exposing cutaneous lym-
phocyte antigen and other potential autoantigens to the adaptive immune system.
Thus, limited skin apoptosis may create an antiinflammatory microenvironment
but high UVB exposure and increased apoptosis may trigger a proinflammatory
tissue microenvironment. Other experimental techniques, which (like high dose
UVB) create a chronic proinflammatory microenvironment in the skin, are IFN-c
overexpression linked to the keratinocyte involucrin promoter [490] and overex-
pression of CD40L linked to the keratin-14 promoter [500]. In both these models,
systemic as well as localized autoimmune manifestations develop. In excess,
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apoptotic cells themselves may constitute a proinflammatory signal to DCs and
also cause an increase in microenvironmental necrosis, another proinflammatory
stimulus. Similarly, exposed putative autoantigens on apoptotic blebs can be opso-
nized by autoantibodies, such as anti-phospholipid antibodies, subsequently in-
ducing proinflammatory rather than antiinflammatory responses on uptake by
macrophages/DCs [501]. In the lupus-prone NZB mouse, pristane exposure,
employed as a �model environmental trigger’, clearly exacerbates autoimmune
manifestations through stimulating proinflammatory cytokines, notably IL-12
[502]. Conversely, IL-12p35-deficient mice treated with pristane develop harmless
�nephritogenic’ antibodies, which deposit as ICs in the kidney, but, in the absence
of proinflammatory IL-12, fail to induce nephritis [503]. Reducing IL-12 reduces
nephritis and other organ damage in MRL-Fas mice [504]. It has been reported
recently that the pristane-treated BALB/c mice, not housed in specific pathogen-
free conditions, show a greater propensity to secrete IL-12, IL-6, TNF-a, IFN-c
and IL-4 and to develop greater increases in the IgG2a/IgG1 ratio than their pris-
tane-treated germ-free littermates – evidence for two environmental agents acting
synergistically [505].

Environmental triggers combine with less obvious internal triggers of �innate’
immunity in the pathogenesis of SLE, namely microenvironmental changes aris-
ing directly from the preexisting SLE-phenotype. For example, the association of
complement factor deficiencies and SLE may be explained, in part, by a reduction
of non-inflammatory clearance of complement-opsonized antigen–antibody ICs
in the face of an increased IC load [506] and, in part, by impaired negative selec-
tion of autoantibody-producing B cells [507]. Complement could contribute to the
balance of innate tolerance and innate immunity in various ways, not least
through its effects on apoptosis, which range from pro- to anti-apoptotic and from
opsonization to lysis [508]. The C1q and C4 components participate in clearance
of ICs and apoptotic cells. Deficiency of C4 reduces the amount of C3b available
to bind ICs and encourages precipitation of poorly opsonized ICs in tissues [506].
Deficiency of C1q impairs macrophage phagocytosis of apoptotic cells in a non-
inflammatory microenvironment [509]. C1q binds to nuclear antigens/nucleo-
somes exposed on the surface of apoptotic cells and blebs [509, 510]. Impaired
clearance by macrophages of apoptotic material may deliver autoantigens into the
DC pathway, ultimately generating autoantibodies. This may be accomplished
without inflammation but higher levels of apoptosis may trigger bystander proin-
flammatory changes in DC phenotypes [511]. Excess apoptotic bodies may pro-
voke a proinflammatory tissue response, either directly or if they become seconda-
rily necrotic, imparting a proinflammatory (Th1-generating) �danger’ signal to
DCs and promoting an isotype switch to tissue-damaging antibodies. Apoptotic
debris lodging in the glomeruli of C1q-deficient mice could constitute a proin-
flammatory stimulus, attracting proinflammatory macrophages and triggering
damaging autoimmune glomerulonephritis. MBL, elevated in acute phase reac-
tions, activates complement by the lectin pathway and so enhances opsonization.
Genetically high MBL appears to protect against SLE. Another factor contributing
to the balance between innate tolerance and innate immunity is the expression of
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immunoglobulin receptors. Uptake of ICs through one of three classes of Fcc
receptors on macrophages is either proinflammatory or antiinflammatory. The
primary receptor for non-inflammatory clearance of ICs by macrophages is proba-
bly the FccRIIb class of �inhibitory’ receptor, and its deficiency in mice predis-
poses to spontaneous lupus. The same receptor is downregulatory to B cell prolif-
eration and induces B cell apoptosis. Balanced against these effects, activating
FCc receptors are proinflammatory and may enhance antibody responses. Some
classes of proinflammatory FCc receptors, in particular FccRIII, are heavily impli-
cated in lupus nephritis [512]. Sophisticated microarray analysis of lupus-affected
renal biopsies indicates that fcRcc, a signaling c-chain common to several FC
receptors, is increased in the myeloid (macrophage) gene cluster, but other IC
receptors may also be involved [496]. A common source of �danger’ signals may be
autoimmunogenic fragments cleaved by granzyme from conventional autoantibo-
dies on the surface of apoptotic blebs. Granzyme is an enzyme secreted by cyto-
toxic T cells and NK cells in a proinflammatory setting [513]. Some models of SLE
invoke positive feedback loops between T and B cells, leading to epitope spread
and autoantibody diversification, following an initial (B7 co-stimulation-indepen-
dent) interaction between peripheral auto-reactive T cells and B cells, presenting
autoimmunogenic peptides [514]. A specific hyposensitivity to certain (c-chain)
cytokines, notably IL-15 and IL-2, may indicate a specific T cell defect in SLE, lead-
ing to enhanced T cell apoptosis, particularly evident under proinflammatory con-
ditions, adding to the apoptotic load [515]. In the presence of increased IL-10,
combined with increased proinflammatory cytokines, as in the uncompensated
active phase of SLE, activation induced cell death of lymphocytes may be acceler-
ated by IL-10 and by upregulated expression of Fas receptors on T and B cells.
Clinically, lymphopenia in active disease correlates with raised IL-10 [516].

Autoantibodies are considered to be leading players in systemic autoimmunity
but in the present paradigm it is the change from non-damaging Th2-supported
isotypes (IgG1 in mice) to Th1-supported isotypes (IgG2 in mice), that underlies
the development of lupus pathogenesis and clinical disease [489]. In the pre-clini-
cal phase, raised IL-10 may promote B cell differentiation and hyperactivity. Anti-
body production is critically dependent on ab T cells, first providing Th2 cell help
to B cells to produce antibodies to exposed epitopes (IgG1 in mice) and second in
response to a classic DTH reactions in which class I and class II presentation to T
cells ultimately enhances tissue proinflammatory responses and B cells isotype
switching to produce IgG2. Complement-activating IgG2a (and IgG3) antibodies
dramatically increase IC and C3 deposition in glomerular capillaries and are asso-
ciated with severe nephritis, in contrast to mice lacking the IFN-c receptor that
have raised levels of IgG1 anti-dsDNA antibodies but show no class switching to
IFN-c-dependent IgG2a and no GN [517]. It has recently been discovered that, in
MRL-lpr/lpr mice, anti-C1q autoantibodies are present both in the circulation and
in renal immune deposits early in life and prior to the development of nephritis,
so the mere presence of autoantibodies (of any sort) may be insufficient to cause
significant damage [518]. Imbalance towards Th1 (measured as an increased
CD4+ T cell IFN-c/IL-4 ratio or as increased ratio of IgG2a/IgG1 or IgG3/IgG1)
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accelerates SLE in MRL-lpr/lpr mice [519]. One mechanism contributing to this
may be the induction of a proinflammatory macrophage phenotype after phagocy-
tosis of apoptotic cells opsonized with autoantibodies, such as antiphospholipid
antibodies [520]. Uncoupling of IC deposition in the kidney from a proinflamma-
tory microenvironment averts renal damage and can be achieved in MRL-lpr/lpr
mice by high dose treatment with G-CSF, which downregulates (macrophage)
FccRIII. This fits with the observation that recruitment of proinflammatory
macrophages, apparently secreting IFN-c [474], and not just the presence of anti-
DNA antibody or IC deposition [477], may be crucially required for the develop-
ment of GN in murine models of SLE. Mice deficient in MCP-1 exhibit reduced
macrophage recruitment and delayed onset of GN, despite IC deposition, indicat-
ing a significant pathogenic role for recruited proinflammatory macrophages
[474], and suggesting parallels with organ-specific autoimmune disease. Compar-
ing the significance of anti-C1q and anti-dsDNA antibodies in lupus nephritis, the
absence of dsDNA antibodies excludes active nephritis, while both anti-C1q and
anti-dsDNA antibodies have high specificity for active nephritis [521]. Inadequate
induction of SOCS1 can lead to systemic autoimmunity (including anti-DNA anti-
bodies) in SOCS+/- C57BL/6 mice, but not in the absence of CD4+ T cells, again
stressing the importance of the combination of IFN-c and B cell-derived antibod-
ies in pathogenesis [522]. Nevertheless, B7 co-stimulatory molecules must also be
available for T cell activation and IgG autoantibody class-switching, without which
MRL-lpr/lpr mice fail to develop autoimmunity [523].

All the multiple and sequential interactions suggested by the paradigm to cul-
minate in full-blown nephrotoxic and tissue-damaging SLE are summarized in
Figure 10.1. There are, however, several anomalies that appear to contradict the
paradigm. The exact role of IL-10 in human SLE presents one such dilemma. It is
well established that disease activity correlates positively with levels of endogen-
ous serum IL-10 (whatever the source) and that genetically high IL-10 production
is likely to predispose to increased incidence and severity of SLE [524]. These
observations are well accommodated by the paradigm, but it is more difficult to
explain why the administration of antibodies to IL-10, which reduce biologically-
active IL-10, has been shown to decrease the clinical manifestations of the disease
during, and for 6 months after, a three-week course of treatment [525]. This is in
sharp contrast to IL-10-deficient lupus-prone mice, which, compared to their wild-
type counterparts, show earlier onset and more severe clinical disease, together
with increased IFN-c and an earlier increase in potentially pathogenic IgG2a anti-
dsDNA antibodies [526]. Peripheral blood cells from SLE patients can induce anti-
dsDNA antibodies in SCID mice, an effect virtually abolished by treating the mice
with anti-IL-10 antibody [525]. In the human study anti-dsDNA antibodies were
not significantly decreased, except in one case, by anti-IL-10 antibody and endo-
genous IL-10 continued to be produced to varying degrees [525]. In direct contra-
distinction to the use of anti IL-10 antibody in the treatment of human SLE, other
evidence from animal models might suggest that IL-10 administration itself could
be considered a suitable treatment for human lupus, on the basis of its downregu-
lation of IFN-c, an accepted tissue and peripheral blood marker, for the most
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severe disease in both animals and humans [526, 527]. In line with this view,
increased IL-10 is present in asymptomatic relatives, so that, if IL-10 exacerbates
SLE rather than restraining it, some other suppressive mechanism would have to
be postulated to hold the disease in check. According to the paradigm, high IL-10
primes for clinical disease by increasing antibody production and prolonging
B cell survival. At the same time, IL-10 is an indicator of innate and adaptive toler-
ance that holds the disease in check. Therapeutic suppression of IL-10 in active
SLE might reduce B cell activation and survival and, thereby, serve to reduce the
pool of B cells available as a source of later pathogenic IC-forming opsonizing an-
tibodies under the influence of proinflammatory cytokines during clinical exacer-
bations.

Another related difficulty concerns the sequencing of events. The paradigm
suggests that the order of development of disease in humans is initially predomi-
nantly Th2, upon which Th1 is later superimposed [465, 526], and that the innate
proinflammatory Th1-generating response that precipitates clinical SLE is a con-
sequence of either an additional environmental insult or an overloading of non-
inflammatory disposal of apoptotic material [465]. Remission is signaled by a
return to predominantly Th2 adaptive responses. Against this view some animal
experiments are interpreted as showing that a Th1 response precedes Th2 in the
induction of lupus [528]. However, this may simply be an artefact of the induction
process. Induction of murine lupus by injection of human anti-DNA causes an
increase in proinflammatory peritoneal macrophage cytokines, leading to a Th1
response and an increased ratio of IgG2/IgG1 of autoantibodies, as would be
anticipated, and later in the disease there is relative excess of Th2 cytokines. Such
a sequence is entirely consistent with the paradigm except that in �spontaneous’
human or murine SLE there would be a preceding period of protective innate tol-
erance, associated with IgG1 antibodies and Th2 cytokines before the proinflam-
matory Th1 phase and later �restorative’ Th2 phase. Supporting the idea that
enhanced innate tolerance eventually gives way to innate immunity, all murine
lupus models show a macrophage defect in the generation of proinflammatory
cytokines (IL-1, IL-6, IL-12, TNF-a and GM-CSF) when stimulated by apoptotic
cells, from as early as 1 week of age [457]. Clinical disease development correlates
(in the MRL-lpr/lpr mouse) with IgG2a antibodies (including anti DNA) and is
driven by IL-12 and IFN-c [529] as has been suggested for the human disease
[465]. MRL-lpr/lpr and NZB/W macrophages are both poor IL-12 producers, a
property that may allow the build-up of high levels of autoantibody B cells and
plasma cells prior to eventual isotype switching [530]. Delivery of IL-12 plasmid
into the MRL-lpr/lpr mouse 4-weekly from 4 weeks of age suppresses polyclonal
B cell activation and autoantibody production; one interpretation of which is the
necessity for a significant Th2 phase in the early evolution of lupus [531]. Similar
reasoning can be applied to the delayed disease onset when young prediseased
NZB/W F1 mice are treated with TNF-a or anti-IL-10 antibody. The immunomo-
dulator, AS101, given regularly to NZB/W F1 mice from 4 weeks of age, reduces
IL-10 and delays lupus onset despite increases in TNF-a, IFN-c and IL-1 and is
thought to act by removing an excessive and self-reinforcing drive towards B cell
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expansion and autoantibody production [532]. Once IgG2a antibodies have devel-
oped in the MRL-lpr/lpr mouse by 8 weeks, suppression of IL-12 effectively
reduces toxic antibody production, IFN-c and clinical disease parameters [533]. In
terms of the current paradigm NZM 2328+/+ mice lacking STAT6 are of great inter-
est as they are defective in antiinflammatory (type 2) cytokines and produce a pre-
ponderance of IgG2a autoantibodies. However, little renal pathology is evident at
6 months, implying that no significant proinflammatory trigger is operating in
the glomeruli. Further dissection of the mechanism of GN comes from NZ2410
mice, which overexpress IL-4 and develop severe glomerulosclerosis, which does
not occur in STAT6 deficiency or on treatment with anti-IL-4 antibody. Another
transgenic mouse, NZ 2328, which is STAT4 deficient, fails to secrete type 1 cyto-
kines, and these animals, too, develop sclerotic renal disease [534]. It is concluded
that type 2 cytokines (and STAT6) selectively promote sclerosis and that IFN-c
(and STAT4) has an important role in (IgG2a) autoantibody production. Various
cytokine-modifying �treatment’ regimes have been investigated in murine models.
Oligodeoxynucleotides, which suppress proinflammatory cytokines, delay the
onset or progression of GN in NZB/W mice, accompanied by a significant reduc-
tion in anti-dsDNA antibodies, IFN-c and IL-12 [535]. Histone deacetylase (HDAC)
inhibitors downregulate both pro- and antiinflammatory cytokines (IL-12, IFN-c,
IL-6 and IL-10) and reduce GN in MRL-lpr/lpr mice, but there are no significant
changes in IgG isotypes deposited in the glomeruli or changes in autoantibodies.
A conclusion from this study is that renal disease cannot be directly linked to
autoantibodies and that inflammatory mechanisms leading to tissue damage are
distinct from those leading to autoantibody production. Global augmentation of
cytokines in SLE is suggested to be a primary genetic defect, determined by a dys-
regulation of HDACs, rather than being a reactive process to other genetically-
determined abnormalities, such as dysregulated apoptosis [536]. As in organ-
specific autoimmunity there are reports of elevated OPN in active SLE, which is
consistent with an ongoing proinflammatory response [537].

Therefore, according to the current paradigm, the pathogenesis of SLE com-
mences with a perturbation of innate tolerance. In fact the microenvironmental
input to the system initially provokes an exaggeration of innate (and adaptive) tol-
erance but this is eventually offset by an endogenous or exogenous input trigger-
ing proinflammatory macrophage phenotypes that initiate a switch towards adap-
tive (auto)immunity (Figure 10.1). The MDU at this stage has a phenotype sup-
porting both Th1 and Th2, the ratio varying with disease severity. Disease resolu-
tion coincides with restoration of an antiinflammatory macrophage phenotype
and innate tolerance. The puzzle of SLE is to decipher the inputs driving innate
changes and relating the innate and adaptive effector mechanisms to the tissue
damage caused. The paradigm can give a coherent explanation for most of the fea-
tures of SLE, with the proviso that glomerosclerosis, a �type 2 inflammation’,
equates to an antiinflammatory, reparative macrophage phenotype, even though
severe kidney damage can ensue.

A comparison of organ-specific and systemic autoimmunity reveals a large
degree of overlap in fundamental pathogenic mechanisms. In particular, a break-
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down in innate and adaptive peripheral tolerance with the generation of proin-
flammatory macrophages and the involvement of Th1-orientated responses in the
causation of major tissue damage would appear to be important, if not essential,
features of both types of autoimmunity. Autoimmune diseases, both organ-specif-
ic and systemic, predominantly affect females, share some MHC susceptibility
haplotypes and at least 18 non-random non-MHC linkage clusters, compatible
with a common set of autoimmune susceptibility genes [538]. Autoantibodies are
common in organ-specific as well as systemic autoimmunity and anti-nuclear an-
tibodies are present in 16% of IDDM [539]. However, in early or pre-disease states,
in both murine and human autoimmune diseases, antibodies are predominantly
of non-opsonizing Th2-associated isotypes and are generally considered non-
pathogenic. The NOD mouse, in which macrophages have a high potential to
release IL-12 on LPS stimulation (even without IFN-c co-stimulation) [540] has
proved to be remarkably versatile and informative model of autoimmunity.
Whereas female NOD mice develop IDDM �spontaneously’, the model can be
diverted towards EAE by two injections of pertussis toxin (an environmental
agent) intravenously, two days apart. Furthermore, NOD mice can be induced to
develop an SLE phenotype, displaying IgG2a antibodies (including anti-dsDNA
antibodies), two to three months after a single dose IV injection of Mycobacterium
[521, 541]. In the NOD mouse, one gene (H2region) appears to govern both
IDDM and SLE susceptibility [542]. Amongst non-MHC susceptibility genes,
reduced expression of the antiinflammatory FCcR11b on macrophages is com-
mon to both NOD and SLE prone murine strains and is indicative of impaired
innate tolerance whereas reduced expression of Fas in both NOD and MRL-lpr/lpr
murine models would encourage persistence of autoreactive B cells [543]. Since
T cells also have a central role in lupus, reduced Fas is a risk factor by allowing
increased survival of autoimmune cells [544]. Another relevant non-MHC gene
may be that of a macrophage-specific NO transporter, of importance both in the
response to intracellular pathogens such a Mycobacterium and Leishmania, and for
initiating Th1 responses, leading to autoimmunity [541]. Aged NOD mice tend to
develop some features of systemic autoimmunity. Intriguingly, macrophages of
prediseased (4–6 week) NOD mice exhibit a cytokine dysregulation akin to that of
SLE-prone mice strain, elicited only in the presence of apoptotic cell constituents,
and characterized by downregulation of IL-1b, IL-12p35, GM-CSF, TNF-a and
MIP-1b but not of IL-12p40, TGF-b, M-CSF and RANTES. Although this unusual
pattern of cytokine release is common to virtually all autoimmune strains it is
conspicuously absent in macrophages from other strains not prone to autoimmu-
nity and suggests that the genetic basis for the abnormality may comprise a
shared background predisposing to, or permissive of, autoimmunity [545]. Even
more remarkable, by 12 weeks, usually after the commencement of diabetes, there
seems to be a dramatic reversal of the NOD phenotype to the excessive proinflam-
matory response to apototic material noted earlier. This clearly points to specific
microenvironmental instruction. Environmental instruction, and hence microen-
vironmental instruction, is grist to the mill of the immune system and a powerful
manipulator of macrophage (and other innate cell) phenotypes responsible for
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secondary adaptive change. For example, the Th2-orientated strain (BALB/c), sen-
sitized either to myelin or testicular antigen, develops either EAE or experimental
autoimmune orchitis (EAO) (both Th1 T cell mediated organ-specific autoim-
mune diseases) through a common disease susceptibility pathway modulated by
different breeding environments [546]. Some breeding conditions enhance the
expression of both EAE and EAO whilst others suppress them. In the paradigm,
the most readily identified �common pathway’ consists of the integrated outcome
of a balance between innate tolerance and innate immunity. As for disease asso-
ciations, the paradigm predicts positive correlations between IL-12-driven organ-
specific autoimmune diseases, notably MS and IDDM, and this appears to be the
case epidemiologically. Prediabetics, as well as showing multiple T cell autoreac-
tivities to islet antigens, commonly display autoimmunity to classical MS autoan-
tigens [444]. However, although IDDM and SLE can be reciprocally induced in
NOD mice, the coexistence of the two conditions is rare in humans. Associations
have been documented between MS, IDDM, asthma, inflammatory bowel disease
and autoimmune thyroid disease. The MS or IDDM and asthma associations,
though not predictable within a polarized Th1/Th2 framework, would fit well
with the current paradigm where both MS and asthma can be driven, essentially,
by innate environmentally-triggered proinflammatory responses. SLE has shown
both positive and negative associations with asthma, so is difficult to analyze. It
should not be considered counter-intuitive that NOD mice with a strong genetic
Th1 bias can be induced to an asthmatic phenotype, with lung expression of IL-4,
IL-5, IL-13 and eotaxin, by a regime of allergen sensitization and intranasal chal-
lenge [547]. The opposite situation is found in the strongly Th2 biased BALB/c
mice which can be stimulated to mount Th1 responses as, indeed, required for
the successful elimination of Leishmania [548]. Pre-T cell regulation of autoimmu-
nity is implied by the finding of inactive autoreactive T cells against both islet and
CNS autoantigens in diabetics, relatives at risk of diabetes, MS patients and NOD
mice alike. The interaction of infection and immunity has spawned vigorous
debate. The hygiene hypothesis of asthma rests on the Th1/Th2 dichotomy,
requiring eduction of the immune system towards Th1 by environmental instruc-
tion to prevent it, but unlike the current paradigm is difficult to reconcile with a
concurrent marked increase in the prevalence of IDDM, which should be less pre-
valent in a cleaner society. One aspect of a cleaner society may be changed bowel
biota, which maintains the immune system in a tolerogenic mode. The present
paradigm predicts an increase in both organ-specific autoimmunity and asthma
with loss of helminths, as from a declining prevalence of pinworms, estimated to
have been present in 50% of American and North European children. Helminths
inhibit the development of atopy by inducing regulatory T cells and IL-10 and by
similar mechanisms inhibit IDDM onset in NOD mice. An opposing hypothesis,
which must be tested against the epidemiological evidence, is that helminth infec-
tion increases the risk of asthma because the two conditions share many of the
same �effector’ pathways (eosinophila, elevated IL-5 and IL-13 amongst others).
Bearing in mind the lower prevalence of asthma in developing countries, the crux
of the problem is to determine whether systemic, or even direct lung infection
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with helminths, or any similar infection that induces innate tolerance exacerbates
or reduces the risk of asthma. Infection of BALB/c with Angiostrongylus suggests
that in fact, the pulmonary inflammatory response to OVA is decreased, as mea-
sured by a reduction in IL-1b and a decreased total cell count in BAL fluid [549].
An important interaction on a global scale is the predicted reinforcement of
innate tolerance by the interplay of two common pathogens, intestinal nematodes
and pulmonary TB. The current paradigm predicts an increase in TB infection
and progression, because innate tolerance equates to virulence, and this appears
to be the case in practice [550]. Conversely, a reciprocal increase in nematode car-
riage might also be predicted as a result of this adverse synergism.

The current paradigm requires a proinflammatory innate stimulus as the start-
ing point for most autoimmune reactions and this usually, but not necessarily,
correlates with a Th1 and CD8+ cytotoxic T cell response (IFRL). However, the abil-
ity to generate Th1 responses in the absence of the prototypical Th-1-directing
cytokine IL-12p70 requires clarification. In fact IL-12p70 is not the only proinflam-
matory signaling molecule capable of carrying a Th1 polarizing signal to lym-
phoid tissue, either in animal models of MS (EAE) or SLE, and IL-23 is now recog-
nized as an effective substitute, synergizing with IL-18 and IL-15. In exceptional
cases the innate proinflammatory stimulus induces a Th2 response through aber-
rant innate-adaptive signaling in relation either to an organ specific or systemic
autoimmune model. In a p35 knock-out model of EAE the Th2 cytokines IL-10
and IL-4 are upregulated [551], but significantly so too is IFN-c (and TNF-a), indi-
cating some stimulation of the Th1 pathway, or at least a proinflammatory compo-
nent acting in the CNS. In addition, increased CNS NO [552] suggests that macro-
phage/microglial proinflammatory activation can be sustained in some way inde-
pendently of IL-12p70, possibly through a partial Th1 response driven by IL-23
[553]. A primary abnormality of monocytes/macrophages is ideally placed to pro-
vide a mechanism, in line with the primary role of macrophage effector function,
in shaping and sustaining unusual immune responses. Because non-specific tis-
sue damage provides the initial stimulus to autoimmunity in vivo, more than one
organ can be affected, so that MS and IDDM may coexist if there is coincidental
delivery of an innate proinflammatory response to pancreas and brain and equal
Th1-mediated autoantigen susceptibility. Multiple immunoregulatory defects,
some proinflammatory and some antiinflammatory, are generated in autoimmu-
nity and involve all immunologically active cells [554]. The concept of a balanced
type 1 and 2 cytokine response has already gained credence as the basis of host
defense during sepsis [119]. Adoptive transfer granulomatous experimental auto-
immune thyroiditis (EAT) is a relatively benign self-limiting condition, ascribed to
Th2, but addition of IL-12 converts it into severe necrotising form [555]. Common
underlying mechanisms in autoimmune pathogenesis may extend to such overtly
autoantibody-driven conditions as myasthenia gravis (MG). As in SLE, both Th1
and Th2 are prominent in its pathogenesis but damage is probably mediated by
antibody switch to pathogenic IgG2 (in mice), occurring when B cells are driven
by Th1 T cells [556]. Significantly, in adoptive transfer murine experimental auto-
immune MG, disease progression is slowed [557] by anti-IL-18, which has been
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demonstrated to decrease Th1 and increase TGF-b. The increased production of
B cells and autoantibodies in response to acetylcholine receptor injection is pro-
moted in a murine model in which transgenic T cells secrete transient IL-10, but
also IFN-c. The antibodies are manifest mainly as IgG2, presumably signifying
the influence of Th1 cells [556]. Extensive activity of allergic elements in the con-
text of Th1-mediated autoimmunity has been described in MS [558].

In summary, the classic Th1-mediated diseases of IDDM and MS are caused by
proinflammatory innate responses linked to genetically predetermined suscepti-
bility to mount autoantigen-specific (tissue-specific) Th1 responses whereas
systemic, autoantibody-mediated, autoimmunity is caused by adverse and inter-
dependent alterations in the balance of innate tolerance and innate immunity
(often changing over time), which drive combinations of polarized T and B cell
responses and modulate apoptosis. The two are not mutually exclusive and can
merge. An important consequence is that both organ-specific and systemic auto-
immunity should be improved by suppressing innate proinflammatory responses
and/or their consequences in order to re-establish effective innate tolerance. If
innate immunity drives all autoimmunity it should come as no surprise that in
some instances the adaptive immune system may make little or no contribution.
At least some cases of macrophage activation syndrome may be included in this
category. The term �innate autoimmunity’ is a recent addition to the classification
of autoimmunity and is exemplified by reperfusion injury and fetal loss syn-
drome. Self-recognition is by components originally evolved through the adaptive
immune system but now operating as specific pattern-recognition proteins/recep-
tors of the innate immune system, such as specifically identifiable natural IgM
antibodies, and the subsequent tissue damage is complement dependent [559].
This type of autoimmunity does not exclude secondary T cell responses, which
may be marked, nor does it exclude other immune mediators and pathways trig-
gering similar responses. A dramatic example is ischemia-reperfusion injury to
the gut, which is totally abrogated in germ-free mice, under which circumstances
IL-10 dominates a �no inflammation’ phenotype [560].

Finally, how does the concept of �protective autoimmunity’ fit into the frame-
work of innate and adaptive tolerance and immunity? The observation that a Th1-
mediated response to neuronal injury actually reduces the spread of secondary
degeneration and improves the outcome for neuronal survival led to the hypoth-
esis that a self-perpetuating destructive process following an acute focal insult can
be offset by the contemporaneous generation of an alerting signal that channels
healthy cells towards an alternative immune-mediated path to death. The concept
can be formulated mathematically into a spatio-temporal model [561]. Experimen-
tal evidence to support it includes the observation that natural (CD4+ CD25+) regu-
latory T cells may exacerbate rather than ameliorate optic nerve injury [562], and
that a vaccine that can stimulate an appropriate degree of (presumably) Th1 adap-
tive response to myelin epitopes, manifest as mild EAE, can improve the resolu-
tion of crush injury of the optic nerve, partially if the myelin peptide chosen is
encephalitogenic, or more completely if non-encephalitogenic. The degree of neu-
roprotection achieved can be assessed by measuring the survival of retinal gan-
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glion cells [563]. To explain these and similar findings, several pathophysiological
mechanisms have been proposed, including removal of self antigen, reduction of
neurotoxins (free radicals, eicosanoids, glutamate excess), increased uptake of glu-
tamate by activated microglia in contact with IFN-c-secreting T cells and secretion
of neurotrophic substances by activated T cells, either directly or through their
induction in microglia [561, 564, 565]. In terms of the paradigm presented here
the immunological requirement for protective autoimmunity is for an innately-
generated immune response to be switched off by an adaptive Th1 response.
Since IFRL remains intact in this situation (as for a normal response to microbial
infection) the mechanisms involved in delivering protective autoimmunity should
be the same as those that would normally help to regulate and/or terminate a
combined innate/adaptive proinflammatory immune response. A first autoprotec-
tive mechanism, on the evidence of a beneficial response of nerve crush injury to
Th1 cell adoptive transfer EAE, must be a reduction in locally active proinflamma-
tory macrophages (microglia) and or activated T cells, mediated by a Th1 mecha-
nism. A well-recognized response to IFN-c is apoptosis and this applies both to
activated macrophages and T cells. Accordingly, Fas/FasL ligand interaction be-
tween T cells and macrophages is a major mechanism for deleting activated
macrophages, which is important for clearing intracellular infection, but equally
able to bring about a nonspecific reduction in inflammation [566]. Production of
NO, from whatever source (activated macrophages or B cells), is enhanced by
IFN-c and induces T cell apoptosis [567]. Although this may seem an ideal way to
downregulate inflammation (and would even mimic the �transient amplified loss’
[561] of the mathematical model before the apoptoic effect kicks-in), there is a fine
balance between protective and destructive autoimmunity, influenced primarily
by the extent of injury and genetic factors. In mycobacterial infection, for example,
IFN-c eliminates the responding T cells through induced apoptosis, an effect that
is abolished in transgenic mice lacking IFN-c. Macrophage depletion or iNOS
inhibition also abrogates the apoptotic T cell response, indicating a crucial involve-
ment of activated macrophages. Hence, during an immune response, or protec-
tive autoimmunity, a negative feedback loop maintains CD4+ homeostasis because
activated IFN-c-secreting T cells indirectly trigger their own apoptosis by activat-
ing (or engaging already activated) macrophages [568]. Contrasting with a success-
ful immune response to infection, EAE in IFN-c-knock out mice demonstrate
destructive autoimmunity, with CD4+ cell accumulation in CNS and spleen, and
ineffective elimination of self antigen [569]. As noted earlier, there is often a com-
plex balance between factors supporting Th1 and Th2 responses in immune reac-
tions, with differential effects on APC survival. IL-12 enhances survival of adher-
ent monocytes but IL-10 induces apoptosis. Monocyte apoptosis is dose-depen-
dent with IFN-c, but this requires IL-10 secretion [570]. Another important acti-
vated macrophage and T cell pro-apoptoic cytokine is TNF-a (as discussed else-
where). An intriguing candidate molecule for mediating protective autoimmunity
is IDO, which is induced in proinflammatory activated macrophages and some
DC sub-sets and a negative regulator of T cell clonal expansion [571]. Measures to
enhance protective autoimmunity could be of use in treating low-grade inflamma-
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tory neurodegenerative conditions but may be a high-risk strategy because ampli-
fying Th1 adaptive immunity could exceed a threshold where destructive autoim-
munity supervenes (more damage caused than prevented). The applicably of pro-
tective autoimmunity to acute (innate) damage limitation is even less clear. For
example, treatment with vaccinia virus complement control protein successfully
reduces cord destruction by inhibiting immediate inflammation and macrophage
recruitment [572]. Whether the resultant reduction of an adaptive Th1 response
has a later adverse effect on protective autoimmunity can only be guessed at.
Nevertheless, the concepts of protective autoimmunity and comprehensive immu-
nity appear consistent with the paradigm presented here. Of note, apoptosis and
corpse removal in Drosophila, and throughout mammalian ontogeny, might also
be reasonably described as �protective autoimmunity’. It is usually accomplished
rapidly, discretely, ultra-efficiently and without inflammation.

10.4
Summary and Conclusions: Towards Immune System Modeling and Therapeutics

The related concepts of innate tolerance and macrophages as major transducers,
integrators and effectors of microenvironmental stimuli have been developed as
part of a general paradigm exploring the functional inter-relationships of immu-
nologically active cells in peripheral tissues. In addition to the interactions of �pro-
fessional’ immune cells, account must be taken of the complex immunomodulat-
ing effects of proinflammatory and antiinflammatory activation of epithelial cells,
and of contributions from all other immunologically active cells that influence the
microenvironment, e.g., mast cells, endothelium and fibroblasts. Activated neu-
trophils in early acute innate inflammation may strongly prime the microenviron-
ment for a proinflammatory response, but even initial neutrophil recruitment and
responsiveness could depend ultimately on the presence of proinflammatory,
NFk-B-activated [2], IL-8-secreting, monocytes/macrophages [573]. Equally, in the
later stages of immune responses, phagocytosis of apoptotic neutrophils could tip
the balance back again towards �antiinflammation’. Thus, neutrophils when in
�proinflammatory mode’ may be viewed as �pre-amplifiers’ of a proinflammatory
input to the MDU, but when in �apoptotic mode’, may provide an input tending to
polarize the MDU away from proinflammation and towards antiinflammation
[243, 574]. Mechanisms of innate tolerance are of particular interest in tissues
resistant to inflammation such as brain (where microglia constitute the resident
macrophages) [575, 576] and the anterior chamber of the eye, where even minor
inflammation may be catastrophic. Application of the general paradigm to the
conditions discussed in detail is summarized in Figure 10.1. It may be seen that
in asthma as in SLE the polarity and balance of the adaptive T cell response deter-
mines several significant feedback effects on macrophages, thereby, in essence,
modulating macrophage (innate) effector function. Macrophages integrate innate
and adaptive inputs, but when the final phenotype is proinflammatory, macro-
phages themselves become major effector cells, capable of killing microbes and of
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damaging normal tissue. It appears that eosinophils, although essentially deriving
from secondary responses, may display a similar range of �classical’ and �alterna-
tive’ activated phenotypes as macrophages. The paradigm emphasizes sequential
events in the orderly development of immune activation and rests on the funda-
mental tenet that, in vivo, changes in the innate immune system, whether pro- or
antiinflammatory, both initiate and sustain changes in the adaptive immune sys-
tem. An inescapable corollary of the paradigm is that the environment, as first
filtered and modulated by epithelial barriers, must be the main determinant of
innate macrophage and DC phenotypes, whilst macrophages themselves com-
prise critical signal integrators and effector cells for both innate and adaptive
immunity, thereby effectively underpinning the whole gamut of subacute and
chronic immune inflammatory responses. DCs transfer groupings of putative
antigens to the adaptive immune system but for each individual DC the whole
group of �passenger’ antigens is carried to the T cell compartment under either a
proinflammatory or antiinflammatory �banner’. Importantly, a trickle of semi-
invariant antigen groupings, from normal cell turnover, carried under the antiin-
flammatory �banner’ will be translated into tolerogenic T cell responses, constitut-
ing an elegant system of continuous immune surveillance to distinguish �self’
from �non-self’. The system characteristically requires an environmental input to
bring about a change in polarity and this principle applies as much to autoimmu-
nity as infection. Cancer would be viewed as an exceptional case in that a failure
of immune surveillance allows a mismatch of antiinflammation (tumor tolerance)
with dangerous �altered self’. Apoptosis of all immunologically active cell types
will affect the balance of innate tolerance and immunity. The treatment of many
immunological diseases is simply to reduce proinflammation and/or increase
antiinflammation in the relevant microenvironment. However, in cancer the best
treatment may be to correct the mismatch and encourage tumor destructive proin-
flammatory responses.

Immunology has advanced largely on the basis of clinical observation in
humans and experimental data in animal models. Animal models are versatile
and can easily be manipulated both genetically and environmentally. As knowl-
edge advances, qualitative functional paradigms of the mammalian immune sys-
tem have become increasingly more sophisticated. Although new drugs can be de-
signed on the basis of such paradigms and tested initially in animal models there
may be distinct advantages to clinical immunology of attempting to develop math-
ematical models of the immune system. Qualitative models, which have become
too complex to be expressed meaningfully in words or diagrams, could better be
assembled into mathematical models and rigorously tested. Mathematical model-
ing is particularly useful to clarify the behavior of what is essentially a complex
compartmentalized system in which inputs, outputs, and feedback loops change
over time. Defining cell properties and processes mathematically excludes ambi-
guities and the model is constrained by the requirement for the properties of all
cell types and the system as a whole to accord with observational data, even to the
extent of explaining paradoxical data. All the major cell types and most influential
known bioactive molecules engaged in immune reactions must be represented
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and must mimic faithfully the behavior of the immune system in health and
diverse disease states, ranging from infection to autoimmunity and cancer.
Equally, such a model could have a role in drug development. It is particularly
exciting to contemplate that a mathematical model could evolve over time from
simple beginnings, almost like the very system it is modeling. Even now, gene
array studies are starting to describe the probability of individual gene expression
mathematically [577]. Mathematical modeling is being applied to the interpreta-
tion of DNA microarrays, intracellular signaling pathways, specific diseases [578]
and some aspects of immune cell function and interactions [579]. However, a
�working’ computerized model of the whole mammalian immune system remains
a dauntingly ambitious project. It necessarily depends on close collaboration be-
tween immunologist and mathematician and on the application of inductive rea-
soning to complex experimental data, as in the new specialities of proteomics and
bioinformatics. Overall, mathematical modeling should facilitate a better under-
standing of the convoluted checks and balances of the mammalian immune sys-
tem and its disruption in disease, a prerequisite for more focused and effective
treatments of immune disorders. The paradigm presented here is offered as a
small step towards that goal.
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11
Polymorphonuclear Neutrophils as Antigen-presenting Cells
Amit R. Ashtekar and Bhaskar Saha

11.1
Introduction

Polymorphonuclear neutrophils (PMN) play a fundamental role in the innate arm
of the immune response. Their role as effective phagocytic scavengers is well
documented and constitutes an important mechanism of primary host defense.
They make up about two-thirds of peripheral blood leukocytes, with approximately
1.0 � 1011 cells being produced daily by normal adults [1]. PMN are absent from
uninfected, uninjured, �healthy’ tissues and are the first cells to migrate and mas-
sively infiltrate the injured or pathogen-invaded tissue [2]; their migration is
guided by chemotactic stimuli, which marks the initiation of inflammation. PMN
entry into the tissue is controlled by dynamic interaction between adhesion mole-
cules like integrins, selectins and immunoglobulins, expressed by PMN and the
endothelium [3]. PMN maintain a formidable defense system against bacterial
invaders and their principal role in an inflammatory immune response is the
acute phagocytic clearance of foreign pathogens, through the generation of reac-
tive oxygen intermediates and the release of pre-formed lytic enzymes and inflam-
matory mediators [4]. In keeping with this view PMN were generally believed to
be terminally differentiated cells lacking the ability to synthesize proteins and
playing only a passive role through phagocytic clearance of pathogens (Figure
11.1). Only in recent years is the role of PMN in antigen processing and presenta-
tion being given a shape.

Since research on the molecular nature of antigen processing and presentation
during 1970s and 1980s was carried out primarily on B cells, macrophages and,
later, on dendritic cells, the role of B cells, dendritic cells (DCs) and macrophages
as professional antigen presenting cells (APCs) – capable of inducing efficient pri-
mary T cell-mediated immune response to foreign antigens – is well documented
and accepted. DCs are the most specialized APCs, inducing T cell activation after
antigen capture and migration in the regional lymph nodes. Thus, they are pro-
posed to be the initiators of immune responses to foreign antigens [5]. They are
also considered to be key players in the induction and maintenance of autoim-
mune reactions [6]. Similarly, macrophages are designed to function as potential



APCs as well as efficient phagocytic killers [7]. Also, B cells bearing the antigen-
specific receptors in the form of immunoglobulins can capture antigens directly
and present to T cells. In this scenario neutrophils have received much less atten-
tion and have never been viewed as inducers of T cell response. Basically, the need
to change the view towards neutrophils never become evident till some discrete
and scattered reports, though not directly, pointed towards the prominent role
that neutrophils can play in the afferent limb of the immune response.

Interestingly, research accumulated over the past several years have revealed a
novel role of PMN in various infectious and autoimmune diseases, thus raising
their caliber from a mere servile phagocyte to dominant inducers of a T cell depen-
dant immune response [8]. PMN exhibit most of the parameters that categorize a
particular cell as a prominent contributor towards the adaptive immune response.
PMN contribute significantly to the inductive limb of the immune response by
modulating both cellular and humoral immunity, particularly by the production
of various immunoregulatory cytokines [9]. The ability to respond to and secrete
various cytokines endows PMN with the ability to dictate a specific Th subset pro-
motion or modulate the cell pool at the site of infection and thereby the disease
outcome. Additionally, the potential role of PMN to directly influence the induc-
tive phase of an immune response was established when it was shown that granu-
locyte-macrophage colony stimulating factor (GM-CSF), IFN-c and IL3 induced
the expression of major histocompatibility complex (MHC) class II molecules on
PMN [10]. Corroborating these findings were reports showing the expression of
co-stimulatory molecules and the capacity to process and present antigens to
T cells in MHC class II restricted manner. Though the ability of PMN to act as an
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Figure 11.1 Earlier concepts about the
functions performed by polymorphonuclear
neutrophils (PMN). According to this early
concept, PMN are terminally differentiated,
transcriptionally inactive cells. The primary
functions are phagocytic clearance of the
antigens, foreign pathogens and tissue

debris. The preformed mediators in the
neutrophilic granules are released upon
activation and kill pathogens extracellularly,
induce chemotaxis of different blood cells,
and host-tissue destruction in the case of
exaggerated or prolonged activation.



APC might not be comparable with professional APCs, their existence in large
numbers can contribute significantly towards the total antigen presentation.
Moreover, the findings that immediate precursors of end stage neutrophilic PMN
can be reverted in their functional maturation program and driven to acquire the
features of DC, which are more potent APCs [11, 12], define a new aspect of how
PMN can modulate antigen presentation. Compared with the well-acclaimed het-
erogeneity of macrophages and dendritic cells that contribute to the differential
regulation of immune responses, the existence and purpose of PMN heterogene-
ity [13, 14] remains largely unknown, but has the potential to shed light on the
variable role of neutrophil subsets in various diseases. PMN can also interact with
other tissue histiocytes [15, 16], thus altering their effector functions and contri-
buting towards the final T cell response. Another fundamental aspect of neutro-
phils is their capacity to migrate, allowing them to exert a continuous surveillance
for incoming antigens in almost all body tissues and a prompt report to T cells in
secondary lymphoid organs.

Despite the controversy that surrounds the role of PMN as inducers of T cell
response, enough evidence exists to positively propose a novel role for them. This
chapter tackles a still debatable but definitively maturing concept and is intended
to review the latest findings that support the concerned notion and provide expla-
nations to certain limitations, highlighting work that remains to be done. The
chapter is thus intended to help the reader to de-establish long held concepts
about the functions of neutrophils as mere scavengers and to develop a different,
novel perspective on them while appreciating their contributions as the �first line
of defense against invading pathogens’.

11.2
PMN as Antigen-presenting Cells

11.2.1
Basic Criteria of an APC for T Cells

To function as an APC, a cell needs to satisfy several criteria, including the capac-
ity to collect and cleave antigens, generate antigenic determinants, form stable
complexes of the peptides with MHC class I/ II molecules and to express (consti-
tutive or inducible) co-stimulatory molecules (Figure 11.2). To guide T-cell differ-
entiation to a particular subset or phenotype, they also need to secrete cytokines,
creating a milieu conducive for T-cell differentiation. It is stated here that neutro-
phils satisfy all these criteria sufficiently to be regarded as APCs and inducers of
T cell dependent immune response.

41711.2 PMN as Antigen-presenting Cells
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11.2.2
Acquisition of Antigens

The efficiency of antigen capture is one of the major determinants of the level of
expression of antigenic peptides on class II MHC molecules [17] and is deter-
mined by (a) the presence of cell surface receptors, (b) clustering of those recep-
tors in invaginating endocytic regions, (c) the overall endocytic activity of cells,
and (d) the physical form of antigen, i.e., soluble versus particulate [18]. Although
particulate antigens are more pliable than soluble antigens when intracellular pro-
cessing is concerned, the overall recognition of exogenous antigens by class II
restricted T cells follow more complex rules. In addition, the concentration of the
MHC class II-antigen complexes that accumulate on the APC exposed to an anti-
gen depends on several factors: (a) the concentration of free antigen, (b) the effi-
ciency of antigen capture by APC, (c) the efficiency of processing, (d) the concen-
tration of class II binding molecules with available binding sites, and (e) the stabil-
ity of the complex. Although a defined comparison exists between the established
APCs and PMN in these regards, neutrophils can process and present soluble as
well as particulate antigens in a MHC class II restricted manner to T cells [19, 20].

Unassisted phagocytosis, macro-pinocytosis, and receptor-mediated antigen
uptake that also includes uptake of opsonized particles, all contribute to antigen
uptake by neutrophils (Figure 11.3). The phagocytic recognition of particles is me-
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Figure 11.2 An antigen-presenting cell (APC)
has to satisfy two minimum basic pre-requi-
sites. There are three basic requirements
that a cell needs to satisfy to be considered
as an APC. Besides expression of MHC
class-I expression, professional antigen-pre-
senting cells express MHC class-II mole-
cules. Besides MHC molecule expression,
the APC is also required to express co-stimu-
latory molecule and cytokines. The MHC
molecules bind the antigenic peptide, except-
ing superantigens that do not need to be
processed and are presented intact, and

present the antigen to T cell receptor (TCR),
forming a ternary complex. The ternary
complex formation results in the first signal
that initiates T cell activation and gene
transcription. The co-stimulatory receptors
on APC bind their respective ligands on
T cells to deliver the second signal to T cells
that results in either potentiation or
inhibition of the effects of the first signal.
Cytokines secreted by the APC are often
crucially important as they may modulate
the T cell differentiation further.
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diated in part by complement receptor 1 (CR1) (CD35) [21] and CR3 (CD11b/
CD18) [22], which recognize C3b and iC3b, respectively, and Fc-gamma receptor I
(FccRI) (CD64) and FccRIII (CD16), which bind the Fc portion of IgG molecules
[23]. PMN can modulate the expression of these molecules and can rapidly
increase, within 15min, the expression of CR1 and CR3, by up to 10-fold upon
exposure to chemotactic peptides [24, 25]. Additionally, human neutrophils
express a receptor that binds the C3d region of iC3b and C3dg and is distinct
from CR1, CR2, and CR3 [26]. Indeed, neutrophils may have a distinct and more
efficient antigen uptake mechanism than other non-professional APCs like eosi-
nophils or epithelial cells, which can confer more antigen presentation functions
upon them.

Under variable in vivo conditions any of these factors can become limiting and
can be compensated by increasing any of the others. Thus, a decrease in antigen
concentration can be compensated by increasing the concentration of class II mol-
ecules [27] or increasing the efficiency of antigen uptake or possibly by improving
the subsequent antigen processing. Indeed, antigen-specific B cells present anti-
gen to T cells at 103–104 times lower antigen concentration than do nonspecific
B cells [28]. As neutrophils can transcribe, translate and express MHC II mole-
cules on the surface only after appropriate stimulation [10] it seems that this con-
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Figure 11.3 Neutrophils can acquire anti-
gens by several different mechanisms. PMN
are highly active phagocytes. As a result, the
antigens are often phagocytosed unassisted
and, sometimes, as an opsonized complex.
In the latter mode, the antigens are com-
plexed with the antibody or a soluble protein
like C3b, and the complex is recognized by
respective receptors on the PMN surface.
Once the complex binds to the receptor in
sufficient number, they are internalized and

degraded. The other pathway is direct
receptor mediated endocytosis, where an
antigen binds directly to its receptor on the
PMN surface and is endocytosed. Another
characteristic feature of PMN antigen
acquisition is extracellular proteolysis. Like
immature dendritic cells, PMN secretes
metalloproteinases that cleave extracellular
proteins and the resulting peptides are often
internalized and presented.
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dition may be limiting. Therefore, an immense capacity of neutrophils to collect
antigens by various means may be viewed as compensatory mechanisms for their
low MHC class II expression.

The effectiveness of MHC class II antigen presentation is extremely dependent
on the quantity of antigen delivered to the processing compartment [17, 18]. Only
small amounts of antigen will be acquired by fluid phase endocytosis unless the
local concentration of antigen is high. While phagocytosis provides a large source
for particulate materials, receptor-mediated uptake is critical for non-particulate
soluble antigens. The ability of cells to use antibodies to facilitate antigen acquisi-
tion is most relevant. By constructing a fusion protein that targets prostate specific
antigen (PSA) to FccRI on antigen presenting cells it has been shown that PSA
was internalized and processed by the human myeloid THP-1 cell line, resulting
in presentation of MHC class I-associated PSA peptides and lysis of THP-1 by
PSA-specific human CTL [29].

Because PMN are the prototypical innate immune cell, and toll-like receptors
(TLRs) are the archetypal innate immune pattern recognition receptors, many
researchers have reported an important role of TLRs in modulating the neutrophil
function [30–32]. Human neutrophils express most of the TLRs so far described:
TLRs 1, 2, and 4–10 [33]. Upon binding to respective ligands, these receptors on
PMN signal to regulate the rate of phagocytosis, IL-8 production, chemotaxis in
response to IL-8, shedding of l-selectin from their surface and priming for
N-formylated-methionine-leucine-phenylalanine peptide (fMLP)-mediated super
oxide production [33]. Interestingly, TLR-2 internalizes antigens for presentation
to T cells [34] and this describes how TLRs can potentiate a cell like neutrophil, so
far conceived to have functions only in innate immunity, to act as an inducer of
T cell immunity. This also describes a very novel and direct mechanism whereby
TLRs can link innate to adaptive immunity. Though TLRs can modulate various
functions in different cells, they themselves are under the control of different
modulators [35], implying the existence of a well-coordinated functional loop
whereby appropriate immune homeostasis is preserved even in the face of dis-
turbing antigenic challenges. Therefore, at the site of infection, TLRs help prepare
neutrophils to better combat the intruders in balanced fashion.

11.2.3
Antigen Processing

Antigen processing refers to the multiple biochemical and cellular events that
occur within APCs that result in proteolytic degradation of antigens, association
of the fragments with MHC molecules, and expression of the peptide-MHC mole-
cules at the cell surface where they can be recognized by the T cell receptor on a
T cell. The generation of appropriate epitopes is crucial and requires limited pro-
teolytic processing to generate appropriate peptides for binding to MHC mole-
cules [36]. This process requires intricate orchestration and interplay among
MHC class II molecules, the associated chaperon termed Ii (invariant chain), anti-
genic peptides and acidic proteases [cathepsins (Cat)] residing within endosomal
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compartments. Various proteolytic enzymes – including cysteine, aspartic and ser-
ine proteases, and metalloproteases – reside in the endocytic pathway of most cell
types. Those prevalent in APCs are the aspartic protease Cat D and the cysteine
proteases Cat B, F, L, S and Z, and asparaginyl endopeptidase (AEP) [37].

Identification of the proteases involved in degradation of endocytosed antigens
and Ii has been a matter of intense investigation. Proteolytic enzymes secreted by
neutrophils include cathepsins B, D, S, G, etc. [38, 39]. But it seems that there is
much redundancy in the functions of cathepsins. Indeed, even in the absence of
CatB and CatD, MHC class II processing can function normally [40]. This points
to the fact that neutrophils and other APCs may have yet undiscovered enzymes
that function actively in antigen processing to generate immunogenic (and/or tol-
erogenic) epitopes. Conversely, the regulation of endosomal protease activity
through the activity of inhibitors also plays an important role in modulating the
endosomal environment. The modulation of these parameters in neutrophils may
explain the variation among the capacity of individual subsets to process and pres-
ent antigens in different experimental situations. While GM-CSF and IFN-c
induce the expression of MHC class II molecules in PMN, IFN-c up-regulates
CatS [37], which is highly expressed in APCs and plays a key role in processing Ii
in human B cells [41]. This proves that cytokines have a multi-dimensional role to
play in modulating the APC functions. As TLRs have been increasingly implicated
as active linkers of innate and adaptive immunity [34], signaling through them
may also be linked to the expression of proteases, whereby TLRs may up- or
down-regulate specific proteases or inhibitors of proteases, depending upon the
ligand detected.

Current knowledge on antigen processing is based on (a) the use of inhibitors
of different proteases, (b) localization of enzymes to particular cells and sub-cellu-
lar compartments, and (c) attempts to reconstruct antigen (and invariant chain)
processing in vitro with defined proteases [18]. Depending upon the presence and
localization of appropriate proteolytic enzymes in a particular APC, an entirely dif-
ferent degradative scheme of proteolytic cleavages could occur, thus generating
either a variety or, more appropriately, unique antigenic determinants. Among
various factors that regulate the generation of antigenic determinants, proteases
play the most important roles. In certain cases, a crucial first step may involve a
single cathepsin and thus allow the processing of diverse determinants on a mole-
cule. As shown for AEP, it carries out the rate-limiting cleavage during the pro-
cessing of microbial tetanus toxoid C fragments [42]. This variable presence of
degradative enzymes thus explains the heterogeneity in antigen processing sys-
tems. Indeed, neutrophil derived cathepsins and gelatinases are reportedly
involved in generating neo-epitopes that can be candidates for presentation to
T cells [43, 44].

The processing of soluble antigens, like tetanus toxoid (TT), needs the presence
of specific proteases and precise access to generate efficient antigenic determi-
nants. In fact, neutrophils are capable of inducing proliferation of TT-specific
T cells [19]. Proliferation of only CD4+ (not CD8+) T cells was induced, and only
with autologous but not heterologous PMN. Three hours of contact with exogen-
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ous TT was sufficient to induce proliferation of TT-specific T cells provided that
the PMN had been pre-incubated with IFN-c and GM-CSF. Therefore, with the
use of TT it was demonstrated that PMN can process protein and present it as
peptides. To the contrary, in a different study, activation of human T cells by MHC
class II expressing neutrophils was not observed with TT [20]. However, the nega-
tive finding might be due to any one or all of the following factors. As it has been
shown that the expression pattern of MHC class II molecules is donor and subset
dependent [10], the antigen processing cascades may also vary accordingly. Addi-
tionally, the generation of determinants depends not only on protease specificity
but also by protease accessibility and effective presentation requires a balance be-
tween generation and destruction of T cell determinants. Sometimes certain
potential determinants fail to gain the opportunity to address T cells. In this case,
the concept of dominant and cryptic determinants can be called into question. A
dominant T cell determinant induces a strong T cell response and, conversely,
cryptic determinant makes little impact on the immune response, either to induce
anergy or tolerance, unless its display is up-regulated. Though neutrophils may be
able to process TT, they may not be able to generate dominant determinants, due
to which T cell proliferation is not initiated. Though this could rely on many fac-
tors, in the case of neutrophils with extreme degradative capabilities, it seems that
excessive processing of antigens may lead to enzymatic destruction of determi-
nants; in other words, in certain conditions, the half-life of the antigenic determi-
nants generated in PMN can be too short to form the complex with MHC-II and
subsequent presentation to T cells.

During such situations where certain peptides are not presented by neutrophils
another route of antigen presentation can become pre-eminent. DCs have pro-
teases and peptide-receptive MHC molecules – H-2M or HLA-DM – all together at
the cell surface, suggesting that these cells are able to present antigens by direct
binding at the cell surface [45]. The fact that neutrophils exhibit intracellular as
well as surface expression of MHC class II molecules after culture with IFN-c
GM-CSF and IL-3 [10] and also posses a wide array of extracellular as well as intra-
cellular proteases [18, 37, 46] suggests that neutrophils might also be able to pres-
ent antigens by direct binding at the cell surface without the requirement for
internalization and endosomal processing. In fact, recombinant expression of
HLA-DR and HLA-DM at the cell surface is sufficient for efficient surface binding
and presentation of peptides in transfected COS-7 cells [47]. Additionally, neutro-
phils may partly contribute or reciprocate to DC or B cells by either processing
antigens extracellularly or presenting the antigens processed by other cells. This
mode of antigen processing and presentation may assume a crucial importance in
different disease conditions like autoimmune diseases.

Extracellular proteolytic enzymes play a major role in pathogenesis of most
autoimmune diseases [44, 48–50] and various physiological and pathologic phe-
nomena, such as leukocyte migration, bone resorption and cancer cell metastasis
[51–56]. Matrix metalloproteinases (MMPs) are a host cell-derived proteolytic
enzyme family that degrades the extracellular matrix. The proteolytic activities of
matrix metalloproteinases as well as their inhibitors are important in maintaining
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the integrity of the extracellular and MMPs are increasingly being implicated in
the pathogenesis of several autoimmune diseases [57]. Immune mechanisms dif-
fer from one autoimmune disease to another. In many, including multiple sclero-
sis, it appears that the specific immune system (T-cells and B-cells) are targeting
antigens derived from the body’s own tissue. Neutrophil-derived MMPs have a
great impact on the generation of unique extracellular antigenic determinants in
various autoimmune diseases. It is produced mainly by neutrophils but is also
produced by various other blood-derived cell types, e.g., monocytes, macrophages,
eosinophils, and leukemic cells [58, 59]. Of those enzymes, MMP-2 (gelatinase A)
and MMP-9 (gelatinase B), also called type IV collagenases or gelatinases, are
related enzymes that break down type IV collagen. Increased levels of expression
of MMP-9 and MMP-2 have been observed in Alzheimer’s disease, stroke, multi-
ple sclerosis, acute respiratory distress syndrome and amyotrophic lateral sclerosis
[60–63]. Demyelination is the major underlying factor responsible for the symp-
toms of multiple sclerosis [56], which causes the destructive removal of myelin, an
insulating and protective protein that covers neurons, and MMPs could be respon-
sible for the influx of inflammatory mononuclear cells into the central nervous
system, contribute to myelin destruction and disrupt the integrity of the blood–
brain barrier.

Immature DC have a more potent capacity to generate MMPs and have been
implicated in many autoimmune and demyelinating diseases [45]. As neutrophils
trans-differentiate to and acquire DC like characteristics [11, 12], in this way they
may be more potent in synthesizing MMPs and this could explain another mecha-
nism by which neutrophils can add to extracellular antigen processing. Indeed,
ultraviolet (UV) irradiation increases expression of MMP-8 in human skin in vivo,
an increment associated with infiltration into the skin of neutrophils, which are
the major cell type that expresses MMP-8 [64, 65]. Additionally, UV preferentially
induces the recruitment of memory CD4+ T cells in normal human skin [66],
which can now interact with neutrophils and initiate an immune response. Apart
from the UV-induced effects of the APC on Th cells, it was shown that specific
macrophage functions, like phagocytosis and killing of intracellular organisms,
were impaired [67]. Thus, in these situations where localized APC are impaired of
the basic functions of antigen presentation, neutrophils can compensate the loss
in immune functions and initiate a T cell response [8].

Despite the apparent segregation of the class I and class II pathways, antigens
from intracellular pathogens, including Mycobacterium spp., Escherichia coli, Sal-
monella typhimurium, Brucella abortus and Leishmania spp., elicit an MHC class-I-
dependent CD8+ T-cell response, a process referred to as cross-presentation [68].
Neutrophils process phagocytosed bacteria via an alternative MHC-I antigen-pro-
cessing pathway that allows MHC-I presentation of peptides derived from the bac-
teria to CD8+ T cells [68, 69]. This alternative antigen-processing pathway starts
with phagocytosis of exogenous antigens because cytochalasin D, an inhibitor of
phagocytosis, inhibits the processing. Unlike the classical MHC I antigen-process-
ing pathway, lactacystin, a proteasome inhibitor, or brefeldin A, which blocks ante-
rograde transport from the endoplasmic reticulum through the Golgi apparatus,
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do not affect this alternative antigen processing. Therefore, it was proposed that
neutrophils phagocytose bacteria and either process them wholly in the vacuolar
compartments or deliver the exogenous antigens from vacuolar compartment to
the cytosol for further processing. But the continued processing of bacterial anti-
gens by neutrophils in conditions that block cytosolic processing indicates that
alternative MHC-I antigen processing by neutrophils occurs by vacuolar mecha-
nisms. Additionally, neutrophils and macrophages are both capable of alternative
MHC-I processing and presentation, but neutrophils are more efficient than
macrophages at the same titer [68]. This can be explained by the extensive phago-
cytosis, microbicidal functions and high catabolic capabilities of neutrophils over
macrophages.

Another way by which neutrophils can aid antigen presentation was observed
when they were shown to regurgitate peptides after initial processing, and can
thus directly or indirectly boost antigen presentation [68, 69]. Regurgitated pep-
tides can contribute to direct antigen presentation by binding to MHC-I molecules
on neutrophils themselves or in an indirect manner by delivering peptides onto
MHC class I or even class II molecules of other APCs, thus affecting different
stages of T cell responses like amplification of CD8 responses or affecting the
longevity of memory T cells.

11.2.4
Expression of MHC Class I/II and Co-stimulatory Molecules

Being educated how to distinguish between self and non-self, T cells leave thymus
and detect antigens displayed in context with MHC molecules on APCs in the per-
iphery. Class I MHC molecules are expressed constitutively on almost all
nucleated cells of the body, while constitutive expression of class II molecules is
restricted to certain cells of the immune system – B cells, macrophages and DC –
although expression of class II MHC may be induced on other cell types at sites of
inflammation. According to the binary logic of antigen presentation, the path
leading to the association of protein fragments differs for MHC class I and class
II molecules [70]. Though alternatives exist, conventionally, MHC class I mole-
cules present degradation products derived from intracellular (endogenous) pro-
teins in the cytosol and MHC class II molecules present fragments derived from
extracellular (exogenous) proteins that are located in an intracellular compart-
ment.

Neutrophils express MHC class I molecules and present endogenous antigens
to CD8+ T cells. Additionally, as stated earlier, they can also present exogenous
antigens via alternative routes of presentation [68, 69]. Constitutive expression of
MHC class II antigens and of the co-stimulatory receptors CD80 and CD86 is
restricted to professional antigen presenting cells. Neutrophils of healthy donors
are reported to be negative for those antigens. The appropriate constitutive and
inducible expression of class II MHC antigens is essential for normal immune
function; thus, unsurprisingly, an aberrant expression on cell types normally class
II MHC negative has been correlated with various autoimmune disorders, and
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lack of expression results in a severe combined immunodeficiency disorder called
bare lymphocyte syndrome (BLS) [71]. In a related study, however, in addition to
the other factors contributed by neutrophils, PMN of patients with active Wege-
ner’s granulomatosis acquired MHC class II antigens, thus implying their role in
autoimmune diseases [72]. Likewise, in rheumatoid arthritis synovial fluid neutro-
phils synthesize and express large amounts of class II MHC but not co-stimula-
tory molecules [73]. Therefore, in entirely contrasting situations where PMN
express only MHC class II molecules or both MHC class II molecules and co-sti-
mulatory molecules, the T cells may undergo anergy or be activated optimally,
respectively. This might underlie a novel interaction with T cells that is important
in terms of disease pathology. Indeed it has been shown that, during Ag presenta-
tion by monocytes to T cells, bystander PMN are induced to express class II mole-
cules. Recent studies have shown that neutrophils, when activated by the correct
combination of cytokines, can be induced to express cell surface MHC class II
(DR) antigen, CD80 (B7.1) and CD86 (B7.2) molecules, which are required for
antigen presentation and subsequent T-cell activation. Corroborating this fact are
results that demonstrated the expression of MHC class II molecules in PMN in
response to GM-CSF, IFN-c and IL-3 in order of descending efficiency [10].

Some possible explanations for the apparent lack of MHC class II expression
on neutrophils, as reported by some researchers, can be rendered. Primarily,
PMN expressing class II molecules ranged from as low as 13% to a high of 72%
[10]. Similarly, the number of MHC class II molecules per cell on PMN ranged
from 3313 to 15 713. These findings suggest that MHC class II distribution varies
in different individuals and the failure in obtaining class II expression in some
experiments may partially be attributed to the sensitivity of the detection system
used. A different study, examining the effect of neutrophil isolation on MHC class
II expression, found that cell surface expression of MHC class I and class II mole-
cules is dramatically reduced on neutrophils after purification [74]. The level of
expression of MHC class I antigens is seasonal and donor-dependent and rapidly
decreases after in vitro culture despite negligible necrosis and apoptosis of neutro-
phils. Although treatment with IFN-c partially prevents the loss of MHC class I
molecules on neutrophils, it is relatively inefficient to induce MHC class II anti-
gens. The unique in vivo conditions at the site of infection may be more conducive
for MHC expression on neutrophils and that the expression seems to be more
stringent and regulated.

Another way by which PMN can gain MHC class II molecules and thus partici-
pate in direct antigen presentation in a class II-restricted manner is through
trans-differention to either DC or macrophages [11, 12, 75]. Trans-differentiation
involves cells of a specific lineage and committed to a phenotype, altering their
functional as well as phenotypic traits and finally leading to a different cell type.
Various reports confirm the capacity of pre-end stage neutrophils to trans-differ-
entiate. Highly purified lactoferrin-positive, immediate precursors of end-stage
neutrophilic PMN (PMNp), can be reverted in their functional maturation pro-
gram and driven to acquire characteristic DC features (Figure 11.4). Upon culture
with the cytokine combination GM-CSF, IL4 and TNF-a, they develop DC mor-
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phology and acquire molecular features characteristic of DCs. These molecular
changes include neo-expression of the DC-associated surface molecules – CD1a,
CD1b, CD1c, human leukocyte antigen (HLA)-DR, HLA-DQ, CD80, CD86, CD40,
CD54, and CD5 – but down-regulation of the markers of other lineages, e.g.,
CD15 and CD65s. Additional stimulation with CD40 ligand also induces expres-
sion of CD83 and augments CD80, CD86, and HLA-DR expression. Neutrophil-
derived DCs are potent T cell stimulators in allogeneic, as well as autologous,
mixed lymphocyte reactions, whereas freshly isolated neutrophils are unable to do
so. In addition, neutrophil-derived DCs are at least 10 000 times more efficient
than freshly isolated monocytes in presenting soluble antigen to autologous
T cells. Also, in functional terms, these neutrophil-derived DCs thus closely
resemble “classical” DC populations.

Neutrophils can also be trans-differentiated into monocytes [75]. It is generally
recognized that post-mitotic neutrophils give rise to polymorphonuclear neutro-
phils alone. Nonetheless, a lineage switch of human post-mitotic neutrophils into
macrophages in culture has been demonstrated. When the CD15+CD14– cell pop-
ulation, which predominantly consists of band neutrophils, was cultured with
GM-CSF, TNF-a, IFN-c IL4 and subsequently with macrophage colony-stimulat-
ing factor (M-CSF) alone, the resultant cells had morphologic, cytochemical, and
phenotypic features of macrophages. In contrast to the starting population, these
cells are negative for myeloperoxidase, neutrophil-specific esterase, and lactofer-
rin, and they up-regulated non-specific esterase activity and the expression of the
receptor for M-CSF, mannose receptor, and HLA-DR. CD15+CD14– cells pro-
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Figure 11.4 Neutrophils can be trans-differ-
entiated to macrophages (mono-mac cells)
and dendritic cells. The lactoferrin receptor-
positive PMN precursors that belong to
“granulocyte lineage” can be differentiated
to cells of “myeloid lineage” such as

monocyte-macrophages and dendritic cells.
Since this phenomenon, termed trans-
differentiation, results in cells that are much
more potent as antigen presenting cells, the
phenomenon is of crucial significance in the
elicitation of T cell responses.
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ceeded to macrophages through the CD15–CD14– cell population. Macrophages
derived from CD15+CD14– neutrophils had phagocytic function. Therefore, in
response to cytokines, post mitotic neutrophils can become macrophages and this
may serve as an alternate route for neutrophils trans-differentiation.

The factors that regulate neutrophil activation and trans-differentiation to DCs
or mono-mac cells can also regulate their life span. PMN are considered to be
short-lived cells that undergo spontaneous apoptosis if not appropriately stimulat-
ed. Granulocyte apoptosis is now acknowledged to have a critical role in the pro-
gression of inflammatory responses. Granulocytes are preprogrammed to die
with important physiological mechanisms for non-inflammatory clearance. Shut-
down of secretory capacity represents an important aspect of the program of bio-
chemical events that accompany neutrophil apoptosis together with surface mo-
lecular changes that serve to identify apoptotic cells as targets for phagocytic
removal. In contrast to necrosis, apoptosis provides a granulocyte clearance mech-
anism that would tend to limit tissue injury and promote resolution, rather than
persistence, of inflammation [76]. The control of neutrophil turnover in the circu-
lation is a key event in homeostasis and inflammation. Various cytokines modu-
late neutrophil apoptosis and can be viewed as a strategy to modulate the antigen
presenting function of neutrophils. In order that neutrophils can present antigens
it becomes necessary that they be long lived so that they can acquire necessary
surface molecules, process and present antigens. Cytokines detected in the circu-
lation during sepsis like TNF-a, IFN-c, granulocyte colony stimulating factor
(G-CSF), GM-CSF inhibit neutrophil apoptosis while IL-10 counteracts inhibition
of neutrophil apoptosis induced by LPS, TNF-a, IFN-c, G-CSF and GM-CSF,
whereas IL-4 or IL-13 are ineffective [77–79], thus associating the prolonged life
span of neutrophils with the inflammatory conditions, which are counteractively
regulated by the anti-inflammatory cytokines like IL-10 and TGF-b. The prolonged
life span is important in that it can give neutrophils a better chance to interact
and present antigens to T cells.

11.2.5
Delivery of Second Signal

Although antigen-receptors are able to recognize a wide array of antigens, this
alone provides very little information about the context in which these antigens
exist – whether they arise from pathogens or whether they are self-antigens.
Therefore, although antigen-specific signals are required, a second co-stimulatory,
which adds an additional layer of regulation, is necessary (Figure 11.5). Thus, sig-
nal 1 is generated by interaction of an MHC-antigenic peptide complex with the
TCR-CD3 complex. The interaction of CD28 with one of the B7 molecules (CD80
[B7.1] and CD86 [B7.2]) on professional APCs is generally considered as the most
important co-stimulatory signal for T cell activation. APC in a resting condition
express either no or only low levels of B7 molecules and are up-regulated as a
result of interactions with microbial products or inflammation. These cellular in-
teractions, which occur in the specialized microenvironment of secondary lym-

427



11 Polymorphonuclear Neutrophils as Antigen-presenting Cells

phoid tissue, are critical for IL-2 production and activation of na�ve T cells. Funda-
mentally, these co stimulatory interactions serve the following functions: they
strengthen TCR signals, promoting cell survival, proliferation and cytokine pro-
duction. Newer families of B-7 molecules are differentially expressed on various
APCs and can differentially modulate the initiation or perpetuation of the ongoing
immune response [80].

Surprisingly, in view of their important co-stimulatory activity, B7 molecules
are either not expressed or have only low expression levels on professional APC.
DCs in peripheral blood are CD80– and only weakly express CD86, but both mole-
cules are rapidly induced during culture [81]. Conversely, DC generated in vitro
from CD34+ precursors expresses CD80 earlier than CD86 in culture [82]. Human
peripheral blood monocytes constitutively express low levels of CD86 [83], while
CD80 is expressed on monocytes only after activation with IFN-c or GM-CSF, and
cross-linking of FcR on monocytes strongly inhibits the up-regulation of CD80
and CD86 with, as a functional consequence, severe impairment of the capacity to
function as antigen presenting cells (APC) and to stimulate T cell activation
[84, 85]. Resting human B cells are CD80– and, upon activation, CD86 appears
more rapidly than CD80 [86]. An important signal for induction or up-regulation
of B7 molecules on all three types of professional APC is the interaction of CD40L
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Figure 11.5 Several co-stimulatory mole-
cules are reported to deliver the second sig-
nal to T cells. Receptors on the APC and their
respective ligands on T cells are listed here.
Of all these ligands on T cells, some deliver
positive co-stimulation (dark shading) while
some deliver negative co-stimulation (no
shading). While positive co-stimulation

potentiates the TCR-driven activation of
T cells, negative co-stimulation suppresses
the first signal. Therefore, the observed T cell
activation is often a resultant effect of both
signals. Details of how these three signals
are quantitatively and qualitatively inter-
related to induce the observed T cell function
are yet to be deciphered.
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on activated T cells with CD40 on the APC [87]. Thus, in infection where these
cells limit the expression of co-stimulatory molecules, neutrophils have a fair
chance to act as APCs and influence the immune response.

Therefore, to be a complete APC, neutrophils will have to express B7 or similar
molecules, serving the same function. As studies have shown that B7-CD28 sig-
naling is not as effective at regulating effector and memory T cell responses [88],
the newer B7 molecules can act as additive regulators of T cell response. Indeed a
study by Windhagen et al. has demonstrated that peripheral blood PMN express a
CD80-like molecule that interacts with CD28, regulating T-cell function [89].
CD80 mRNA is expressed in bone marrow cells and lipopolysaccharide (LPS)-
stimulated but not in unstimulated PMN. The CD80-like molecule is localized to
the cytoplasmic granules and translocated to the cell surface after stimulation
with LPS or IL-12 in some donors. CD80-like molecules can interact with func-
tional B7 ligand and might be important in the immunobiology of PMN. The
expression of CD80 on APCs requires external stimuli and is tightly regulated.
CD80 appears on B cells and monocytes about 2 days after stimulation and is,
therefore, thought to influence the later stages of the immune response. Conse-
quently, surface expression of CD80 on PMN may be of biological significance
when under optimal in vivo conditions survival is prolonged, particularly at the
site of inflammation. Because surface expression of the CD80-like molecule was
only detected in the sub-acute phase of bacterial meningitis it can be hypothesized
that other cells, possibly in combination with other factors like LPS, are important
to induce the translocation of CD80 molecules to the cell surface [89]. Further-
more, the surface expression of CD80-like molecules might reflect the age or
maturation phases of PMNs during chronic inflammation.

The co stimulatory signal can be delivered by interaction of either CD80 or
CD86 expressed by antigen-presenting cells with CD28 on the T cells. Comparison
of the function of CD80 and CD86 in different experimental animal systems gen-
erated conflicting data on the roles of the co-stimulatory molecules. Therefore, it
was investigated whether there are differences between CD80 and CD86-mediated
co-stimulation in an alloantigen-specific primary T cell response induced by B7-
transfected human cell lines of epithelial origin. Both transfected keratinocyte cell
lines efficiently induce T cell proliferation and the ratios of stimulator versus
responder cells are similar. The kinetics of proliferation and IL-2, IL-4 and IFN-c
production are also comparable between both transfectant lines. However, despite
equal B7 expression levels, the CD80-induced T cell proliferation was consistently
higher in magnitude than that of CD86 [90]. Comparison of precursor frequencies
of helper T lymphocytes responsive with either CD80 or CD86 revealed that the
frequency of CD80-responsive T cells was higher than that of CD86, and that the
frequency of cells activated by a combination of CD80 and CD86 did not differ sig-
nificantly from that of CD80 alone. Therefore, the constitutive expression of CD80
by neutrophils arguably has a more potent co-stimulatory function. Similarly,
CD80 but not CD86 expression was differentially modulated on interaction with
Candida yeasts or hyphae in both murine and human PMNs in vitro and in Can-
dida-infected mice [91]. This suggests that parasites may have evolved a functional
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strategy whereby it only modulates the host mechanism that may help its pro-
longed survival in the host.

In vitro, PMNs inhibit the activation of IFN-c-producing CD4+ T cells and
induce apoptosis through a CD80–CD28-dependent mechanism, which is against
the conventional idea of anti-apoptotic function of CD28 in T cells. Corroborating
these in vitro data, expansion of CD80 PMNs was observed in disseminated candi-
diasis in mice and their depletion increased the IFN-c-mediated anti-fungal resis-
tance [91]. By contrast, human neutrophils augment IFN-c secretion from T cells
[92]. Therefore, further studies are required to decipher the role of neutrophils in
delivering CD80– or CD86–-mediated co-stimulation because they might differen-
tially engage CD28 or cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4),
imparting different effector functions to T cells. Possibly, these phenotypically dif-
ferent subsets of neutrophils display characteristic profiles of co stimulatory mole-
cule expression and lead to differential Th-subset differentiation.

Modulation or intervention of T cell activation has been an attractive target for
the modulation of immune response, especially in the treatment of autoimmune
diseases and other immunological disorders. It is suggested that multiple mecha-
nisms contribute to CD28/B7-mediated T cell co-stimulation in disease settings
that include expansion of activated pathogenic T cells, differentiation of Th1/Th2
cells, and the migration of T cells into target tissues [93]. As neutrophils express
and up-regulate certain B7 molecules, they can act as potential targets in altering
the immune mechanisms.

11.2.6
Alteration in Cytokine Milieu

The cytokine milieu is of prime importance and has a multifactorial impact on
various cells, thus deciding the onset and course of the immune response. During
both acute and chronic inflammatory processes, various soluble factors are
involved in leukocyte recruitment through increased expression of cellular adhe-
sion molecules and chemo-attraction. Many of these soluble mediators regulate
the activation of the resident cells (such as fibroblasts, endothelial cells, tissue
macrophages, and mast cells) and the newly recruited inflammatory cells (such as
monocytes, lymphocytes, neutrophils, and eosinophils). Some of these mediators
resulting in the systemic responses to the inflammatory process fall into four
main categories: (1) inflammatory lipid metabolites such as platelet-activating
factor (PAF) and the numerous derivatives of arachidonic acid (prostaglandins,
leukotrienes, lipoxins), which are generated from cellular phospholipids; (2) three
cascades of soluble proteases/substrates (clotting, complement, and kinins),
which generate numerous pro-inflammatory peptides; (3) nitric oxide, a potent
endogenous vasodilator, whose role in the inflammatory process has only recently
begun to be explored; and (4) a group of cell-derived polypeptides, cytokines,
which to a large extent orchestrate the inflammatory response, i.e. they are major
determinants of the make-up of the cellular infiltrate, the state of cellular activa-
tion, and the systemic responses to inflammation [94] . Most cytokines are multi-
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functional. They are pleiotropic molecules that elicit their effects locally or sys-
temically in an autocrine or paracrine manner. Cytokines are involved in extensive
networks that involve synergistic as well as antagonistic interactions and exhibit
both negative and positive regulatory effects on various target cells. Several cyto-
kines play key roles in mediating acute inflammatory reactions, namely IL-1,
TNF-a, IL-6, IL-11, IL-8 and other chemokines, G-CSF, and GM-CSF. Of these,
IL-1 (a and b) and TNF are extremely potent inflammatory molecules: they are
the primary cytokines that mediate acute inflammation induced in animals by
intra-dermal injection of bacterial lipopolysaccharide and two of the primary med-
iators of septic shock. Chronic inflammation may develop following acute inflam-
mation and may last for weeks or months, and in some instances for years. Dur-
ing this phase of inflammation, cytokine interactions result in monocyte chemo-
taxis to the site of inflammation where macrophage-activating factors (MAF),
such as IFN-c, MCP-1, and other molecules then activate the macrophages while
migration inhibition factors (MIF), such as GM-CSF and IFN-c, retain them at
the inflammatory site. Cytokines known to mediate chronic inflammatory pro-
cesses can be divided into those participating in humoral inflammation, such as
IL-3–7, IL-9, IL-10, IL-13, and TGF-b and those contributing to cellular inflamma-
tion such as IL-1–4, IL-7, IL-9, IL-10, IL-12, IFNs, IFN-c-inducing factor (IGIF),
TGF-b, and TNF-a and -b.

Being the first candidates to appear and actively phagocytose intruders, neutro-
phils surely are the first line of defense against invaders. In addition, it has been
investigated whether these cells can activate both the humoral and cell mediated
branches of the immune system. It would also be very profitable to the overall
immune system if neutrophils can modulate functions of different immune cell
types, viz. T cells, NK cells, macrophages, etc., by the release of different cytokines
and, therefore, effectively modulate the subsequent adaptive immune responses.
The ability of neutrophils to serve as a cytokine source, in combination with their
large numbers in peripheral blood and the ability to rapidly migrate to a focus of
infection, suggest that PMN may be a key cell type in cytokine-initiated immune
system triggering. The immunoregulatory role of neutrophils in modulating T cell
subset selection has been proved in many experimental models. Neutrophils have
a profound impact on the outcome of the infection and help in mounting an
appropriate adaptive immune response. Indeed, PMN-rich cell populations of dif-
ferent types of activity are recruited in the mouse peritoneum after 2–3 h by glyco-
gen and thioglycolate and these cells produce factors capable of potentiating, en-
hancing, or suppressing responses to T- or B-cell mitogens by normal syngeneic
lymphocytes [95].

After phagocytosis, but not after exposure to LPS, the PMN progressively
release considerable amounts of IL-8 into the culture medium (18.6–50 ngml–1 in
18 h) [96]. This could be the very first task of neutrophils, as IL-8 acts in an auto-
crine manner and activate neutrophils, chemotactically attracting neutrophils and
T cells. Moreover, human neutrophils stimulated in vitro with IL-8 were found to
release granule-derived factor(s) that induce in vitro T cell and monocyte chemo-
taxis and chemokinesis. Together, the existing information now suggests that neu-
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trophils store and release, upon stimulation with IL-8 or other neutrophil activa-
tors, chemoattractants that mediate T cell and monocyte accumulation at sites of
inflammation.

The contribution of neutrophils to the early cytokine balance governing Th1
and Th2 cell development was examined in mice with candidiasis [97]. Neutro-
phils secreted IL-12 and IL-10, correlating with the respective development of self-
limiting (Th1-associated) and progressive (Th2-associated) disease. Exogenous
IL-12 was effective in protecting neutropenic hosts susceptible to infection, sug-
gesting that neutrophils, via their ability to release cytokines, play an active role in
determining the qualitative development of the T cell response and their early role
in anti-candidal immunity can be replaced by exogenous IL-12.

PMN recruited by the bacterium Actinomyces viscosus (AV) show their exclusive
effects on the T cell lymphocyte population, which indicate that PMN act on a
helper T cell population to enhance both proliferation and differentiation in lym-
phocyte populations [98]. A study by Appelberg et al investigated the participation
of neutrophils in the mechanisms of resistance during the immune phase of the
antimicrobial response to Listeria monocytogenes infection. BALB/c mice were
unable to express T-cell-mediated immunity to this pathogen in the absence of
granulocytes [99]. Again, this supports the view that neutrophils should be
included in the concept of cell-mediated immunity.

Various studies point towards the involvement of neutrophils in perpetuating
certain autoimmune diseases, predominantly by secreting cytokines and other
chemo attractants. Blood neutrophils can be stimulated to express and rapidly
release large quantities of oncostatin M [100]. This important cytokine is, propo-
sedly, released from neutrophils as they infiltrate rheumatoid joints and, thus,
contributes to the complex cytokine network that characterizes rheumatoid arthri-
tis. Additionally, synovial fluid neutrophils in rheumatoid arthritis express macro-
phage inflammatory protein 1 alpha [101]. Thus, through their production of var-
ious cytokines and constitutive chemokines they directly alter the behavior of lym-
phocytes that accumulate within chronically inflamed joints, leading to their inap-
propriate survival and retention.

In another study, peritoneal exudate polymorphonuclear neutrophils (PEC-
PMN) and mononuclear cells (PEC-MNC) were obtained from normal BALB/c
and from autoimmune MRL-lpr/lpr mice (lpr) with different disease severities.
The spontaneous and mitogen-stimulated expression of T-helper lymphocyte
type-1 (Th1) – represented by IFN-c and IL-2 – and T-helper lymphocyte type-2
(Th2) – represented by IL-4 and IL-10 cytokine mRNA in these cells was detected
[102]. The spontaneous expression of Th1/Th2 cytokine mRNA in PEC-PMN
from autoimmune mice was progressively increased in parallel with disease sever-
ity but was not changed by LPS stimulation. By contrast, spontaneous expression
of Th1/Th2 cytokine mRNA in PEC-MNC from these mice was progressively
decreased in parallel with disease severity but retained the responsiveness to phy-
tohemagglutinin stimulation. PEC-PMN from the autoimmune mice progres-
sively suppressed the production of IL-4, IL-10 and IFN-c whereas the production
of IL-2 was enhanced by autologous MNC in parallel with disease severity. These
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results suggest that a reciprocal relationship exists in the expression of Th1/Th2
cytokine mRNA between PEC-PMN and PEC-MNC in lpr mice in parallel with
disease severity. Autoimmune PEC-PMN can exert significant modulatory effects
on Th1/Th2 cytokine production by autologous MNC in stimulation. This study
thus points towards the differential role that neutrophils may play in various auto-
immune diseases.

Resistance and susceptibility to infection with the protozoan parasite Leishma-
nia major have been correlated with the sustained activation of parasite-reactive
CD4+ Th1 or Th2 cells, respectively. Early PMN infiltration at the site of infection
with L. major has been reported, with qualitative and quantitative differences be-
tween susceptible BALB/c and resistant C57BL/6 mice. The possible immunomo-
dulatory role of PMN in CD4+ T cell differentiation in mice was examined by
studying the effect of transient depletion of PMN during the early phase after L.
major delivery [103, 104]. A single injection of the PMN-depleting NIMP-R14 mAb
6h before infection with L. major prevented the early burst of IL-4 mRNA tran-
scription otherwise occurring in the draining lymph node of susceptible BALB/c
mice. Since this early burst of IL-4 mRNA transcripts had previously been shown
to instruct Th2 differentiation in mice from this strain, the effect of PMN deple-
tion on Th subset differentiation at later time points after infection was examined.
The transient depletion of PMN in BALB/c mice was sufficient to inhibit Th2 cell
development otherwise occurring after L. major infection. Decreased Th2
responses were paralleled with partial resolution of the footpad lesions induced by
L. major. The draining lymph node-derived CD4+ T cells from PMN-depleted mice
remained responsive to IL-12 after L. major infection, unlike those of infected
BALB/c mice receiving control Ab. The protective effect of PMN depletion was
shown to be IL-12 dependent, as concomitant neutralization of IL-12 reversed the
protective effect of PMN depletion. These results suggest a role for an early wave
of PMN in the development of the Th2 response characteristic of mice susceptible
to infection with L. major. Strange it is that depletion of PMN in BALB/c mice
infected with L. major hampered the development of a polarized Th2 response but
the same treatment did not significantly affect the development of a Th1 response
in resistant (C57BL/6) mice. These findings corroborate the idea that PMN could
play an early role in the induction of the Th2 response that develops in BALB/c
mice following infection with L. major. Two cytokines, IL-10 and TGF-b, which are
secreted by murine neutrophils, could potentially play such an inhibitory role.
Both cytokines have been reported to counteract IL-12-mediated effects in Th dif-
ferentiation.

A possible immunomodulatory role for neutrophils in the protective mecha-
nisms against Mycobacterium tuberculosis is supported by the fact that mouse neu-
trophils secrete several cytokines, such as IL-1a/b, IL-6, IL-10, IL-12, and TNF-a
[106, 107]. Several of these cytokines are known to modulate the expression of
IFN-c, which is a key cytokine in the host defense mechanisms against M. tuber-
culosis in the mouse [108]. A second major component of the protective response
is the macrophage product, nitric oxide. This molecule is required to create a toxic
environment within the infected macrophage and depends on the enzyme iNOS
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for its production. In turn, the expression of iNOS is highly dependent upon IFN-
c expression [109]. Interestingly, the neutrophil-depleted mice expressed less
mRNA for IFN-c early during depletion (day 3), and the loss of this IFN-c resulted
in reduced expression of iNOS mRNA later (day 7). These observations clearly
suggest that the presence of neutrophils in the infection foci is important for the
early production of IFN-c and that the decreased production of IFN-c in neutrope-
nic mice affects the nitric oxide-mediated anti-mycobacterial activity of infected
macrophages.

Thus, neutrophils can make unique contributions to modulation of T cell prolif-
eration and differentiation. Direct or indirect contributions by neutrophils could
allow enhanced presentation of antigen and thus subsequent activation of T cells.
In view of the above findings, PMN should be considered not only as active and
central elements of the inflammatory response, but also as cells that, through
cytokine secretion, may significantly influence the direction and evolution of the
immune processes.

11.3
Evolution of Newer Thoughts as PMN March to a Newer Horizon

The concept of neutrophil as a phagocytic cell long remained stagnant in the
framework of immune response. Suddenly, assisted by several key observations
on its ability to express MHC class-II, co-stimulatory molecules and myriad cyto-
kines, neutrophils’ role as a modulator of T cell function is fast becoming a part in
integrated immune homeostasis. The new trend in neutrophil research, so con-
spicuously visible, is analysis of phenotypic and functional varieties of neutro-
phils, obviating the need for their further classification as it is done for other
immunocompetent cells such as B cells, T cells, dendritic cells and so on. Logi-
cally, when neutrophils are so versatile in their functions, it would be a natural
waste of their potential for finer tuning the immune responses if they were all
uniformly bestowed with all the capacities and if their origin is also regulated sim-
ilarly. Therefore, it is no wonder that neutrophil subsets with distinguishable phe-
notypic features with functional correlates are being described, albeit scant and
scattered. Thus on the new gleaming horizon where immune regulation is fast
becoming a dominant theme, neutrophils are going to take a major part, showing
themselves in different forms and performing many different functions with
unique regulatory capacities.
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12
Microglia – The Professional Antigen-presenting
Cells of the CNS?
Monica J. Carson

12.1
Introduction: Microglia and CNS Immune Privilege

12.1.1
What are Microglia?

All healthy tissues in the body maintain populations of macrophages and/or
immature dendritic cells that act as sentinels and first responders to tissue dam-
age and pathogenic insults [1]. Microglia are the resident tissue macrophage of
the central nervous system (CNS) (Figure 12.1). Found throughout the CNS and
making up 5–15% of all CNS cells, microglia are strategically placed to control the
onset, progression and resolution of inflammatory responses occurring within the
CNS [2, 3]. Under non-pathological conditions, microglia in the CNS of healthy

Figure 12.1 Unactivated microglia
in the healthy adult murine CNS.
Note the processes extending out
from the microglia to all features in
its local environment.



rodents and humans express low to negligible levels of co-stimulatory molecules
B7.2 and CD40 and of MHC class I and II. Consequently, in the absence of other
signals, microglia are incapable of acting as antigen-presenting cells and, thus, of
retaining or locally activating T cells within the CNS.

Microglia do appear poised to transform rapidly into antigen-presenting cells.
Among the most rapid and universal responses of microglia to nearly any activat-
ing stimulus is an enhanced expression of molecules required to present antigen
to T cells (such as MHC class I and II). At first glance, this universal response of
microglia to injury and pathogens appears counter-intuitive to the well-described
immune privileged status of the CNS. Indeed, literature analyses of microglial
function have often characterized microglia as “enemies within” that aid and abet
an invading immune system in destroying the CNS. However, since the CNS of
all mammals contains microglia, and since induction of MHC expression is seen
in all species examined, it is likely that microglial activation and MHC expression
is not in of itself maladaptive for CNS function. Rather, it is highly likely that dys-
regulated microglial responses, caused by either primary microglial dysfunction
or dysregulated environmental signals do substantially contribute to ongoing
CNS pathogenesis. Thus, before we can discuss whether and in what context anti-
gen-presentation by microglia may be beneficial for CNS function, we first need
to define the current concept of CNS immune privilege.

12.1.2
Is Immune Privilege Equivalent to Immune Isolation?

The CNS is considered an immune privileged site based on the following seminal
observation. Allografts (tissue grafts from the same species but expressing a dif-
ferent major histocompatibility complex [MHC] haplotype) placed into most non-
CNS tissue sites are rapidly destroyed by the immune system. By contrast, allo-
grafts placed within the parenchyma of the CNS are not immediately rejected and
survive for substantially longer periods. Experimental data from numerous groups
exploring immune privilege have confirmed the two key tenets that define the cur-
rent concept of CNS immune privilege:

1. The threshold for initiating T cell responses against antigens found primar-
ily within the CNS is much higher than for antigens found primarily out-
side the CNS [4, 5].

2. The types of immune cells recruited to a tissue by inflammatory insults
(LPS, viral infection, mechanical damage to stroma) and the kinetics of
recruitment differ when the insult occurs in the CNS versus in other pe-
ripheral tissue sites. Within the CNS, the kinetics of inflammation are
delayed and there is a tendency for fewer granulocytes to be recruited [5, 6].

For decades, dogma suggested that three elements were essential for the main-
tenance of CNS immune privilege:

1. An intact blood–brain barrier (BBB) to prevent immune cell infiltration
into the healthy CNS.
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2. The absence of a lymphatic system to drain soluble antigens to the cervical
lymph nodes.

3. The absence of a resident population of macrophages/dendritic cell popula-
tion capable of acting as an effective antigen-presenting cell able to initiate
T cell mediated responses.

In essence, immune privilege was felt to rely on isolating the CNS from the
immune system. Failure to isolate the CNS was thought to trigger an inevitable
cascade of destructive CNS inflammation. In support of this view, in vitro assays
clearly documented the potential of activated macrophages and microglia to pro-
duce vast quantities of molecules with demonstrated neurotoxic potential (cyto-
kines, proteases, free radicals) (reviewed in Refs. 2, 5, 7, 8). Experimental rodent
models of CNS demyelinating autoimmunity were associated with increased
microglial expression of MHC, and a substantial influx of T cells and hematogen-
ously-derived macrophages. Furthermore, drug therapies for various neuropathol-
ogies aimed at suppressing both microglia and macrophage function have pro-
vided limited (but rarely complete) amelioration of symptoms/pathology.

In direct contrast to this viewpoint, data gathered over the last 15 years conclu-
sively demonstrates that immune privilege is neither simply based on isolating
the CNS from the immune system nor on simply preventing T cells from encoun-
tering CNS antigens. Numerous studies have revealed that

1. Immune cells are readily able to transmigrate across an intact BBB.
2. Several brain areas have incomplete or leaky BBB and are not inflamed in

the healthy individuals.
3. Soluble antigens do drain to the cervical lymph nodes.
4. The CNS does possess several populations able to present antigen; within

the CNS parenchyma, that cell is the microglia.
5. The CNS is able to successfully down-regulate and terminate robust T cell

responses occurring within the CNS and associated with clearing several
forms of viruses and bacteria from the CNS.

While several factors are likely to play key roles in maintaining CNS immune
privilege, here we explore the role of one cell type: the microglia. Specifically, we
discuss to what extent microglia differ from other tissue/inflammatory macro-
phages in their potential to present antigen and regulate T cell responses. In brief,
we suggest that microglia are a unique CNS-specific type of antigen presenting
cell and that regulated antigen-presentation by microglia can play measurable
beneficial roles in maintaining CNS function. In part this beneficial antigen-
presentation is due to eliciting neuroprotective T cell responses and to promoting
regulatory T cell effector function.

44312.1 Introduction: Microglia and CNS Immune Privilege



12 Microglia – The Professional Antigen-presenting Cells of the CNS?

12.2
Do Microglia Differ from Other Macrophage Populations?

12.2.1
Microglia are Likely of Mesodermal Origin

In Section 12.1 we defined microglia as the tissue macrophage of the CNS. This
definition is based on microglial expression of many common macrophage mar-
kers, including iba-1, Fc receptor (FcR), CD11b (also known as mac-1) and F4/80
[2, 7, 8]. There have been some contentions that some or all microglia, like neu-
rons and macroglia (oligodendrocytes and astrocytes), are of neuroectodermal ori-
gin. However, attempts to induce microglial differentiation from neuroectodermal
stem cells have consistently failed while these same studies were able to convin-
cingly demonstrate the common neuroectodermal stem cell origins of CNS neu-
rons and macroglia. Therefore, it is currently presumed that microglia are of
mesodermal origin (like all other tissue macrophages). While it is still debated
when microglia first appear in the CNS, histological studies clearly show that
microglia colonize the CNS early in embryonic development. Microglia are easily
detected within CNS tissue by embryonic day 15 in rodents and by gestational
week 11 in humans [8].

12.2.2
Parenchymal Microglia are not the only Myeloid Cells in the CNS

Two distinct CNS macrophage populations are readily apparent on histological
examination of CNS tissue sections: a parenchymal population, referred to as par-
enchymal microglia and a perivascular population referred to as either perivascu-
lar macrophages or perivascular microglia. Morphologically parenchymal micro-
glia tend to have a stellate ramified morphology with processes extending to all
features of their environment. Figure 12.1 depicts a microglia within the CNS of a
healthy adult mouse. Note the extremely small size of the microglial cell body
with processes extending out to all cells in its vicinity. In contrast to parenchymal
microglia, perivascular macrophages have cell bodies and processes aligned along
the vasculature. In addition to these two populations, myeloid populations are
also found within the meninges that surround the CNS and in the choroid plexus
located within the ventricles [2, 4].

12.2.3
In Contrast to other Macrophages, Parenchymal Microglia are not Readily Replaced
by Bone Marrow Stem Cells

The first clear indications that parenchymal microglia differed from nearly all
other macrophage populations came from studies examining the kinetics by
which stem cells replaced differentiated macrophages within adult tissues. Speci-
fically, several groups using irradiation bone marrow chimeric rats and mice have
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illustrated that while most tissue macrophage populations are replaced relatively
rapidly by bone marrow derived cells within a few weeks, parenchymal microglia
are not (Figure 12.2) [9, 10]. Bone marrow chimeric rodents are generated by kill-
ing the bone marrow, the stem cell source for most immune cell populations,
with a lethal dose of whole body irradiation.

Immediately, following irradiation, animals receive replacement bone marrow
from a genetically distinct donor. The turnover rate of macrophages within each
tissue is then determined by monitoring the time required to replace macro-
phages displaying the recipient genotype with macrophages displaying the donor
genotype.

A few key caveats for these types of studies do need to be mentioned. The irra-
diation dose used in these studies must be carefully titered to avoid giving a
“super-lethal” dose that leads to permanent radiation-induced damage to the intes-
tine, tissue scarring and non-specific innate inflammatory responses within inter-
nal organs. In addition, several studies have indicated that irradiation affects more
than just the bone marrow. Specifically, irradiation leads to widespread if transient
activation of glia and endothelial cells throughout the CNS. For this reason, some
investigators choose to shield the head during the irradiation procedure.

Despite these caveats, Vallieries and Sawchenko have recently confirmed and
extended the original irradiation chimera studies using bone marrow isolated
from green fluorescent (GFP) mice (actin promoter driving GFP expression in
every cell) grafted into irradiated congenic mice [11]. Due to the high degree of
vascularization in the CNS, the authors state that cells located within a blood ves-
sel could be mistaken for being within the parenchyma if the location of the vas-
culature is not carefully documented. Consequently, in their studies, the investiga-
tors carefully defined the location of GFP+ cells expressing macrophages markers
(iba1) as: (1) clearly within the CNS parenchyma, (2) closely associated with cere-
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Figure 12.2 Irradiation chimeras can be used to separately
assay in vivo antigen presentation by microglia and peripheral
immune cells. APC: antigen-presenting cell.
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bral vasculature (either within or aligned alongside), or (3) within the leptome-
ninges. In brief, they found that GFP+ donor cells replaced macrophages located
in perivascular regions and in the leptomeninges at a rate that would ensure com-
plete replacement of these populations by the GFP+ donor cells within 1 year.

The studies by Vallieries and Sawchenko also confirmed previous observations
that most parenchymal microglia were a relatively stable self-renewing population
[9, 10]. Furthermore, their analysis indicated that morphology alone was an inac-
curate predictor of whether a myeloid cell within the CNS parenchyma was blood-
derived. Hematogenous (bone marrow derived) macrophages with morphologies
similar to other non-bone marrow derived parenchymal microglia were rarely but
selectively found in specific brain regions 6 months post-bone marrow transfer
[11]. In some brain regions such as the cerebral cortex, caudoputamen and hippo-
campal formation, donor derived GFP+ parenchymal microglia were never found.
In some brain regions with an incomplete blood–brain barrier (BBB) such as the
arcuate nucleus, or adjacent to the ventricular system, a rare donor-derived GFP+
parenchymal microglia was observed. The only brain region where donor-derived
GFP+ parenchymal microglia were reliably found was the cerebellum. Within the
cerebellum, donor derived microglia were always located in the molecular layer
and most abundantly the paraflocculus. Considered together with several other
similar studies, these data indicate that the CNS is populated by two different
types of macrophage populations: a population of parenchymal microglia that is
only rarely (if ever) replenished by bone marrow stem cells, and a population of
macrophages (perivascular and perhaps the occasional parenchymal cell) that is
rapidly replenished by bone marrow stem cells.

12.2.4
Microglia Display Stable Differences in Gene Expression that Distinguish them
from Other Macrophage Populations

As early as 1991, Sedgwick and colleagues had made the seminal observation that
microglia differed from other macrophage populations by their differential expres-
sion of CD45 [13]. Like all other nucleated cells of hematopoietic lineage, micro-
glia express CD45, a transmembrane domain protein tyrosine phosphatase, also
known as leukocyte common antigen [12–14]. However, unlike all other differen-
tiated cells of hematopoietic lineage that constitutively express high levels of
CD45, parenchymal microglia express uniformly low levels of CD45 [12–14]. Inter-
estingly, peripheral immune cells display this same low level of CD45 expression
early in development (embryonic day 14 in the mouse), but by birth only microglia
maintain this low level of CD45 expression [12–14]. Recently, CD45 has been iden-
tified as a negative regulator of cytokine receptor signaling in a wide variety of
immune cells [15–17]. With respect to microglia, antibody mediated crosslinking
of CD45 inhibits b-amyloid or CD154 (the ligand for CD40) induced microglial
activation and thus inhibited microglial production of nitric oxide and TNFa
[18, 19]. Therefore, the lower level of CD45 expression stably maintained by par-
enchymal microglia as compared to all other macrophage populations is not only
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a useful marker to discriminate the two types of cells but is an indicator of stable
differences in cellular physiology [17].

12.2.5
Morphology is not a Reliable Parameter to Differentiate Microglia
from Other Macrophage Populations

When analyzed by flow cytometry, the differential expression of CD45 can reliably
distinguish between microglia and other macrophage populations [12–14]. How-
ever, this requires dissociation of the tissue and loss of the spatial localization of
each cell type with respect to pathology and/or brain structures. When analyzed
histologically, correct determination of relative levels of CD45 expression is less
precise. Both microglia and macrophages increase their relative expression of
CD45 upon activation [12–14]. Activated microglia express CD45 levels intermedi-
ate between unactivated microglia and unactivated macrophages and thus may be
misidentified as CNS-infiltrating macrophages if compared to unactivated micro-
glial populations [12–14]. Frequently, morphological criteria are used to differenti-
ate between parenchymal microglia and inflammatory macrophages that acutely
infiltrate the CNS in responses to various pathological signals. Cells with ramified
morphologies are generally labeled as microglia, while cells with amoeboid
morphologies are labeled as macrophages. The imprecision of morphological
based criteria to determine cell type has been experimentally demonstrated. When
fluorescently-labeled rodent microglia were placed on cultured rodent brain slices
they developed both ramified and amoeboid morphologies that appeared depen-
dent on brain region and type of tissue damage [20]. Conversely, the previously
discussed studies of Vallieries and Sawchenko clearly demonstrate that ramified
morphologies do not necessarily represent microglia. Consistent with their obser-
vations, fluorescently labeled myeloid dendritic cells retained a ramified morphol-
ogy when injected into the CNS parenchyma, even after migration into CNS par-
enchyma [21]. Similarly, in autoimmune responses outside of the CNS, both
macrophages and dendritic cells can display ramified rather than amoeboid
morphologies [22].

These data raise the following questions: are the rare donor-derived GFP+ stel-
late cells in the parenchyma of the irradiation bone marrow chimeric CNS indica-
tive of a very slow rate of hematogenous replenishment of parenchymal micro-
glia? Or are the rare donor derived GFP+ stellate macrophages performing a nec-
essary immune surveillance function? More precisely, in addition to acquiring a
stellate morphology, do the donor-derived GFP+ stellate parenchymal cells acquire
other features indicative of a microglia phenotype? Do these GFP+ stellate cells
display the characteristically low level of CD45 expression?

To move away from an imprecise morphological discrimination between micro-
glia and macrophages, and to define the potential functions of microglia within
the CNS, several groups have performed comprehensive screens of microglial
gene expression using several different methods (microarray chips, TOGA, candi-
date gene testing) [23–27]. In brief, these studies have failed to identify a single
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marker that unambiguously identifies and distinguishes microglia from other
antigenically related macrophages. However, a few themes are beginning to
emerge from careful examination of the gene expression profiles of microglia
[23–27]. First, nearly all stimuli induce microglial expression of at least a subset of
the molecules required to present antigen and thus to activate T cells. Strikingly,
many neurodegenerative signals stimulate an incomplete induction of the anti-
gen-presenting cell program. Myeloid cells that express an incomplete antigen-
presenting cell program (i.e. deficient induction of co-stimulatory molecules
CD40, B7) are unable to effectively stimulate proinflammatory T cell response.
Rather, myeloid cells with incomplete antigen-presenting cell phenotypes are
more effective at promoting either “immunosuppressive” Th2 T cell responses or
antigen-specific inactivation of T cells.

12.3
To What Extent is Microglial Phenotype Determined by the CNS Microenvironment?

The bone marrow and molecular studies discussed in the previous sections dra-
matically demonstrate that microglia are phenotypically distinct from other
macrophage populations. Until recently, most research focused on how activated
microglia negatively affect neuronal function. Now several studies have dramati-
cally demonstrated that neurons are not helpless victims. Rather, several new
studies reveal that CNS neurons actively control and define microglial function
[28]. For example, microglial expression of molecules required for antigen-presen-
tation is inhibited by electrically active neurons, but is induced when electrical
activity is suppressed [28]. Neuronal production of neurotrophins also suppresses
the IFNc-induced microglial expression of MHC class II [29]. Neuropeptides such
as a-MSH and VIP inhibit pro-inflammatory cytokine and NO production by LPS-
activated microglia in in vitro assays [30, 31]. In vivo studies using knock-out mice
illustrate that CD200 expression by neurons actively prevents activation of myeloid
cells expressing the CD200 receptor (i.e. microglia, macrophages, dendritic cells)
[32]. Even in the CNS of healthy CD200 deficient mice, microglia display an acti-
vated phenotype (elevated expression of CD45, MHC class II, complement recep-
tor 3). Furthermore, in CD200 deficient mice, microglial activation was acceler-
ated in responses to axonal degeneration, and EAE occurred with a more rapid
onset. CNS neurons also express CD22, an endogenous ligand for CD45 [33]. As
discussed in an earlier section of this article, CD45 is negative regulator of micro-
glial and macrophage pro-inflammatory cytokine production. Based on their rela-
tive levels of CD45 expression, neurons would be predicted to more efficiently in-
hibit macrophage activation as compared to microglial activation! Notably, not all
neuronal products inhibit microglia. Fractalkine released from injured neurons
and the neuropeptide substance P augment microglial production of pro-inflam-
matory factors [34, 35].

In aggregate, these studies raise the following question: when microglial cell
lines or primary microglia are cultured in the absence of neurons and glia, is their
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phenotype representative of normal microglia in either the developing or adult
CNS? Consistent with the described neuronal regulation of microglial phenotype
and function, several studies confirm that cultured microglia display a quasi-acti-
vated phenotype (elevated expression of CD45 and MHC) and are semi-primed to
respond aggressively to pathogenic signals [14, 36, 37].

12.4
Microglia versus Macrophages/Dendritic Cells as Professional Antigen-presenting
Cells

12.4.1
In vitro and Ex Vivo Assays of Antigen-presentation

To what extent microglia can act as antigen-presenting cells, and when, is much
debated. The difficulty in resolving this debate is partly due to the different types
of microglia (cultured, neonatal, or adult) and T cells being assayed (na�ve, memo-
ry or T cell lines). As discussed in the previous section, the very phenotype and
function of the assayed microglia is likely to be strongly altered by extensive cul-
ture or by exposure to in vivo pathology.

Microglia isolated from healthy adult rodent CNS were relatively ineffective as
compared to splenic or CNS-infiltrating macrophages at promoting CD4+ T cell
proliferation, when tested ex vivo, even when MHC expression was induced by
IFNg treatment [12, 14, 38]. However, microglia activated by in vivo pathology
(during EAE, or transgenic CNS overexpression of IL-3), to become not only MHC
class II positive but also CD45intermediate, gave a slightly different picture [13, 36, 39].
These microglia were still relatively poor at stimulating T-cell proliferation, due in
part to their stimulated production of prostaglandins and nitric oxide, but were
found to be very potent at promoting T-cell production of pro-inflammatory Th1
cytokines [36, 39]. Indeed, microglia were much more potent at driving Th1 T-cell
effector function than the other macrophage populations examined in these stud-
ies because in the absence of antigen-induced T-cell proliferation fewer T cells
were producing greater levels of IFNc [36].

Studies by Miller and colleagues indicate that the relative potential of microglia
and hematogenously derived macrophages to act as antigen-presenting cells does
not necessarily remain constant throughout at least some forms of CNS inflam-
mation. For example, Theiler’s virus infection of the murine CNS results in a
demyelinating encephalomyelitis (TMEV-IDD) due to the activation of myelin-spe-
cific autoreactive CD4+ T cells. Early in disease, microglia and macrophages were
found to be equally effective at stimulating T cell proliferation and IFNc produc-
tion by myelin-specific T cell lines [38]. However, as the disease progressed, hema-
togenous macrophages became much more effective, presumably due to their
much higher levels of MHC class II and co-stimulatory molecules. In TMEV-IDD,
microglia and macrophages are among the cells infected by the virus [40]. There-
fore, it still remains unknown whether the observed early increase in the antigen-
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presenting function of microglia was a consequence of direct viral infection or of
signal provided by virally infected cells in the vicinity of the activated microglia.

Most of these studies examined the ability of microglia isolated from healthy
and inflamed rodent CNS to present pre-processed peptide antigens to T cells in
vitro. However, in vivo, it is more likely that antigen would be processed after pha-
gocytosis of cellular debris. While unactivated cultured microglia cannot effi-
ciently process antigen, upon activation by IFNc or by viral infection, microglia
can be stimulated to efficiently process and present endogenous (viral antigens)
and exogenous myelin antigens [41]. Several studies also suggest that myelin pha-
gocytosis itself can prime microglia to become antigen-presenting cells [42, 43].
Having the ability to process antigen indicates that microglia have the potential to
participate in the epitope switching that has been observed in viral models of CNS
demyelination and that is presumed to occur during MS [40]. Here, an initial
immune response is generated against viral antigens. However, as myelin dam-
aged occurs (as a consequence of oligodendrocyte infection and/or death or
inflammatory products), macrophages and microglia phagocytose the debris. Pre-
sentation of the myelin epitopes causes the immune response to shift from a viral
specific response to a myelin-specific response.

12.4.2
Culture Conditions can have Profound Effects on Microglia Effector Functions
as Assayed In Vitro

The microglia used in these studies (described in Section 12.4.1) were isolated
from adult rodent CNS and assayed for their antigen-presenting cell function
immediately after purification. However, analysis of cultured microglia illustrates
how strongly environmental factors can modify microglial effector function and
therefore confound our in vitro analyses. For instance, cultured microglia, even if
maintained in the presence of other CNS cells and in the absence of known sti-
mulatory factors display a quasi-activated phenotype [13, 36, 39]. They express
intermediate levels of CD45, and dependent on culture conditions may be weakly
positive for co-stimulatory factors and MHC class I and II. Using these cells, one
set of studies has suggested that weakly activated microglia induce T cell anergy
or unresponsiveness, due in part to their low level expression of co-stimulatory
molecules, CD40 and B7.2 [44]. In this same set of studies, treating microglia
with GM-CSF and IFNc, molecules found in abundance in inflammatory infil-
trates, rapidly transformed microglia into potent antigen-presenting cells [44].
Similar culture conditions also induce microglia to express high levels of the den-
dritic cell markers, CD11c and Dec-205 [45]. Even in the absence of stimulatory
factors a small percentage of cultured microglia spontaneously express the den-
dritic cell marker, Dec-205 [36]. Considered together these experiments provide a
cautionary tale about the potential relevance of using cultured microglia and in
vitro assay systems.
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12.4.3
In Vivo Assays of Antigen-presentation

To examine the antigen-presenting function of microglia in vivo, some groups
have selectively depleted the peripheral macrophage populations by treating ani-
mals with mannosylated liposome-encapsulated dichloromethylene diphospho-
nate (Cl2MDP) [46, 47]. Following depletion of the peripheral myeloid population,
rodents were immunized with myelin proteins in complete Freund’s adjuvant to
induce experimentally-induced encephalomyelitis (EAE), an animal model for
multiple sclerosis [47]. In EAE, T cell mediated anti-myelin responses result in
CNS inflammation and decreased motor function associated with CNS demyeli-
nation. While untreated rodents developed EAE, the Cl2MDP-treated animals did
not. Strikingly, Cl2MDP-treatment did not prevent T-cell extravasation or Th1 cyto-
kine production following adoptive transfer of myelin-specific T cells, but
Cl2MDP-treatment did inhibit CNS demyelination, TNFa production, T-cell infil-
tration into the CNS parenchyma and induction of clinical EAE seen in the non-
Cl2MDP-treated rodents. These studies suggest the ability of microglia to present
antigen in vivo is neither identical to nor as potent as other antigen-presenting
cells. These studies also show that parenchymal infiltration of T cells and/or acti-
vated macrophages are required for full-blown EAE. However, these studies do
not distinguish between the roles of activated macrophages as initiators vs. effec-
tors of disease (antigen-presenting cells vs. phagocytes/producers of neurotoxic
molecules). An additional complication is that the effects of Cl2MDP are not lim-
ited to peripheral macrophages and may alter microglial function.

A different approach was taken to directly compare in vivo the relative abilities
of microglia and peripherally derived antigen-presenting cells to recruit and retain
T cells within the CNS. In these studies, antigen-pulsed dendritic cells and micro-
glia were injected into the striatum of healthy adult mice in which all the T cells
were specific for the pulsed antigen. In these in vivo assays, dendritic cells were
dramatically more effective than microglia in recruiting and retaining antigen-
specific T cells in the CNS.

These data might be interpreted as demonstrations that, when considered as
antigen-presenting cells, microglia are relatively inefficient and perhaps function-
ally redundant with peripheral antigen-presenting cell populations. In stark con-
trast, recent studies using irradiation bone marrow chimeric mice have dramati-
cally demonstrated that microglia and peripheral antigen-presenting cells have
distinct and non-redundant functions in regulating T cell effector function in both
beneficial and maladaptive directions.

12.4.4
Antigen-presentation by Microglia is Necessary to Evoke or Sustain Neuroprotective
T Cell Effector Function

The first set of studies examined the relative roles of microglia and macrophages
in eliciting and driving neuroprotective CD4+T cell responses following facial
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axotomy [48] (Figure 12.3). In this model, motoneuron degeneration following
facial axotomy is associated with microglial activation and CNS-infiltration of
macrophages and T cells [49]. This inflammation was initially believed to be mala-
daptive and a contributing cause of motoneuron degeneration. However, in the
absence of CD4+ T cells, motoneuron degeneration was much more rapid and
severe [50]. Using bone marrow chimeric mice, animals were generated in which
either only microglia or only hematogenous immune cells could act as antigen-
presenting cells [48]. Strikingly, microglia were not able to initiate the protective
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Figure 12.3 Neither antigen-presentation by microglia nor
peripheral immune cells is sufficient to drive neuroprotective
T cell responses. APC: antigen-presenting cell, WT: wild-type,
FMN: facial motoneuron.

Figure 12.4 Peripheral immune cells are required to initiate
the neuroprotective immune response, while microglia are
required to evoke or sustain neuroprotective T cell responses.
APC: antigen-presenting cell, WT: wild-type.
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CD4+T cell response. Initiation of the T cell response was entirely dependent on
hematogenous macrophages. While macrophages could initiate the response and
did infiltrate the CNS, antigen-presentation solely by hematogenous macrophages
failed to support CD4+T cell mediated neuroprotection of motoneurons. However,
once T cell activation was initiated by peripheral macrophages, protection of moto-
neurons following facial axotomy was absolutely dependent on antigen-presenta-
tion by microglia activated by local neurodegenerative signals (Figure 12.4) [48].

12.4.5
Why were Microglia Unable to Initiate Protective T Cell Responses?

In this facial axotomy model, why couldn’t microglia initiate the protective CD4+
T cell responses? In most tissues, resident populations of tissue macrophages or
immature dendritic cells activate T cells responses as follows [1, 51]. In response
to pathogenic signals (tissue damage, pathogens), the tissue macrophage captures
antigens from cellular debris. The tissue macrophage then is activated to emigrate
out of the tissue and migrate to the draining lymph node. Within the draining
lymph node the activated tissue macrophage/dendritic cell presents antigen to the
unactivated T cells in the lymph node. Upon activation, the T cells leave the lymph
node in search of their target antigen. Within the original damaged/diseased tis-
sue, tissue macrophages now present their captured antigens to the infiltrating
T cells [1, 51]. This second presentation of antigen serves to tether the T cells to
the tissue and to elicit T cell effector function.

To initiate T cell responses, microglia must be able to migrate out of the CNS
and into the draining cervical lymph nodes. Bone marrow chimeric mice demon-
strated that the parenchymal microglia population is only rarely replenished from
the bone marrow, but do not address the reverse issue of whether microglia leave
the CNS. To answer this question, fluorescently labeled dendritic cells and cul-
tured primary microglia were injected into the CNS [21]. While fluorescently
labeled dendritic cells could be detected within the T dependent regions of the cer-
vical lymph nodes within 24 h, fluorescently labeled microglia were never detected
in the cervical lymph nodes. These data indicate that either microglia are incap-
able of migrating out of the CNS into the cervical lymph nodes or that they
migrate at a substantially lower rate than dendritic cells (below the limits of detec-
tion of the histological assay used in this study). Thus, the role of antigen-capture
and migration into the cervical lymph nodes may reside in either the perivascular
macrophage populations or the occasional hematogenous-derived macrophage
with stellate morphology found within the CNS parenchyma.

These studies suggest that microglia play essential roles in minimizing neuro-
degeneration and maintaining neuronal integrity. However, several other studies
illustrate the potential for microglia. In contrast, two additional studies using
bone marrow chimeric mice also demonstrate unique microglial contributions to
T cell mediated neuropathology. In both these studies, Becher and colleagues
examined the relative roles of microglia and peripheral immune cells in the onset
and progression of MOG EAE. MOG EAE is induced by immunizing C57Bl/6
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mice with the myelin protein MOG. The resulting inflammation and demyelina-
tion occurs primarily within the cerebellum and spinal cord.

First, Becher et al. generated bone marrow chimeric mice in which only par-
enchymal microglia or hematogenous macrophages express the pro-inflammatory
cytokine IL-23 [52]. Although IL-23 has multiple effects, when expressed by an
antigen-presenting cell IL-23 promotes promotes T cells to develop pro-inflamma-
tory Th1 effector functions. Becher et al. showed that when microglia could not
express IL-23, the severity of clinical symptoms of MOG-EAE was drastically
reduced. Additionally, while there was little impact on the degree of inflammation
occurring within the CNS, the T cell cytokine profile shifted from a proinflamma-
tory TH1 response to a protective TH2 response.

Second, Becher et al. also generated bone marrow chimeric mice in which
microglia could not express CD40, the receptor for CD154 [53]. Activated T cells
express CD154 and can trigger antigen-presenting cells (microglia, macrophages
and dendritic cells) to produce IL-12 and IL-23 via CD40. Microglia deficient in
CD40 expression will not produce these cytokines when presenting antigen to
T cells. As with the previous study, the severity, duration and degree of T cell infil-
tration during MOG-EAE were all reduced when microglia could not express
CD40. Thus, even in the presence of CNS-infiltrating macrophages, interrupting
the ability of microglia to support pro-inflammatory T cell responses is sufficient
to alter the course of the disease.

Why did activated microglia play key functions in promoting beneficial T cell
responses in the facial axotomy yet in the EAE model play a key function in pro-
moting destructive T cell responses? Although the answer to this question is not
yet defined it is likely to be the consequence of the differential activations states of
microglia in the two models. Due to the use of strong adjuvants (factors which
amplify and promote immune responses), microglia express dramatically higher
levels of MHC II, CD40 and other co-stimulatory molecules than microglia acti-
vated by wallerian degeneration of a small number of axons.

12.5
TREM-2 Positive Microglia may Represent Subsets Predisposed to Differentiate
into Effective Antigen-presenting Cells

For most of this chapter, microglial heterogeneity has been largely ignored. How-
ever, regional differences in cell morphology, antigenic markers, response to cyto-
kines, constitutive and inducible MHC expression have long been realized to be
indicators of microglial heterogeneity in vivo [35, 54, 55]. Recent characterizations
of microglial gene expression have revealed that a subset of microglia may also
have a higher potential to differentiate into effective antigen-presenting cells and
thus a higher potential to activate T cells [26]. In the TOGA� based screens of
microglial gene expression, the orphan receptor, triggering receptor expressed on
myeloid cells-2 (TREM-2) was identified as being expressed by microglia [26].
When expression was examined in the adult mouse brain by in situ hybridization,
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a subset of microglia were observed to constitutively express TREM-2 [26]. Inter-
estingly, the highest percentage of microglia expressing TREM-2 was located in
regions predisposed to develop Alzheimer’s disease pathology (entorhinal cortex,
hippocampus). Conversely, the highest percentage of TREM-2 negative microglia
was in regions with an incomplete or leaky blood–brain barrier (BBB), such as in
the hypothalamic and circumventricular regions. Although TREM-2 expression
was strongly down-regulated by bacterial signals such as LPS, microglial expres-
sion of TREM-2 was dramatically upregulated in pathologies with abundant neu-
rodegeneration and necrosis [26]. Most notably, TREM-2 expression was dramati-
cally induced in microglial bordering the outer edges of amyloid plaques in trans-
genic mice overexpressing mutant forms of amyloid precursor protein.

As yet, TREM-2 function remains ill-defined; however, Colonna and colleagues
have implicated TREM-2 in mediating the differentiation of human monocyte de-
rived dendritic cells into antigen-present cells [56]. Recently, Daws and colleagues
have detected a TREM-2 binding activity in astrocyte cell lines, implying that at
least some forms of astrocytes may express the endogenous TREM-2 ligand and
thus could trigger microglial differentiation into more potent antigen-presenting
cells [57]. Strikingly, humans lacking TREM-2 develop early onset cognitive
dementia, white matter deficits and die by their early 40s [58]. Considered with
data presented in earlier sections, it is tempting to speculate that TREM-2 mediat-
ed activation of microglia, and the subsequent development of the ability to
present antigen to T cells, is a necessary and ongoing mechanism underlying
the normal maintenance of the human CNS. If true, the induction of TREM-2 in
neurodegenerative diseases may not be in of itself maladaptive, but an attempt to
recruit T cell mediated neuroprotection.

However, the induction of microglial expression of TREM-2 near amyloid
plaques may also have consequences for vaccine based therapies for Alzheimer’s
disease. Recently, a novel vaccine based therapy for Alzheimer’s disease was tested
in phase I and phase II clinical trials [59–61]. Based on results in animal models,
individuals diagnosed with Alzheimer’s disease were immunized with amyloid
and adjuvant to initiate an effective immune attack on the amyloid plaques within
the CNS of these patients. Unfortunately, a small percentage (reportedly less than
10%) of treated individuals developed severe clinical signs of encephalitis, necessi-
tating the abrupt halt of the phase II trials. It is presently unknown whether
human amyloid pathology induced activation of microglia altered their antigen-
presenting cell functions. For example, would TREM-2 triggered microglia have
contributed to the disastrous response to amyloid vaccination observed in 10% of
the patients or to the tolerization of this protocol in the other 90% of patients?
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12.6
Are Microglia the “Professional Antigen-presenting Cell of the CNS?”

The term professional antigen-presenting cell is usually reserved to describe
mature dendritic cells able to efficiently activate and drive na�ve T cell differentia-
tion. Here we have discussed the unique phenotype of the tissue macrophage of
the CNS: the microglia. Like all cells of myeloid lineage, microglia participate in
both the adaptive (T cell-mediated) and innate arms of the immune response to
injury and pathogens. The studies discussed in this chapter indicate the potential
for microglia to either limit and amplify CNS pathology by acting as effective anti-
gen-presenting cells.

Thus, when we consider whether microglia are antigen-presenting cells, we
have to consider what is the ultimate outcome of their interactions with antigen-
inexperienced (but chemokine recruited) as well as with T cells previously acti-
vated by other peripheral antigen-presenting cells. Rather than driving pro-inflam-
matory T cell responses, under healthy or well-regulated conditions, the role of
the microglia may be to redirect T cell effector function toward neuroprotective
outcomes. Recent studies clearly demonstrate that neurons can actively regulate
microglial function (i.e. via CD200 and CD22 mediated mechanisms). These data
imply that CNS inflammatory disease may not always be a primary disease of
microglia and/or the immune system, but may result from primary neuronal dys-
function!
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13
Contribution of B Cells to Autoimmune Pathogenesis
Thomas D�rner and Peter E. Lipsky

13.1
Introduction

Autoantibodies are features of most systemic autoimmune diseases. The discovery
of characteristic autoantibodies mostly recognizing specific subcellular structures
and cellular products, respectively, served to classify many systemic inflammatory
diseases, such as rheumatoid arthritis (RA), systemic lupus erythematosus (SLE),
Sj�gren’s syndrome (SS), mixed connective tissue disease, anticardiolipin syn-
drome, ANCA positive vasculitides, as well as organ-specific autoimmune dis-
eases, such as Grave’s disease, myasthenia gravis etc. In RA, Ig itself, targeted by
rheumatoid factor, is a major autoantigen.

The generation of autoantibodies in these conditions is thought to occur
because of immune dysregulation with an apparent break in tolerance. However,
autoreactivity also occurs under non-autoimmune circumstances, such as during
infections, immunizations and certain traumatic accidents, and then is presumed
to be beneficial. Only a small fraction of autoantibodies, such as anti-double-
stranded DNA, anti-Ro and anti-cardiolipin antibodies have been shown to be of
pathogenic importance, whereas others are associated with autoimmune diseases,
but not necessarily pathogenic. Importantly, persistent autoantibodies in systemic
autoimmune diseases represent a break in tolerance regardless of whether they
are pathogenic.

The cellular and molecular bases of autoantibody production remain largely
unknown. Generation of some autoantibodies manifests a strong association with
certain specific MHC class-II molecules [1, 2] as well as the usage of particular Ig
variable region genes. In this regard, anti-CCP antibodies are very specific and
occur early in RA [3–5]. Recent studies have contributed significantly to our under-
standing of pathogenic mechanisms inducing autoimmunity in RA [6–8]. Hill et
al. [9] identified the specific role of MHC class II molecules in presenting citrulli-
nated peptides to the immune system. Since the nature of the arthritogenic anti-
gen is unknown, they studied T cell responses to citrulline-containing peptides in
HLA-DRB1*0401 transgenic (DR4-IE tg) mice. Most interestingly, they could
demonstrate that the conversion of arginine into citrulline at the peptide side-



chain position interacting with the shared epitope significantly increased peptide-
MHC affinity and led to the activation of CD4+ T cells. These results suggest a
mechanism whereby DRB1 alleles with the shared epitope could initiate an auto-
immune response to citrullinated peptides in RA patients. Another study [10] ana-
lyzed the involvement of peptidylarginine deiminase citrullinating enzymes
(encoded by PADI genes) in the generation of citrullinated peptides in RA. In this
case-control linkage disequilibrium study, PADI type 4 was identified as a suscep-
tibility locus for RA and was found to be expressed in RA synovial tissues. Inter-
estingly, the haplotype of PADI4 associated with susceptibility to RA was identi-
fied as having a higher stability of mRNA transcripts and was associated with anti-
body levels to citrullinated peptides in sera from individuals with RA. However, a
recent study of RA patients in the UK could not confirm the association between
the PADI4 polymorphism and RA [11]. Expression of citrullinated proteins in
affected joints of humans and mice has been confirmed by another recent study
[12], whereas no anti-CCP antibodies could be generated in mice. This may con-
firm that genetic predisposition plays a significant role in generating these auto-
antibodies and provides an interesting perspective into the interplay of genotype
and phenotype leading to disease manifestations depending on the break of toler-
ance in the B cell system reflected by the production of autoantibodies.

Whereas intrinsic perturbances of B cell function are considered to be essential
features of autoimmune diseases, several influences extrinsic to B cells can also
contribute to the emergence of autoimmunity (Figure 13.1).
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Figure 13.1 Extrinsic as well as intrinsic B cell factors
involved in normal regulation of B cell development as well
as potential factors disturbed under the conditions of auto-
immunity.



13.2
Autoimmunity and Immune Deficiency

Notably, the humoral immune system, especially B cells and their descendants,
plasma cells producing protective antibodies maintain the aspect of immunologi-
cal memory that cannot be carried out by other cellular components of the innate
or adaptive immune system. It is apparent that disturbances in the self-regulating
circuits of these cellular components with their products can lead to clinically
important disorders. Human primary immunodeficiency and autoimmunity
appear to be more closely related than previously thought. In this context, hyper-
gammaglobulinemia but also hypogammaglobulinemia can be associated with
autoimmunity, indicating an essential fine tuning of this arm of humoral immu-
nity by relevant qualitative and quantitative differences in production of Ig. It is
also well accepted that inherited deficiencies of the complement system are asso-
ciated with an increased incidence of SLE, glomerulonephritis, and vasculitis. Sev-
eral antibody deficiencies are associated with autoimmune disease. Autoimmune
cytopenias are commonly observed in individuals with selective IgA deficiency
and common variable immune deficiency. Polyarticular arthritis can be seen in
children with X-linked agammaglobulinemia. Combined cellular and antibody
deficiencies, such as Wiskott-Aldrich syndrome, also carry an increased risk for
juvenile rheumatoid arthritis and autoimmune hemolytic anemia. Recent
advances in subcellular regulation of immune activation may allow further
insights into the mechanisms involved [13]. Since engagement of the BCR plays a
decisive role for the subsequent outcome of each B cell (Figure 13.2), we will initi-
ate this discussion by analyzing IgV gene usage in health and disease.

13.2.1
Basic Mechanisms Providing Diversity to the B Cell Receptor

The specificity of an antibody for an antigen is largely determined by three com-
plementary-determining regions (CDRs) in the variable (V) region of both heavy
(H) and light (L) chains (Figure 13.3). Each Ig molecule contains a unique set of
CDRs that is interposed in the tertiary structure of the protein to form the classi-
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Figure 13.2 Basic mechanisms known
to be involved in the prevention of B cell
autoreactivity.
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cal antigenic binding site [14, 15]. The frame work regions (FRs) are thought to
provide a scaffold to support the antigen binding site [16]. At the molecular level,
a high grade of diversity of the Ig variable region (IgV) is generated during early B
cell development (Figure 13.3) by the somatic recombination process that assem-
bles functional genes by successive rearrangements of one of a number of joining
(J), diversity (D) and finally, variable (V) minigene elements of the heavy chain,
followed by V-J rearrangement of the light chain. During V(D)J recombination,
further diversity can be introduced by exonuclease activity as well as the addition
of nontemplated (N) or templated (P) nucleotides at the joining sites that particu-
larly influence the amino acids encoded by the CDR3, the major site of antigen
binding. Of importance, the pairing of heavy and light chain genes is apparently
random [17], generating an additional degree of diversity.

In contrast to the T cell receptor repertoire, in which 1014 to 1016 diverse recep-
tors can potentially be generated using the various germline genes, it is estimated
that IgV genes may only be able to generate 108 different B cell receptors. As a
result, the T cell receptor repertoire may be sufficiently large to recognize all linear
peptide epitopes, whereas the B cell repertoire may be insufficient to recognize all
possible pathogens and conformational epitopes that can only be recognized by
B cells. Additional mechanisms, however, are used by B cells to increase diversity
further after initial V(D)J recombination. In this regard, somatic hypermutation
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Figure 13.3 Molecular mechanisms involved in the generation
of IgV variability leading to the diversity of the BCR as well as
secreted Ig. (This figure also appears with the color plates.)
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and secondary rearrangement of upstream V gene segments (receptor replace-
ment or editing) may further diversify the IgV gene repertoire following antigen
or autoantigen exposure [18–20]. In addition, Ig class switching serves to refine
the functional capabilities of the Ig molecule. These various mechanisms contrib-
ute to the generation of a highly diversified array of IgV gene products that concei-
vably could recognize all potential antigens.

13.2.2
Ig V Gene Usage by B Cells of Healthy Individuals

The distribution of V, D, and J gene usage and the imprints of the recombina-
tional machinery and the frequency and nature of somatic mutations have been
delineated for the heavy and light chains in normals [21–27]. Whereas several spe-
cific VH and Vk genes were noted to be positively or negatively selected in the nor-
mal repertoire [21–24], Vk gene rearrangements were not positively selected in
normals [23]. Studies of VH gene distribution in normals [21, 22] found that the
frequency of usage in general was similar to the germline complexity. Notably,
previous studies have demonstrated that most human anti-dsDNA antibodies are
encoded by VH3 family members and to a lesser degree by other VH families
[28–30]. It is likely that this distribution reflects the fact that this VH family is the
largest family of VH genes and is the most frequently expressed one in normals
[31–33].

At the level of individual genes, ten VH genes (VH3-23, 4-59, 4-39, 3-07, 3-30,
1-18, 3-30.3, DP-58, 4-34 and 3-09) were found to be employed by approximately
60% of normal peripheral blood B cells [21, 22]. One particular VH3 family mem-
ber, 3-23/DP-47/VH26 was used by about 13% of B cells. Previous studies [33, 34]
had suggested that over-representation of VH3-23 occurred at the pre-B cell stage
of development.

13.2.3
Potential Abnormalities in Molecular Mechanisms Underlying IgV Gene Usage
in Systemic Autoimmune Diseases

There are several reasons to consider the possibility that fundamental abnormal-
ities in the molecular mechanisms generating IgV genes may play a role in pro-
ducing autoantibodies. First, biases in recombination resulting in the preferential
usage of certain V, D, and J genes might lead to the generation of a B cell reper-
toire enriched in Ig receptors potentially binding autoantigens. Moreover, altera-
tions in the recombination enzymes (RAG1 and 2, Ku60 and Ku80, DNA phos-
phokinase, terminal deoxynucleotidyl transferase, exonuclease activity) may gener-
ate Ig rearrangements with D inversions and D-D fusions or other CDR3 abnorm-
alities that could increase the likelihood of autoantigen reactivity. The biased pair-
ing of heavy and light chains might also contribute to autoantigen binding. Subse-
quently, the frequency and pattern of somatic hypermutation and, potentially,
abnormalities in the enzymatic machinery (activation induced deaminase AID
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[35]) could also contribute to the production of autoreactive B cells [29, 36–38].
Finally, deficient receptor editing/revision could permit the persistence of autoan-
tibody encoding B cells. Thus, several molecular mechanisms could potentially
play a role in the emergence of autoimmune B cells.

Importantly, each of these putative intrinsic defects of B cells, as well as the var-
ious extrinsic influences, including abnormalities of ligand interactions (Figure
13.1), could contribute to the production of autoantibodies, either alone or in asso-
ciation. This is of particular interest since at least two types of autoantibody-pro-
ducing populations in SLE seem to exist. The first is exemplified by anti-DNA pro-
ducing cells. The anti-DNA titer exhibits a striking correlation with disease activity
and usually decreases at the end of a disease flare and in response to conventional
immunosuppressive therapies. These results imply that these autoantibodies are
produced by a subset of cells that is rapidly and transiently stimulated and actively
proliferating and is susceptible to antiproliferative therapy. Secondly, titers of anti-
bodies to Ro, La, Sm, RNP, and cardiolipin are persistent, lack a predictable
change with therapy and do not correlate with disease activity. These results sug-
gest that these antibodies may be produced by persistent long-lived plasma cells
[39] that may not be influenced by conventional immunosuppressive or anti-pro-
liferative therapy. Whether differences in the degree of T cell help (TI versus TD)
account for these distinct types of autoantibodies needs to be delineated.

13.2.4
Lack of Molecular Differences in V(D)J Recombination in Patients with Systemic
Autoimmune Diseases

Previous analyses of autoimmune B cells focused preferentially on productive V
gene rearrangements. Therefore, these studies were not able to discern the impact
of molecular and selective influences. This was possible by analyses of the non-
productive repertoire that is not expressed but reflects the immediate impact of
molecular processes, such as recombination and somatic hypermutation [17, 21–
24, 40–44] and is not influenced by selection. In contrast, the distribution of B
cells and their productive IgV gene rearrangements can be influenced by various
selective events during development and subsequent antigenic stimulation
because of the nature of the expressed heavy and/or light chain [18, 19]. Analyses
of the nonproductive IgV gene repertoire in SLE patients and patients with SS
documented minimal abnormalities in the nonproductive VH, Vk and Vk gene
repertoires [41–47]. The overall data indicate that IgV gene usage in the nonpro-
ductive repertoire is not significantly different from normal, suggesting that the
basic process of IgV gene recombination is largely normal in patients with auto-
immune diseases, but strikingly influenced by post-recombinational processes.
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13.2.5
Receptor Editing/Revision and Autoimmunity

Formerly, it was thought that expression of membrane-bound Ig B cell receptor
(BCR) extinguished subsequent Ig rearrangements by down-regulating the
expression of recombination activating gene (RAG) 1 and RAG2 enzymes in the
bone marrow. However, several studies provide evidence that immature B cells
outside the bone marrow [48–56] retain RAGs activity and therefore can replace
their receptors by secondary Ig gene recombination (receptor editing/revision)
(Figure 13.3). This is noted with increased frequency in secondary lymphoid
organs [49, 50, 55, 56] and in the fetus [57]. The question of whether RAGs are
reexpressed in mature B cells after antigen exposure is a more complex issue.
RAGs are expressed by germinal center cells and by post-switch memory cells that
also express IgG in man [55].

Receptor revision in B cells, along with the process of clonal selection, contri-
butes to the somatic evolution of appropriate immune responses under normal
circumstances [19, 54].

There is controversy over whether receptor editing/revision or secondary rear-
rangements or defects of this mechanism are involved in shaping the B cell reper-
toire in autoimmunity. Deficiencies in central or peripheral receptor editing might
play a role in generating autoimmunity [51–53, 58–63]. In addition, analysis of
autoreactive hybridomas [61] generated from SLE patients demonstrated an
enhanced usage of J proximal Vk1 genes and preferential use of J elements prox-
imal to Vk, suggesting that receptor editing in SLE might be defective, since skew-
ing towards the usage of Jk distal Vk genes and Jk5 expressing V gene products
[42, 51, 52, 56, 62, 63] has been taken as an indication of active receptor editing.
As receptor editing at the VL loci is thought to play a major role in rescuing auto-
reactive B cells from deletion [51, 52, 62, 63], defects in receptor editing may play
a role in the etiology of SLE [58–63].

Defects in receptor editing were also suggested by the finding that the proxi-
mally located Vk gene A30 known to encode anti-dsDNA antibodies when com-
bined with Jk2 was not deleted in SLE patients with nephritis [59, 60]. By contrast,
the use of Jk distal V genes in some autoantibodies of SLE patients [64, 65] has
suggested that receptor editing might be intact in these patients and, in fact, that
receptor editing might perversely serve to introduce the usage of V genes that
encode autoantibodies. Additional analyses of VkJk rearrangements have support-
ed the possibility of increased receptor editing in SLE [42]. The B3 gene, the single
member of the Vk4 family, was overrepresented in the productive repertoire of an
SLE patient [42] with clear evidence of enhanced receptor editing. B3 is the most
Jk proximal Vk gene but needs to be rearranged by inversion and, therefore, may
not be used frequently in primary rearrangements. However, when the initial Vk
rearrangement occurs to a 5¢ Vk gene, it occurs by inversion because of the orien-
tation of the Jk distal Vk cassette of genes. This retains B3 in the locus in an oppo-
site orientation that now can be secondarily rearranged by deletion. In SLE, the
B3 gene is frequently rearranged to Jk5 with fewer mutations than when it was
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rearranged to Jk1-4, indicating that Jk5-employing rearrangements had been
introduced after the mutational process had been initiated, which is consistent
with peripheral receptor revision [42]. This gene also encodes for autoantibodies,
including the anti-dsDNA specific idiotype, F4+ [66], and was detected frequently
in B cells infiltrating the rheumatoid synovial membrane [56], suggesting that
receptor editing may contribute to autoantibody formation in RA as well as SLE.

A Vk repertoire analysis of an SLE patient also revealed a preferential usage of
the Jk distal V genes of cluster C and the most distal Jk7 element [23], which was
significantly different than their usage in normals [43]. Analysis of mutations
indicated that receptor editing of Vk genes occurred centrally, before mutational
activity was activated.

The extent of receptor editing/revision in normals has not been fully elucidated.
Whereas some studies in normals [21–24] did not show indications of active recep-
tor editing/revision, de Wildt and colleagues [67] identified B cell clones among
365 human IgG+ VH/VL pairs with the same heavy chain rearrangement but differ-
ent light chains (VkL1 and Vk1c) and concluded that receptor editing had been
active in these B cells. Receptor editing was also found in an analysis of fetal
spleen rearrangements [57].

Studies in patients with RA [56, 68] provided evidence that receptor editing/
revision may also be more active in the synovium of patients than in normals. In
contrast to these patients, individuals with SS appear to have decreased receptor
editing/revision, as identified by enhanced usage of V proximal located JL seg-
ments, likely reflecting a defect or infrequent usage of receptor editing [44, 45]. In
this regard, another analysis of six monoclonal antibodies with RF activity
obtained from the peripheral blood of SS patients showed that all used Vk proxi-
mal Jk2/3 gene segments [69], which is consistent with the conclusion that recep-
tor editing/revision may be defective or less frequently employed in SS. These
data are consistent with the conclusion that the use of receptor editing is different
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Figure 13.4 Comparison of the mutational frequencies of individual B cells
obtained from patients with SLE, Sj�gren’s and normal controls compared
to indications of receptor editing/revision.
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in different autoimmune diseases (Figure 13.4). However, the possibility must be
considered that enhanced receptor editing in SLE patients reflects increased B cell
activity but is insufficient to delete autoantibody encoding B cells.

13.2.6
Selective Influences Shaping the Ig V Gene Repertoire in Autoimmune Diseases

An early hypothesis was that a fundamental abnormality in autoimmunity might
bias IgV gene usage, altering the entire repertoire and leading to a greater ten-
dency of B cells to bind autoantigen. The bulk of available data, however, do not
support this hypothesis, but rather suggested the absence of genetic abnormalities
in IgV gene usage as a mechanism causing B cells to generate an autoreactive
repertoire in patients with systemic autoimmune diseases [42–47, 70, 71]. Thus,
no genetic polymorphisms of the heavy and light chain IgV gene loci and no fun-
damental abnormalities in the V(D)J recombination process appear to underlie
the generation of autoantibodies. However, there are major distortions of the IgV
gene repertoire that derive from the impact of post-recombinational processes,
such as selection and somatic hypermutation [42-46].

13.2.6.1 IgV Gene Usage by Autoantibodies
There are very few examples of an association of particular VH genes and autoim-
mune disorders. The clearest example is the use of VH4-34 by cold agglutinins
[72–74]. VH4-34, expressing the idiotype 9G4, has been shown to encode cold
agglutinins. Antibodies employing the VH4-34 gene also recognize different auto-
antigens, as is the case of some rheumatoid factors [75], anti-DNA antibodies [76],
and the anti-D antibodies [77]. Among anti-DNA antibodies, VH 4-34 is employed
by both the T14 and 9G4 idiotypes. Most of the anti-I cold agglutinins VL chains
are derived from Vk3 and, to a lesser degree, Vk1 or Vk2 germline genes, whereas
cold agglutinins with anti-i activity are not restricted to certain L chains, suggest-
ing that associated light chains can refine the binding capacities.

VH4-34 has been reported in 5/10 (50%) of VH4 employing anti-DNA antibodies
[78], but in only 19.2% of CD5+ B cells and 15.6% of CD5– B cells expressing pro-
ductively rearranged VH4 genes from normals [22].

One study [79] surveyed a broad variety of human anti-dsDNA binding hybrido-
mas to define sequence characteristics that may be related to pathogenicity. These
human anti-dsDNA monoclonal antibodies did not exhibit a preferential use of
particular VH and VL genes. However, certain features of the CDR3, such as usage
of an uncommon reading frame of the D segment, D-D fusions or the frequent
presence of arginine were found to be characteristic of anti-dsDNA antibodies
[36–38]. Analyses of IgV gene usage in autoreactive monoclonal autoantibodies
and IgG Fab libraries confirm the conclusion that there is no preferential usage of
particular VH and VL genes. In general, the Ig V gene usage of monoclonal anti-
bodies recapitulates the frequency of gene usage in normals. However, there are
some possible exceptions. Thus, VH3-23 that has been reported to encode the 16/6
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idiotype was detected in 18% of IgM anti-DNA human autoantibodies [78], exceed-
ing the frequency of this gene in normals (13%) [22]. From all analyses, autoanti-
bodies clearly frequently employ VH genes that are frequent in the normal reper-
toire, such as VH3-23, VH1-69, VH4-34, VH4-39 and VH3-07. However, anti-DNA an-
tibodies also use uncommon VH genes, such as VH1-46, VH3-64, VH3-74, and VH4-
61 [78, 79]. Thus, the detection of a broad variety of VH genes used by these auto-
antibodies is consistent with the conclusion that there is no typical pattern of
“autoimmune V genes” and, therefore, there is no molecular abnormality or spe-
cific defect in selection in IgV gene usage causing the production of autoanti-
bodies.

Moreover, there is a broad VL gene usage by human monoclonal autoanti-
bodies. Vk1-3 family members are used somewhat more frequently than Vk
genes, making up 40% of the overall repertoire in anti-DNA antibodies and are
characteristic of cold agglutinins [80]. However, this distribution is also similar to
the normal repertoire, supporting the contention that the choice of IgV genes
encoding autoantibodies follows similar rules as seen in antibodies to exogenous
antigens.

13.2.7
Role of Somatic Hypermutation in Generating Autoantibodies

Somatic hypermutation resulting in the accumulation of basic residues in the
CDRs can contribute to the generation of autoantibodies. Since the underlying
mechanisms and enzymes involved in somatic hypermutation have not been com-
pletely delineated, most studies have examined the overall frequency and pattern
of mutations, rather than the activity of the enzymes involved in generating the
mutations, such as AID [35].

There is some evidence that potentially pathogenic autoantibodies may arise by
somatic hypermutation during the immune response to foreign antigens from an-
tibodies that have no reactivity to autoantigens in their germline configuration.
An abnormality in the unknown “mutator” mechanism is suggested to predispose
to increased somatic mutations, since most pathogenic anti-DNA antibodies are
heavily mutated. Although the pattern of mutations of anti-dsDNA antibodies
present in SLE is suggestive of an antigen-driven response with an increased fre-
quency of replacement mutations in CDRs compared to FRs, the antigen(s) driv-
ing this process has/have not been clearly identified. Immunization with pneu-
mococcus antigen [81] can stimulate the production of anti-DNA antibodies that
cross-reacted with both dsDNA and phosphorylcholine, the dominant hapten on
the pneumococcal cell wall. Binding analysis of a panel of anti-DNA encoding
heavy chain sequences with single amino acid substitutions documented that the
mutations altered antigen binding, and the capacity to induce renal damage.
These data suggested that exogenous antigen can generate self reactive antibodies
during a germinal center reaction by inducing somatic hypermutation of IgV
genes [82]. Although the role of somatic hypermutation in generating autoanti-
bodies has only been directly addressed in a limited fashion, one study reported
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six human anti-DNA monoclonal antibodies that contained replacement muta-
tions in the CDRs which introduced basic residues apparently involved in DNA
binding [29]. These mutations were essential for autoantibody activity, as demon-
strated by the finding that back mutation to the germline configuration resulted
in a loss of DNA binding capacity. These data indicate that mutational activity can
lead to the development of autoantibodies from V(D)J rearrangements that had
no intrinsic autoreactivity.

The importance of somatic mutations and the subsequent introduction of basic
residues in the CDRs of autoantibodies have also been reported [83–86]. Various
studies [79] have considered enhanced R/S ratios in the CDRs of gene rearrange-
ments encoding autoantibodies as an indication for antigen-mediated selection
[86]. This assumption has been questioned, however, since nonproductive Ig VH

gene rearrangements without selective influences exhibited an intrinsically high
R/S ratio in the CDRs [40, 41]. Thus, increased R/S ratios in the CDRs of VH genes
reflect an intrinsic feature of the sequences [87] and the characteristic action of
the mutator operating on VH genes independent of antigen. By contrast, reduced
R/S ratios have been repeatedly reported for VH gene rearrangements obtained
from the salivary glands of SS patients [88–90]. Notably, this was not found in VL

rearrangements from the peripheral blood of these patients [44, 46], suggesting
that there is a selection process confined to the salivary glands in these patients.

One of the most striking features of SLE patients is the marked and generalized
increase in mutational frequency. The increased impact of somatic hypermutation
was a generalized abnormality in SLE and not limited to B cells expressing specif-
ic B cell receptors, but rather diffusely noted in memory CD27+ B cells and plasma
cells. These findings are consistent with other results suggesting an increased
mutational activity in SLE [66]. Since mutational activity in general is thought to
be induced in response to T cell dependent antigens, the B cells of SLE patients
appeared to have been stimulated in a T cell dependent manner more intensively
or more persistently than in normals [91]. Not only was the mutational frequency
in memory cells and plasma cells increased in SLE [45], but the frequency of
plasma cells was also increased in patients with active SLE [70, 92]. Neither the
frequency of mutations nor the percentage of circulating memory B cells or
plasma cells was increased in SS patients [93]. The results suggest that mutational
activity is differentially upregulated in SLE but not in SS. Whether the increased
mutational frequency in SLE reflects a primary abnormality in the mutational
machinery, the intensity or persistence of stimulation, intensive germinal center
reaction with CD40/154 involvement [94] and/or ICOS/ICOS-L engagement [91,
95], a defect in apoptosis of B cells expressing mutated receptors or an exaggerated
role of T cells involved in B cell activation remains to be determined.
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13.3
Disturbed Homeostasis of Peripheral B Cells in Autoimmune Diseases

Recent studies [45, 93, 96] examined the phenotype and Ig heavy chain gene usage
of peripheral B cell subpopulations of patients with autoimmune diseases. Since
B cell development can be followed using several surface phenotypic markers
(Figure 13.5), analysis of this expression profile permits the detection of B cell dif-
ferentiation status in health and disease. In the peripheral blood of healthy con-
trols, ca. 60% of B cells have the phenotype of na�ve cells, and 40% have that of
memory cells. Typically, in such healthy donors, less than 2% of the peripheral B
cells are plasma cells (CD19dim, CD20–, CD38++, and CD27high). Analyses of SLE
and SS patients identified a marked reduction of CD19+/CD27– na�ve B cells,
retention of CD19+/CD27+ memory B cells and increased numbers of CD19dim/
CD27high plasma cells in SLE and a predominance of na�ve B cells in SS [92, 93,
96]. Molecular analysis of IgV genes in one SLE patient showed that these B cell
subpopulations differed in their VH gene usage. With regard to individual genes,
the VH3-23 gene was found most often in CD27–/IgD+ na�ve (6/14) and CD27+/
IgD+ memory B cells (4/15), whereas VH4-34 and VH4-59 were frequently found in
CD27high/IgD– plasma cells [92]. In the latter population, a heavily mutated clone
using VH4-61 was identified. Preferential usage of VH4 genes by post-switch cells
has been reported by others in patients with RA [97, 98]. By contrast, VH3 was
most frequently found in na�ve B cells or unfractionated peripheral B cells of
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Figure 13.5 Schematic development of B cells in the bone marrow as well as
in the periphery based on the expression of several activation/differentiation
markers. (Modified according to Weiss and Silverman, 2003.)
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normals [21, 22, 31–33]. Moreover, the gene VH4-34 frequently used in clonally
unrelated CD27high plasma cells of the SLE patient has been reported to be
involved in the formation of anti-dsDNA antibodies in these patients [99–101] and
to be expanded in patients with active disease [78, 92]. In normals, this particular
gene occurred at a frequency of 3.5% among peripheral CD5+ and 3.9% among
CD5– B cells [22] was found to be negatively selected in an analysis of CD19+ pe-
ripheral cells in normals [21] and was found to be excluded from post-switch ton-
sil plasma cells [102]. Further studies confirmed abnormalities in peripheral B cell
subsets in SLE, SS and RA [103–105]. The overall data indicate that there are dif-
ferences of peripheral B cell composition related to distinctive V gene usage in
specific B cell subpopulations that likely result from antigen-specific selection
and, therefore, the result of post-recombinational processes. Analysis of blood
samples from patients with RA showed a clear change in the B cell populations,
with a shift toward cells expressing an activated and differentiated phenotype
[106].

13.4
Signal Transduction Pathways in B Cells

In general, the immune system is maintained by a fine balance between activation
and inhibition (Figure 13.6). On one hand, it must possess adequate reactivity to
generate an effective immune response to target non-self molecules while, on the
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Figure 13.6 Activation and inhibitory markers on B cells and their signaling pathways
involved (for further details see text). (This figure also appears with the color plates.)
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other hand, avoiding the emergence of autoimmunity. Essential to this process is
the ability to control the timing and place of activation and to limit the extent of
activation. This is regulated by several extrinsic and intrinsic mechanisms. Failure
to maintain this balance could result in either immunodeficiency or autoimmu-
nity. Inhibitory receptors are involved in this regulation.

Autoimmune diseases are complex disorders characterized by adaptive
immune responses supported by innate mechanisms (i.e. TNF in RA) that are
inappropriately directed against self tissues. Previous research has primarily
focused on the contributions of dysfunctional T cells, whereas recent studies have
demonstrated that B cells are important contributors in the pathogenesis of auto-
immunity, besides their ability to produce autoantibodies. Our understanding of
the important cellular and signaling components involved in B cell development
and the maintenance of normal humoral immune responses has expanded greatly
in the last decade, especially by multiple genetic studies in mice. This has pro-
vided new insight into the role of B cells in several autoimmune diseases.

13.4.1
B Cell Function Results from Balanced Agonistic and Antagonistic Signals

B cells undergo a tightly regulated developmental pathway from early progenitors
to terminally differentiated plasma cells (Figure 13.5). Many of these developmen-
tal steps depend on signals mediated through soluble factors and receptor–ligand
interactions. Multiple checkpoints permit both positive and negative selection of
B cells, both centrally in the bone marrow and in the peripheral lymphoid tissues,
such as the spleen and lymph nodes. These checkpoints are necessary to ulti-
mately produce a diverse population of B cells capable of generating high affinity
effector antibodies in the absence of pathologic autoreactivity. Transgenic mice
with perturbations in selective regulatory pathways that affect B cell development
often develop autoimmune disease. By altering gene expression in mice, two
major categories of defects that lead to autoantibody production have been identi-
fied: one set that alters B cell longevity and others that alter thresholds for
immune cellular activation.

13.4.1.1 Altered B Cell Longevity can Lead to Autoimmunity
After their generation in the bone marrow, the process of negative selection elim-
inates most immature B cells before entry into peripheral lymphoid tissues. Resi-
dent B cells in the periphery undergo a second screening process for reactivity
with peripheral self antigens that results in apoptosis, receptor editing or anergy
depending on the strength of BCR signaling (Figure 13.2). Autoreactive B cells
that have survived this screening process have received various growth and anti-
apoptotic signals. Thus, alterations in the expression of genes that regulate B cell
survival can lead to the development of autoimmunity. A classical example of dys-
regulated apoptotic regulatory genes leading to autoimmunity was found in bcl-2
transgenic mice. Enhanced bcl-2 expression allows inappropriate survival of auto-
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reactive B cell clones [107]. Bcl-2 transgenic mice develop anti-nuclear antibodies
and have glomerulonephritis caused by immune complex deposition. A second
example is provided by MRL mice homozygous for mutations in the Fas gene, a
death-inducing receptor required for normal regulation of B cell and T cell life-
spans. MRLlpr/lpr mice develop a spectrum of autoreactivity resembling that found
in human SLE and other autoimmune diseases.

In addition to intrinsic defects that can lead to increased B cell longevity, exter-
nal signals permit autoreactive B cells to escape deletion. One such signal that is
particularly important in B cell growth, differentiation, and survival is BAFF (also
known as BlyS, TALL-1, THANK and zTNF4). It is a member of the TNF family of
cytokines that is produced by dendritic cells, monocytes and macrophages and
induces immature B cell survival and growth of mature B cells within peripheral
lymphoid tissues. BAFF binds three receptors: BCMA (B-cell maturation antigen),
TACI (transmembrane activator and calcium-modulator and cyclophilin ligand
interactor) and BAFF-Receptor. Through these receptors, BAFF acts as a potent
co-stimulator for B cell survival when coupled with B cell antigen receptor
ligation. BAFF ligation increased bcl-2 expression and increased activation of
NF-kb, both of which increase B cell survival [108]. Mice transgenic for either
BCMA or BAFF display mature B-cell hyperplasia and develop an SLE-like dis-
ease, with anti-DNA antibodies, elevated serum IgM, vasculitis and glomerulone-
phritis [109]. Moreover, BAFF expression is elevated in MRLlpr/lpr mice and
(NZW�NZB)F1 hybrid mice and correlates with disease progression [108]. Con-
versely, BAFF-deficient mice show a complete loss of follicular and marginal-zone
B lymphocytes [110a,b]. Attempts to determine the role of BAFF in autoimmune
disease development and progression have used BCMA-immunoglobulin (Ig) and
TACI-Ig fusion proteins as decoy BAFF receptors. Administration of BMCA-Ig or
TACI-Ig to (NZW�NZB)F1 mice leads to increased survival, decreased proteinuria
and delayed disease progression [108, 109]. Elevated BAFF levels are also found in
some SLE and SS patients [109].

Studies of knockout mice have shown that BCMA, TACI and BAFF-R are not
directly equivalent in function [111, 112]. Mice lacking BCMA show normal B-cell
development and antibody responses [113, 114], whereas TACI-deficient mice are
deficient only in T-cell-independent antibody responses [115, 116]. Very recently,
BCMA has been identified to be involved in the generation of long-lived plasma
cells [117]. Paradoxically, mice lacking TACI show increased B-cell proliferation
and accumulation, suggesting an inhibitory role for TACI in B-cell homeostasis.
Gene-targeted mice lacking BAFF-R have yet to be reported, but the natural
mouse mutant A/WySnJ has a disruption of the intracellular domain of BAFF-R.
A/WySnJ mice display a phenotype that is similar to BAFF–/– mice, although folli-
cular and marginal-zone B cells are not completely abolished [118]. In addition,
A/WySnJ mice are impaired only in T-cell-dependent antibody responses, unlike
the more comprehensive defect observed in BAFF-deficient mice. These results
suggest that, while BAFF-R may be the major receptor relaying BAFF-mediated
signals for B-cell survival, redundancy in function may be provided by the other
two receptors, especially by TACI.
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13.4.1.2 Altered B Cell Activation can Lead to Autoimmunity
As noted above, signals generated through the B cell antigen receptor (BCR) are
critical for the development and B cell responses to antigen. The BCR is non-cova-
lently associated with the signal transduction elements, Iga (CD79a) and Igb
(CD79b) (Figure 13.6). The cytoplasmic domains of Iga and b contain highly con-
served motifs that are the sites of Src family kinase docking and tyrosine phospho-
rylation, termed the immunoreceptor tyrosine-based activation motifs (ITAM).
Phosphorylation of tyrosines within these motifs is mediated by Src family
kinases, including Lyn, Fyn or Blk. These phosphorylation events promote BCR
recruitment of another tyrosine kinase, Syk, which facilitates receptor phosphoryl-
ation and initiates downstream signaling cascades that promote B cell activation
[119].

The generation and maintenance of self-reactive B cells is regulated by autoanti-
gen signaling through the BCR complex. These responses are further influenced
by other cell surface signal transduction molecules, including CD19, CD21 and
CD22, that function as response regulators to amplify or inhibit BCR signaling.
CD19, CD21 and CD22 modulate BCR-mediated signals by altering intrinsic
intracellular signal transduction thresholds and thereby adjusting the strength of
signal needed to initiate BCR-mediated activation [120]. Intracellular regulatory
molecules that also control BCR signaling intensity include Lyn, Btk, Vav and the
SHP1 protein tyrosine phosphatase [121, 122]. Notably, CD19, CD21, CD22, Lyn,
Vav and SHP1 are functionally linked in a common signaling pathway (Figure
13.6).

CD19
Mice with altered CD19, CD21, CD22, Lyn or SHP1 expression produce autoanti-
bodies and develop a spectrum of autoimmunity. Peripheral tolerance is disrupted
in mice that overexpress CD19, which results in hyperactive B cells and the spon-
taneous production of IgG subclass autoantibodies [123]. Mice that have only a
15–30% increase in CD19 expression have a distinct phenotype from normal con-
trols, developing SLE-like manifestations [124].

Although multiple molecules involved in a common CD19 signal transduction
pathway influence autoimmunity in mice, similar examples in humans are very
limited. In systemic sclerosis, autoantibodies are detected in more than 90% of
SSc patients and are considered to play a critical role in the pathogenesis of SSc.
Surprisingly, CD19 and CD21 expression levels are 20% higher on B cells from
SSc patients compared with healthy individuals, whereas the expression of other
cell surface markers such as CD20, CD22, and CD40 is normal. As in SSc
patients, CD19 overexpression by 20% induced autoantibody production in a non-
autoimmune strain of mice [125]. Antinuclear antibodies and rheumatoid factor
were induced in these mice, but not wild-type controls. Like mice that overexpress
CD19, the tight-skin mouse, a genetic model for human SSc, also contains spon-
taneously activated B cells and autoantibodies against SSc-specific target autoanti-
gens [125]. Tight-skin mice also develop cutaneous fibrosis. In contrast to mice
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that overexpress CD19, mice that are CD19–/– have a markedly elevated BCR sig-
naling threshold as compared with wild-type mice. CD19-deficiency in tight-skin
mice results in quiescent B cells, with significantly reduced autoantibody produc-
tion and skin fibrosis. Overall, modest alterations in CD19 expression could con-
tribute to the development of autoantibodies in humans, as reported for SSc [126].
Graded alterations in expression or function in these “response-regulators” may
play a role in autoimmune diseases.

CD21

CD19 physically interacts with CD21, a complement receptor on the surface of
B cells. Thereby, CD19 transduces signals generated by CD21 binding comple-
ment fragment C3d, which may amplify signals generated by simultaneous BCR
ligation. Multiple studies have suggested that altered CD21 function correlates
with autoimmunity in animal models. In addition, self-reactive B cells with 60%
reduced CD21 expression are not anergized by soluble self-antigen in mouse mod-
els of tolerance [127]. Although these studies suggest a direct role for CD21 in reg-
ulating B cell function and autoantibody production, this may actually reflect a
role for CD21 in regulating cell surface CD19 expression.

13.4.1.3 Inhibitory Receptors of B Cells
There are two broad classes of inhibitory receptors that share several structural
and functional similarities. Each inhibitory receptor contains one or more immu-
noreceptor tyrosine-based inhibitory motifs (ITIMs) within its cytoplasmic
domain that are essential for generation and transduction of inhibitory signals.
Ligation of the inhibitory receptor to an immunoreceptor tyrosine-based activatory
motif (ITAM)-containing activatory molecule results in tyrosine kinase phospho-
rylation of the tyrosine residue within the ITIM [128] by lyn [129] (Figure 13.6).
Tyrosine phosphorylation of the ITIM allows it to bind and activate phosphatases
containing an src homology 2 (SH2) domain. Two classes of SH2-containing inhi-
bitory phosphatases have been identified: the protein tyrosine phosphatases
SHP-1 and SHP-2, and the phosphoinositol phosphatases SHIP and SHIP2.
These classes have separate downstream signaling pathways through which they
modulate cellular inhibition. In general, each class of phosphatases interacts with
the ITIMs of different inhibitory receptors but each inhibitory receptor appears to
act predominantly through only one class of phosphatase [130].

Of note, FccRII, CD22, PD-1, Lyn, SHP-1 and SHIP are crucial elements in the
signaling pathways of the inhibitory receptors. Experimental evidence suggests
that defective regulation by B cell inhibitory receptors may be of importance in
autoimmunity.
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FccRIIb
Three classes of FccR have been described in humans, FccRI, FccRII and
FccRIII. FccRII and III are further expressed in a and b forms. FccRI, IIa and
IIIa are activating receptors, whereas FccRIIb is an inhibiting receptor. The func-
tion of FccRIIIb, which lacks an intracellular domain, is unknown. Coordinate
expression of FccR has been implicated in various diseases involving immune
complexes, such as diabetes, SLE, RA, multiple sclerosis and autoimmune ane-
mia. FccRIIb is a member of the Ig superfamily and represents a single-chain,
low-affinity receptor for the Fc portion of IgG [131]. It is a 40 kDa protein that con-
sists of two extracellular Ig-like domains, a transmembrane domain and an intra-
cytoplasmic domain that contains a single ITIM. It binds IgG either complexed to
multivalent soluble antigens as immune complexes or bound to cell membranes
[132]. The isoform on B cells is unique in containing an intracytoplasmic motif
that prevents its internalisation [133, 134].

In B cells, which do not express any other Fc receptors, it acts to inhibit signal-
ing through the B cell receptor (BCR), whereas in myeloid cells FccRIIb inhibits
activation through activatory Fc receptors. It is cross-linked to the BCR by
immune complexes containing IgG and antigen recognized by the BCR. Coliga-
tion of FccRIIb to the BCR leads to tyrosine phosphorylation of the ITIM by the
tyrosine kinase lyn, recruitment of SHIP and inhibition of Ca2+ flux and prolifera-
tion. The precise mechanism by which SHIP prevents B cell proliferation is
uncertain [135]. FccRIIb also induces apoptosis on aggregation of the receptor in
the absence of BCR signaling. In this circumstance an apoptotic signal is gener-
ated through Btk and Jnk independent of the ITIM, which is abrogated when
FccRIIb is cross-linked with the BCR. Coligation of FccRIIb is thought to provide
feedback control of the B cell immune response, shutting off or preventing a
response if sufficient antigen-specific IgG is present.

Evidence of a role for defective FccRIIb inhibition in the pathogenesis of auto-
immunity is provided by studies of FccRII-deficient mice, mouse models of auto-
immune disease and human SLE as well as RA. FccRIIb deficiency renders nor-
mally resistant strains of mice susceptible to collagen-induced arthritis and Good-
pasture’s syndrome [136].

FccRIIb–/– mice derived on a C57BL/6 but not Balb/c background produce auto-
antibodies and develop immune complex-mediated autoimmune disease resem-
bling SLE [137], including an immune complex-mediated glomerulonephritis and
renal failure.

Genetic studies of polygenic murine models of human autoimmune diseases
implicate FccRIIb in pathogenesis. Several independent linkage studies in mur-
ine models of SLE and RA have identified disease susceptibility loci that contain
fcgr2. Notably, the region on chromosome 1 containing fcgr2 also contains numer-
ous other candidate genes, e.g. complement receptor 2 [138]. Genetic studies of
the human autoimmune diseases SLE and insulin dependent diabetes mellitus
(IDDM) have shown significant linkage to the region of chromosome 1 (1q23)
containing the low-affinity Fc receptors (both activatory and inhibitory) [139–142].
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Several studies have also found a correlation between specific polymorphisms
in FccRIIA, FccRIIIA and FccRIIIB and the development of several different
autoimmune diseases [143, 144], although this has not been a consistent finding
[145]. One of the studies above has implicated FccRIIB directly, all three of the Fc
receptor genes are clustered very tightly at 1q23 and are thus in linkage dysequili-
brium with each other [144].

Genetic studies have linked polymorphisms in FccRIIB to disease pathogenesis
in humans. A recent study has identified a single nucleotide polymorphism in the
Fcgr2b gene that results in an Ile232Thr substitution [146]. The 232T/T genotype
was found at a significantly higher frequency in Japanese SLE patients compared
with controls. The precise effect of this mutation is unknown, but it lies within
the trans-membrane region of the molecule and it is known that an intact TM re-
gion is required for induction of apoptotic signals through FccRIIB in the mouse.
Thus, Fcgr2b is clearly a candidate gene for human autoimmune disease.

CD22

CD22 is a B cell-specific glycoprotein that first appears intracellularly during the
late pro-B cell stage of ontogeny, with expression shifting to the plasma mem-
brane with B cell maturation until plasma cell differentiation. CD22, with seven
extracytoplasmic Ig-like domains, belongs to the Ig superfamily that serves as
receptors for carbohydrate determinants on a wide variety of cell surface and solu-
ble molecules in vivo. In contrast to CD19, CD22 can act as an antagonist to B cell
activation, most likely by enhancing the threshold of BCR-induced signals. Fol-
lowing BCR engagement, CD22 is predominantly phosphorylated within immu-
noreceptor tyrosine-based inhibitory motifs (ITIM) present in its cytoplasmic
domain. Phosphorylation is predominantly mediated by Lyn, downstream of the
CD19-dependent Lyn kinase amplification loop. If phosphorylated by Lyn, CD22
recruits the SHP-1 and SHIP phosphatases, leading to activation of a CD22/
SHP-1/SHIP regulatory pathway that down-regulates CD19 phosphorylation and
BCR-mediated signal transduction. Thus, CD19 and CD22 function as general
“rheostats” that define signaling thresholds critical for expansion of the peripheral
B cell pool [147]. Ligation of CD22 to the BCR, and subsequent SHP-1 activation
inhibits B cell activation by inhibiting the MAP kinases ERK2, JNK and p38 and
dephosphorylating molecules involved in the early events of BCR mediated activa-
tion. These include the BCR itself, tyrosine kinases activated by phosphorylation
of Igab (such as syk) and the targets of these kinases (including the adaptor pro-
tein BLNK and PLCc). Coligation of CD22 to the BCR reduces B cell activation.
Thus, the interaction of CD22 with its ligand may promote B cell activation [148].
Alternatively, increased levels of ligand on inflamed endothelium would recruit
CD22 [149].

CD22-deficient mice have an expanded B1 cell population and increased serum
IgM, and their B cells are hyper-responsive to stimulation through the BCR [150].
With age they develop high-affinity isotype-switched autoantibodies to dsDNA,
myeloperoxidase and cardiolipin, although not overt autoimmune disease [151].
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CD22 has been linked genetically to disease in both mice and humans. All these
point to a possible role for defects in CD22 contributing to the development of
autoimmunity.

That autoimmunity and immune responses are regulated or “fine-tuned” by a
CD19-dependent signal transduction pathway explains why subtle increases in
CD19 expression or decreased CD22 function leads to autoantibody production
[147].

PD-1

The PD-1 receptor is a 55 kDa inhibitory receptor of the Ig superfamily that is
highly conserved between humans and mice [148, 149]. It is expressed on resting
B cells, T cells and macrophages and is induced strongly on activation [149]. It is
composed of a single extracellular Ig-like domain, a transmembrane region and
has two tyrosine residues in the cytoplasmic tail, one of which forms part of an
ITIM. Two PD-1 ligands (PD-Ls) have been identified and are constitutively
expressed on dendritic cells and on heart, lung, thymus and kidney and also on
monocytes after IFN-c stimulation [150, 151]. In vitro studies on a B cell lym-
phoma line using a chimæric molecule with the FccRII extracellular domain and
the PD-1 cytoplasmic domain have shown that ligation of the PD-1 cytoplasmic
domain to the BCR can inhibit signaling through it. This inhibition prevented
BCR-mediated proliferation, Ca2+ mobilization and tyrosine phosphorylation of
molecules, including CD79beta, syk, PLCc2 and ERK1/2. It is mediated by
recruitment of SHP-2 to a non-ITIM cytoplasmic tyrosine residue [152]. The phys-
iological role of PD-1 in B cells is unclear, but it may play a role in maintaining
peripheral tolerance by limiting activation of autoreactive B cells by cross-linking
PD-1 during interactions with PD-L expressing cells [153].

Linkage studies in human autoimmune diseases have identified susceptibility
loci for both SLE [154] and IDDM [155] that lie close to the gene PD-1, but no
direct evidence for abnormal PD-1 function in human disease has been identified.
Nonetheless, PD-1 knockout mice develop autoantibodies and autoimmune dis-
ease.

13.4.1.4 Inhibitory Receptor Pathways and Autoimmunity
Inhibitory receptors are subserved by remarkably similar signaling pathways. To
date, lyn is the only tyrosine kinase that has been identified as phosphorylating
ITIMs on the B cell inhibitory receptors, and most of these ITIMs then associate
with SHP-1 or SHIP (Figure 13.6).

SHP-1

SHP-1 is a protein tyrosine phosphatase and is similar in structure to SHP-2.
SHP-1 is the phosphatase that is utilized most widely in the inhibitory receptor
signaling pathways. SHP-1 plays the predominant role in regulating through
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ITIMs, whereas increasing evidence suggests that SHP-2 may well have an addi-
tional activating role [156–158]. Clearly, these molecules have an important role in
regulation of a normal immune system, which is related, at least in part, to their
recruitment by inhibitory receptors.

Consistent with its role in mediating inhibitory receptor function, SHP-1 defi-
ciency results in the development of spontaneous autoimmune disease. SHP-1
also associates with BCR, FcR, growth factor, complement and cytokine receptors
[159]. The respective knockout phenotype is consistent with SHP-1 having a pre-
dominant role in the inhibitory receptor pathways [160, 161]. These mice have
B cells that are hyper-responsive to BCR stimulation [162], raised levels of serum
immunoglobulin [162], develop autoantibodies [160] and severe autoimmune dis-
ease with immune complex deposition in skin, lung and kidney [161], patchy alo-
pecia [160], splenomegaly and inflamed paws.

There are no clear data that show linkage between SHP-1 and the development
of autoimmune disease in humans. However, defects in SHP-1 expression have
been associated with SLE in humans; reduced levels of SHP-1 (and lyn) are seen
in the lymphocytes of patients with SLE during inactive phases of the disease
[163], suggesting a potential role in pathogenesis.

SHIP

SHIP is an SH2-containing inositol phosphatase related to SHIP-2 [164], and they
share a conserved N-terminal SH2 catalytic domain. SHIP acts predominantly on
the FccRIIb signaling pathway. The molecule is highly conserved and is expressed
widely in myeloid and lymphoid lineages, including B cells [165].

The pattern of B cell abnormalities seen in the SHIP-deficient mouse is consis-
tent with an inhibitory role in B cell signaling. Splenic B cells have an activated
phenotype with lower surface levels of IgM and higher levels of IgD and are
hyper-responsive to BCR-mediated stimulation measured by expression of the
activation markers CD69 and CD86 [166].

Genetic studies in humans have identified susceptibility loci for both diabetes
and SLE [167] mapping to the region of the genome containing SHIP, but no
direct evidence exists for abnormal SHIP function in human disease.

Inhibitory receptors control the activation threshold of many immune cells,
including B cells. There are many similarities in the signaling pathways of these
inhibitory receptors. Consistent with this is the fact that B cells from inhibitory
receptor-deficient mice have similarities in phenotype and lowered thresholds for
activation as has been reported for SLE. Patients with SLE have hyperactive B cells,
hypergammaglobulinaemia and develop autoantibodies. These are deposited as
immune complexes, initiating an inflammatory reaction, resulting in end organ
damage and the clinical features of the disease. Inhibitory receptors also have spe-
cific effects, as they bind different ligands, and signal through different phospha-
tases.

The phenotype of most SLE mouse models suggests impaired inhibitory recep-
tor function, with hyperactive B cells and a similar pattern of autoantibody pro-
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duction and glomerular disease to that seen in inhibitory receptor knockout mice.
Nonetheless, at almost every genetic susceptibility locus containing an inhibitory
receptor implicated in SLE there are large numbers of genes encoding other
immunologically relevant molecules that may also play a role in disease pathogen-
esis. The role of inhibitory receptors in spontaneous disease is, therefore, yet to be
established firmly; nonetheless, the evidence favors contributions by defective
inhibitory receptor function to the pathogenesis of B cell-mediated autoimmune
diseases.

13.5
B Cell Abnormalities Leading to Rheumatoid Arthritis

In RA, considerable interest has focused on abnormalities in fibroblasts, macro-
phages, T cell responses or production of T cell cytokines and/or defective control
by regulatory T cells in RA, which led to one of the early biological treatment of
RA, i.e. the use of anti-CD4 antibodies [166]. However, recent evaluation of the
role of B cells – the evolutionarily most recent immune cells – in the immune
system has indicated that they are more than just the precursors of antibody-
secreting cells (Table 13.1, Figure 13.7). B cells have more essential functions in
regulating immune responses than had previously been appreciated. Therefore, it
is possible that exaggeration of any of these B cell activities could contribute to the
development of autoimmune disease. In this regard, B cells can function as anti-
gen-presenting cells (Table 13.1), as has been shown in animal models [167–170]
where mice that had B cells but lacked secreted Ig nevertheless developed autoim-
munity [167]. Lymphotoxin produced by B cells is essential for the differentiation
of follicular dendritic cells into secondary lymphoid organs and the organization
of effective lymphoid architecture [171]. In addition, antigen-presenting M cells
do not develop in the gastrointestinal mucosa in the absence of B cells [170]. Simi-
larly, activated B cells express co-stimulatory molecules that can be essential for
the evolution of T effector cells [171–173]. B cells themselves may differentiate
into polarized cytokine-producing effector cells that can influence the differentia-
tion of T effector cells [173]. Most recently, IL-10 positive B cells with immunore-
gulatory functions have been identified [173]. The cytokines produced by activated
B cells may influence the function of antigen-presenting dendritic cells. Taken to-
gether, these results indicate that B cells play an essential role in lymphoid orga-
nogenesis as well as in the initiation and regulation of T and B cell responses.
Therefore, these cells represent a central component of the immune system, but
have only recently emerged as an important therapeutic target.
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Table 13.1 Immune functions of B cells.

1 Precursors of (auto)antibody-secreting plasma cells

2 Essential functions of B cells in regulating immune responses:

(i) Antigen-presenting cells

(ii) Differentiation of follicular dendritic cells in secondary lymphoid organs

(iii) Essential role in lymphoid organogenesis as well as in the initiation and regulation of
T and B cell responses

(iv) Development of effective lymphoid architecture (antigen-presenting M cells)

(v) Activated B cells express co-stimulatory molecules and may differentiate into polar-
ized cytokine-producing effector cells that can be essential for the evolution of T effec-
tor cells

(vi) Differentiation of T effector cells

(vii) Immunoregulatory functions by IL-10 positive B cells

(viii) Cytokine production by activated B cells may influence the function of antigen-pre-
senting dendritic cells

13.5.1
Activated B Cells may Bridge the Innate and Adaptive Immune System

Conceptually, the relationship between the immunopathogenic role of the innate
and adaptive immune system in RA has regained significant attention [174–177].
There is a general perception of three stages in the course of RA – disease initia-
tion, perpetuation and a terminal destruction process [174–179]. However, the dis-
tinct role of antigen-specific lymphocytes remains a matter of debate since, i.e.,
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neutrophils dominate synovial effusions. Recent concepts [179] repostulated that
the initiation of RA may be antigen-independent by involving joint constituents.
Secondly, the inflammatory phase appears to be driven by specific antigens –
either foreign or native and either integral to the joint or presented in the periph-
ery. The third stage – destruction of the synovium – seems to be again antigen-
independent. Although it is unclear to what extent B cells are involved in certain
stages of the disease, their role appears to be significant, either as a link to other
immune cells potentially bridging innate and the adaptive immune system or as
directing cellular components in inflammation. Nonetheless, B cells can be con-
sidered as an “enhancing element” of RA severity.

A recent model, the K/BxN mouse, has raised particular interest. In this model,
spontaneous arthritis occurs in mice that express both the transgene encoded
KRN T cell receptor and the IAg7 MHC class II allele [178–182]. The transgenic
T cells have a specificity for glucose-6-phosphate isomerase (G6PI) and can break
tolerance in the B cell compartment, resulting in the production of autoantibodies
to G6PI. Affinity-purified anti-G6PI Ig from these mice can transfer joint specific
inflammation to healthy recipients [182]. A mechanism for joint-specific disease
arising from autoimmunity to G6PI has been suggested recently. G6PI bound to
the surface of cartilage serves as the target for anti-G6PI binding and subsequent
complement-mediated damage. In this model, the inciting event is the expression
of an autoreactive T cell receptor in the periphery. However, joint destruction is
delegated by the adaptive response to innate immune mechanisms and can be
transferred to animals that lack B and T cells [182, 183]. Whereas these animal
studies are very compelling and intriguing, analyses of anti-G6PI antibodies in
the serum of RA patients indicate that these autoantibodies apparently do not play
a frequent or significant role [183, 184].

13.5.2
“Humoral Imprinting” in Rheumatoid Arthritis

Autoantibodies are the serologic hallmark of autoimmune diseases and serve as
indicators of the break in self tolerance. In this context, rheumatoid factor (RF) is
considered as a serologic marker in RA. Several other autoantibodies are also
present in RA (reviewed in Ref. 185), whereas the role of precursor B cells in this
disease is less clear. Nevertheless, patients with RA who produce RF and other
autoantibodies have a more severe course of the disease.

Several new antigen systems, such as antibodies against citrullinated proteins
[186], with a striking specificity for RA have been identified, demonstrating that
such humoral immune disturbances are associated with a more aggressive form
of RA and may precede the disease by several years [4, 5]. Baeten et al. [187] dem-
onstrated recently that intracellular citrullinated proteins, as well as binding of an
antifillagrin antibody, was confined to RA synovium, indicating a specificity and
role of these autoantigenic structures in the disease. In general, demonstration of
autoantibodies against several structures in RA indicates a more active disease
and radiologic progression, respectively – with the major exception of antibodies
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against IL-1 [188]. The bulk of the available data indicate that RA patients produc-
ing autoantibodies and, therefore, having a disturbed humoral immune response
suffer from a more severe type of the disease.

13.5.3
Indications of Enhanced B Cell Activity in RA

Indicators of enhanced B cell activation in RA include migration into the syno-
vium via chemokine/chemokine receptors [189] with subsequent formation of
T/B cell aggregates and the development of tertiary follicular structures [190],
expression of co-stimulatory molecules, such as the ligand for CD40 (CD154) and
ICOS/ICOS-L, enhanced production of several cytokines that further stimulate
B cell function, including interleukin 6 (IL-6) and IL-10, markedly enhanced
mutational activity in the synovium and abnormalities in positive and negative
selection of B cells in RA.

B cells have been characterized in the inflamed synovium. One study identified
CD20+/CD38– B cells from RA synovium with a dramatically reduced prolifera-
tive capacity [191, 192] when cultured with IL-2 and IL-10 in combination with
CD40L-expressing fibroblasts. The authors suggest that these cells represent a
subset of effector B cells. However, there is a need to demonstrate further their
impact in the pathogenesis of RA, especially in man.

The group of Weyand and Goronzy has demonstrated the distinct role of B cells
in the rheumatoid synovium [190, 193, 194]. In one study [193], CD4+ T cells in
synovial GCs were isolated by microdissection and the activation requirements for
these follicle-derived CD4+ T cells were analyzed in adoptive transfer experiments.
Distinct GCs from the same patient contained identical CD4+ T cell clones that,
upon transfer into heterologous synovial tissues, were able to increase the produc-
tion of proinflammatory mediators. Two factors were identified to be critical in
developing arthritis, matching with the MHC class II polymorphism of the
implanted synovium and the presence of B cells in the tissue. The data suggest a
critical role of B cells in regulating the activation of tissue-invading CD4+ T cells.
Treatment of chimeric mice with anti-CD20 mAb inhibited the production of
IFN-c and IL-1b, indicating that APCs other than B cells could not substitute in
maintaining T cell activation. Given the ability of B cells to capture antigen specifi-
cally with their receptors and present it to T cells, B cells may be uniquely situated
to stimulate proinflammatory T cells in rheumatoid synovitis. It is widely accepted
that a specific role of MHC class II molecules confers susceptibility to the disease
through involvement in critical antigen presentation events, either during thymic
selection or in the periphery.

Although identification of the central arthritogenic antigen in RA is still lack-
ing, formation of T cell/B cell aggregates and the formation of GC-like structures
can be correlated with increasing disease activity, including the production of
autoantibodies, such as RF [195]. It needs to be shown whether there are apparent
differences in the underlying pathologic process, with the disease activity likely
escalating from (1) non-organized infiltrate to (2) T/B aggregates through (3) ecto-
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pic germinal center formation. Such distinctions might indicate differences in the
course of the disease correlating with the degree of B cell activity and may provide
the benefit of fine-tuning therapeutic strategies, such as the decision of using con-
ventional DMARDs, TNF blockers vs. B cell depletion.

13.5.4
T Cell Independent B Cell Activation

Recent evidence indicates that B cells play an interactive role between the innate
and adaptive immune system. In detail, Marshak-Rothstein et al. [195] have
shown that effective activation of RF+ B cells can be mediated by IgG2a-chromatin
immune complexes requiring synergistic engagement of the B cell receptor and a
member of the MyD88-dependent toll like receptor (TLR) family, likely TLR9. Bac-
terial and vertebrate DNAs differ by the absence of CpG methylation in bacteria.
The immune system uses TLR9 to detect the presence of unmethylated CpG dinu-
cleotides as a signal of infection; these motifs are rare in vertebrate DNA. In
humans, the expression of TLR9 appears to be relatively restricted to B cells and
CD123+ dendritic cells. Upon the detection of CpG motifs, B cells are induced to
proliferate and secrete Ig, and DCs secrete a wide array of cytokines, interferons
and chemokines that activate TH1 cells. Bacterial DNA or CpG motifs co-stimulate
B cell activation through cell membrane Ig, thereby promoting the development
of antigen-specific responses. This study found that immune complexes contain-
ing self-DNA activate RF-specific B cells as a result of two distinct signals, (1)
engagement of the B cell antigen receptor (BCR) and (2) activation of TLR9
through the histone/DNA portion of the immune complex. Although the implica-
tions of these findings for certain autoimmune diseases need to be delineated, the
evidence that TLR9 activation co-stimulates autoreactive B cells provides a mecha-
nism of action for an established therapy for systemic autoimmune diseases and
suggests new therapeutic approaches. Decades ago, it was found that chloroquine
is an effective therapy for systemic autoimmunity, but the mechanism of its activ-
ity was not identified. Chloroquine and other compounds that interfere with endo-
somal acidification and maturation specifically block all CpG-mediated signals
[196]. The established efficacy of chloroquine and related compounds in treating
autoimmune diseases could be related to a requirement for continuous co-stimu-
lation of the BCR and TLR9 pathways in sustaining disease activity. Moreover, sul-
fasalazine also has effects on reducing B cell activity, further indicating that
known DMARDs may have the capacity to influence the biologic activity of these
cells [198]. Moreover, other TLRs can also be considered as candidates in RA
pathogenesis, i.e. TLR 4 recognizing LPS, but need further investigation.

An important implication of this work is that beyond overall B cell depletion
that decreases both T cell-dependent and -independent responses, there needs to
be more precise targeting directed towards the category of B cell response to be
specifically eliminated (Figure 13.8).
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13.6
Depleting anti-B Cell Therapy as a Novel Therapeutic Strategy

In general, therapy for severe autoimmune disease has primarily relied on broadly
immunosuppressive agents such as cyclophosphamide, methotrexate, cyclospor-
ine, leflunomide, mycophenolate mofetil and corticosteroids [197]. Although sur-
vival rates have improved dramatically, none of these therapies offers a cure and
most have significant toxicity. With the advent of monoclonal antibody and specif-
ic small molecule based therapies, more specific and effective therapies are possi-
ble. Therapy directed at specifically reducing B cell numbers has recently gained
attention and enthusiasm [198]. Based on the ability of the chimerized anti-CD20
monoclonal (rituximab) to reduce B cell numbers without significant toxicity, it is
also being evaluated in human clinical trials for patients with autoimmune dis-
eases [198, 199]. Rituximab functions by binding the membrane-embedded CD20
surface molecule on B cells, leading to B cell elimination by host immune effector
mechanisms such as ADCC. Considering our current understanding of the role
of B cells in the pathogenesis of autoimmune disease, the potential specificity of
rituximab with minimal toxicity, and the encouraging preliminary results in
human clinical trials, one can expect to see a significant expansion in the use of
rituximab in human clinical trials with patients with various autoimmune disor-
ders. Notably, however, most autoimmune patients that have benefited from ritux-
imab therapy have not manifested remarkable decreases in measurable Ig levels,
but have had some decreases in autoantibody titers, such as RF [199]. This sug-
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gests that the therapeutic effect does not simply rely on deleting precursors of ab
producing cells, but likely by deleting antigen-presenting B cells.

Rituximab (RTX), initially developed as a therapy for B cell malignancies, is a
humanized anti-CD20 monoclonal antibody (IgG1kappa) and depletes B cells by
complement-dependent cytotoxicity and antibody-dependent cell-mediated cyto-
toxicity. Several studies have demonstrated the beneficial effect of anti-CD20 in
RA, SLE, ITP, autoimmune hemolytic anemia, cold agglutinin disease, myasthe-
nia gravis, and Wegener’s granulomatosis as well as in a growing number of other
diseases [200–210].

In RA, Edwards and Cambridge [207] initiated a first open trial of B cell deple-
tion in 5 patients with refractory disease by using the humanized anti-CD20
monoclonal antibody in RA and could show improvement in 4/5 patients. Five
patients with refractory RA were given a regimen of anti-CD20 with intravenous
cyclophosphamide and high-dose corticosteroids. All of the patients achieved
responses, meeting the American College of Rheumatology 70% improvement
criteria (ACR70) after the first or second treatment cycle. The use of relatively
high-level immunosuppression with cyclophosphamide and corticosteroids in the
first trial made it difficult to discern the specific contribution of B cell depletion.
Subsequently, this group and other investigators pioneered further studies on the
effect of anti-CD20 therapy in RA.

In a more recent study, the same group [208] reported 22 patients with RA with
five different combinations of RTX, cyclophosphamide and/or high dose predni-
solone on an open trial basis. Although the study did not expand knowledge
beyond the previous study and again did not allow a distinction of therapeutic
effects by RTX vs. cyclophosphamide vs. prednisolone, the safety and major clini-
cal improvements of this therapy were documented.

A further, independent study by De Vita and colleagues [209] reported results
on anti-CD20 treatment of 5 patients with RA that had not been responsive to
combination therapy with methotrexate and cyclosporine, with or without anti-
TNF therapy. After a washout period of 1 month, these five patients received anti-
CD20 therapy alone. Four of the 5 patients (80%) achieved ACR20 responses; in 1
of the 4 (20%), the response was at the ACR50 level, and 1 (20%) had an ACR70
response. At this point, the study by De Vita et al. [209] confirmed the previous
experience and provided more direct evidence that B cell-ablative therapy may
have a role in patients with RA.

Recently, Edwards and colleagues [210] reported data on the efficacy and safety
of the first randomized placebo-controlled trial in 161 patients with RA. This
study contained 4 treatment arms with MTX alone (n = 40), RTX alone (n = 40),
RTX+cyclophosphamide (n = 41) and RTX+MTX (n = 40). Interim analysis at
24 weeks demonstrated a significant ACR20 (65–76% vs. 38%) and ACR50 (33–
43% vs. 13%) response of RTX protocols versus MTX alone, whereas significant
ACR70 responses were only evident in the RTX+MTX group (23%). At 48 weeks,
RTX+MTX showed the highest ACR responses (ACR20 65%; ACR50 35%; ACR70
15%) which is remarkably since these patients continued taking MTX alone after
they received only two infusions 17 days apart at entry of the study after they failed
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to respond to MTX. In this study, the monoclonal anti-CD20 antibody was
reported to be well tolerated in all three treatment arms, although one patient
died in the RTX+MTX group, reportedly not related to the study drug. So far no
enhanced rates of infections have been reported in autoimmune patients under
RTX treatment, in particular no tuberculosis in the limited number of patients to
date. It is emphasized that the ACR20, 50 and 70 responses were apparently very
similar to those reported in the infliximab and etanercept trials (reviewed in
Ref. 211). A surprising result of the last study [211] is that a combination with
MTX (£ 10mgwk–1) was superior to a combination with cyclophosphamide. These
stimulating data in RA have generated an expanding interest to study the value of
RTX in a number of other diseases, such as SLE, Wegener’s granulomatosis, IGM
associated polyneuropathy, multiple sclerosis etc. where a number of studies is
underway.

Remarkably, patients who received RTX have B cell depletion for 6–14months
but do not develop a decrease in their Ig level, in contrast to a reduced RF level,
and apparently do not develop infectious complications.

Although the role of B cells in RA has been discussed and several questions
remain, there is now increasing evidence for a pathogenic role of B cells in RA.
Based on these observations, B cell ablation appears to be a further candidate as
another biologic therapy in RA.

Other potential targets for treating B cell-mediated human autoimmune dis-
eases include BAFF antagonists and decoy receptors utilizing BMCA or TACI.
Recent trials of CTLA-4-lg fusion proteins that disrupt T-B cell interactions [212]
and T cell activation have been promising in the treatment of RA, showing moder-
ate efficacy with no evidence of significant toxicity. Considering the important
roles of CD22 and CD19 in the regulation of B cell function, it is conceivable that
modulators or antagonists of CD22 and/or CD19 function will enter human clini-
cal trials. The development of therapeutic MoAbs that block certain ligand engage-
ment or intracellular pathways may have considerable benefit for the treatment of
autoimmunity, without the risk of eliminating bulk B cell populations as with
anti-CD20-directed therapies. Since CD19 deficiency ameliorates autoimmunity
in mice, a further understanding of the molecular aspects of CD19/Src-family
kinase interactions may lead to the identification of target molecules for therapeu-
tic intervention during human autoimmunity.

Although CD40–CD40 ligand (CD40L) interactions are critical for normal B
and T cell interactions and monoclonals against these therapeutic targets have
demonstrated efficacy in animal experiments, human clinical trials targeting this
pathway were disappointing, either because of a lack of efficacy or unexpected tox-
icity, especially thrombembolism [213, 214]. Rapidly advancing molecular under-
standing of regular and disturbed immune responses will provide abundant tar-
gets appropriate for drug development. It is expected and likely that many of these
drugs will target B cell function directly since it is becoming more obvious that
B cells contribute substantially to multiple human autoimmune diseases.
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14
Dendritic Cells (DCs) in Immunity and Maintenance of Tolerance
Magali de Heusch*, Guillaume Oldenhove* and Muriel Moser

14.1
Introduction

There is increasing evidence that cells of the dendritic family display opposite
functions. They have the unique capacity to induce optimal activation of T lym-
phocytes, and in particular to sensitize naive T cells that have never encountered
the antigen they are specific for. Several recent reports have demonstrated that
dendritic cells (DCs) also play a major role in peripheral tolerance. These two
complementary functions would ensure the integrity of the organism in an envi-
ronment full of pathogens.

It is unclear whether autocrine or paracrine factors determine the stimulatory
versus suppressive function of DCs. Several reports suggest indeed that the nature
of the DC itself, its activation status and/or the microenvironment may determine
the fate of the T lymphocytes.

14.2
Dendritic Family

In the 1960s, several reports suggested that antigen-specific activation of T and B
cells required the presence of “accessory” cells [1]. The authors postulated that a
“transfer of information” was required between two cell types. More than three
decades later, there is strong evidence that antigen-presenting-cells, which play
much more than a “accessory” role, transmit multiple signals to cells in the lym-
phoid organs, related to the nature and the amplitude of the infection, the charac-
ter of the infected tissue, etc.

DCs were discovered in 1973 by Steinman and Cohn [2] during observations on
the cells of mouse spleen that adhered to surfaces. In addition to mononuclear
phagocytes, granulocytes and lymphocytes, they found various large, nucleated
cells, whose cytoplasm was arranged in pseudopods of varying forms and lengths.

* Both authors share first authorship.



They further reported that these “dendritic” cells undergo characteristic move-
ments and do not appear to engage in active endocytosis. Since then, numerous
studies have described the hallmarks of this family and, in particular, their capacity to
sensitize naive T cells that have not encountered the antigen they are specific for.

Among antigen-presenting-cells, which include B cells, DCs and macrophages,
DCs display unique properties: (1) at some stage, they have a dendritic morphol-
ogy (from demd�eom, tree) which favors interaction with numerous lymphocytes;
(2) they express various receptors that specifically recognize microbial products
and enable them to discriminate between self and non self; (3) they are motile
and, in particular, migrate from the periphery to the lymphoid organs; (4) they
have a specialization of function over time: they shift from an antigen-capturing
mode to a T cell sensitizing mode during a phenomenon called maturation; (5)
they express various co-stimulatory molecules and produce cytokines with stimu-
latory and inhibitory function.

14.3
DCs at Various Stages of Maturation

Cells of the dendritic family display a specialization of function over time. This
was discovered in 1985, when Schuler and Steinman [3] reported that freshly iso-
lated Langerhans cells were weak stimulators of T cell proliferation but underwent
a progressive increase in stimulatory capacity in culture. Steinman and his col-
leagues subsequently showed that the capacity of DC to present protein varied in-
versely with stimulatory activity in MLR, suggesting that DC function involves
two components that develop in sequence: a presentation step and a sensitization
step [4]. It is generally admitted that DCs at the immature state are posted outside
the lymphoid organs where they act as standing guards for pathogen invasion. In
case of infection and/or inflammation, they move to the draining lymph nodes,
thereby forming a link between the periphery and the secondary lymphoid tis-
sues, where immune responses are initiated. Interestingly, the maturation confers
to DCs the capacity to delay antigen presentation of antigenic/MHC complexes,
i.e., to present in the lymphoid organs antigens encountered earlier in peripheral
tissues [5]. The coordinated migration and maturation of DCs are considered criti-
cal for T cell priming, as mature DCs express membrane molecules and secrete
cytokines that are required for optimal T cell sensitization.

Various stimuli have been shown to induce maturation of DCs and include
microbial products and inflammatory cytokines. In particular, injection of lipo-
polysaccharide induces DC migration in situ, as assessed by upregulation of
immunostimulatory properties and downmodulation of processing capacity [6].
These functional changes correlate with a rapid migration of DC to the T cell area,
resulting in co-localization of T lymphocytes and mature DCs that have encoun-
tered microbial antigens. Interestingly, DCs express pattern-recognition receptors,
such as Toll-like receptors, that distinguish infectious non-self from infectious
self, and engagement of TLRs by various ligands leads to their maturation, migra-
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tion and production of cytokines, thereby favoring the induction of immunity to
infectious (rather than self) antigens [7, 8].

14.4
Immature DCs

In addition to their role of sentinels in most tissues, there is some evidence that
immature DCs may induce a state of non-responsiveness in naive T cells and may,
therefore, contribute to peripheral tolerance to antigens that do not induce their
maturation.

Several groups have reported that immature DCs can induce the differentiation
and expansion of type 1-regulatory T cells (Tr1). Roncarolo and colleagues [9] de-
veloped a protocol to differentiate Tr cells by repetitive exposure of naive peripher-
al blood CD4+ T cells to allogeneic immature DCs. The resulting Tr1 cells produce
IL-10, TGF-b and suppress proliferation and cytokine production by autologous
CD4+ T cells via an IL-10- and TGF-b-dependent mechanism. These Tr1 cells do
not express high levels of FoxP3 and appear distinct from CD4+ CD25+ regulatory
T cells. Other groups have reported that immature DCs induce a state of tolerance
by triggering the IL-10-dependent differentiation of Tr1 cells in mice and humans
[10–12]. Of note, a natural DC subset that induces the development of Tr1 cells
has been recently identified in mice by Groux and colleagues [13].

However, other reports suggest that immature or semi-mature DCs may induce
the clonal expansion of CD4+ T cells and their differentiation into a memory pool
that displays effector function only upon a secondary antigenic stimulation. Thus,
adoptive transfer of freshly isolated (immature) splenic DCs pulsed extracorpore-
ally with OVA peptide induced the proliferation of antigen-specific CD4+ T lym-
phocytes that do not produce IFN-c in vitro upon antigenic challenge. By contrast,
injection of antigen-pulsed mature DCs resulted in proliferation of naive T cells
and their rapid differentiation into Th1 effector cells. Mice injected with antigen-
pulsed immature DCs did not become tolerant but displayed a memory response
upon antigen boost [14]. Consistent with these observations, Lanzavecchia and col-
leagues have shown that T cells progressively differentiate, depending on the level
of signal that accumulates during T cell–DC interaction [15]. Thus, a pool of cen-
tral memory cells may develop at an intermediate stage and further differentiate
into effector cells upon secondary encounter with the antigen.

14.5
Homing of DCs into Secondary Lymphoid Organs

While examining the behavior of Langerhans cells after skin transplantation, Lar-
sen and colleagues found that these cells in epidermal sheets from grafts and
explants increased in size and expression of MHC molecules, and then decreased
in numbers. By 24 h, cells resembling LC were found close to the epidermal–der-
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mal junction, and by 3 days they formed cords in dermal lymphatics before leav-
ing the skin [16]. The same group showed that donor-derived MHC class II-posi-
tive DCs migrated rapidly out of the mouse cardiac allografts into the recipient
spleens where they homed to the peripheral white pulp and associated predomi-
nantly with CD4+ T lymphocytes [17]. The impact of DC migration to T cell prim-
ing was further demonstrated by Martin-Fontecha et al. [18] who showed that
CCR7–/– DCs, injected subcutaneously, failed to migrate to the draining lymph
nodes and did not induce immunity. The same authors further demonstrated that
the magnitude and quality of CD4+ T cell response were proportional to the num-
ber of antigen-carrying DCs that reached the lymph node, and that the migration
is regulated at the level of entry into lymphatic vessels by inflammatory cytokines
through upregulation of CCL21.

Interestingly, DCs appear to migrate not only in inflammatory conditions but
also in the steady state. Vermaelen and colleagues have studied the antigen trans-
port from the airway mucosa to the thoracic lymph nodes following intratracheal
instillation of fluorescein isothiocyanate (FITC)-conjugated macromolecules.
They found FITC+ cells with stellate morphology in the T cell area of lymph nodes
and identified these cells as migratory airway-derived lymph node DCs [19]. Simi-
larly, the antigen-presenting activities of DCs have been shown to shift from lung
to lymph node after an airway challenge with soluble antigen. MacPherson’s
group has also reported that a discrete DC subset constitutively endocytosed and
transported apoptotic cells to T cell areas [20]. Co-localization of immature DCs
with T lymphocytes is likely to be involved in the induction of peripheral tolerance
(see Section 14.9).

Several chemokines and receptors appear to regulate DC trafficking at different
stages of maturation in vivo [21]. In particular, Caux and colleagues have demon-
strated that immature and mature DCs were selectively recruited by distinct che-
mokines expressed in different anatomic sites [22, 23]. Their observations suggest
a role for MIP-3a/CCR6 in recruitment of immature DCs at site of injury and for
MIP-3b/CCR7 in accumulation of antigen-loaded mature DCs in T cell rich areas.
Upon maturation, DCs lose their expression of CCR6 and responsiveness to
MIP-3a, to become sensitive to MIP-3b through induction of CCR7. A recent
report [24] demonstrates that CCR7 is also required for the steady-state migration
of skin-derived DC in the absence of inflammatory signals. In particular, CCR7-
deficient mice lack a subset of skin-derived LC that display a CD11c+ MHCIIhi

phenotype in draining lymph nodes, and this semi-mature population of DC may
be involved in induction of tolerance in vivo. In addition, CCR2-deficient mice
have impaired Langerhans cell migration, reduced numbers of CD11c+ splenic
DCs and a block in the Leishmania major infection-induced relocalization of sple-
nic DCs from the marginal zone to the T cell areas, suggesting that CCR2 is an
important determinant of DC migration and localization as well as the develop-
ment of protective immunity to Leishmania major [25].
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14.6
DCs as Adjuvants

In 1978, Steinman and Witmer provided the first evidence that DCs purified from
mouse spleens were potent stimulators of the primary mixed leukocyte reaction
[26]. The authors used a dose–response assay to compare the potency of purified
DCs with that of other spleen cell populations. They found that the MLR-stimulat-
ing capacity of fractionated spleen cells correlated with the DC numbers and that
macrophages, T and B cells stimulated weakly. Since then, numerous reports have
shown thatDCs can activate bothCD4+ andCD8+ T lymphocytes in variousmodels.

In vivo, DCs are powerful stimulators of immune responses when adoptively
transferred into recipients. Injection of epidermal Langerhans cells [27] or splenic
DCs [28], coupled to trinitrophenyl, was shown to activate effector cells in mice.
The in vivo priming capacity of DCs has been largely documented in several CD4+

[29, 30] and CD8+ T cell responses in rodents and in humans (see Section 14.15).
In addition to T cell responses, humoral responses are induced following transfer
of DCs, which are characterized by the secretion of IgG1 and IgG2a antibodies
[31].

Based on these observations, it was admitted that DCs that have undergone
maturation and presented high levels of MHC/antigen complexes and co-stimula-
tory molecules were capable of inducing optimal immune responses. However,
two recent reports challenge this view. Pasare and Medzhitov have shown that DC
maturation and migration to lymph nodes are not sufficient for T cell activation in
the absence of TLR-induced inflammatory cytokines. Of note, the requirement for
TLR-induced DC-derived cytokines can be bypassed by depletion of Treg, suggest-
ing that TLR engagement counteracts the suppressive activity of Treg [32]. These
observations are reminiscent of very old studies by Gershon, Steinman and col-
leagues, who showed that splenic DCs and peritoneal exudate cells induced by
mycobacteria activate effector cells that are resistant to suppression [28]. They
found that intravenous injection of TNP-DC and TNP-coupled PEC that had been
induced by the complete Freund’s adjuvant produced an immune response that
could not be suppressed by coadministration of an intravenous injection of TNBS
known to induce TNP-specific suppressor cells.

A second report by Sporri and Reis e Sousa [33] demonstrates that the nature of
the signal that leads to DC activation determines the outcome of DC/T cell interac-
tion. They show that DCs activated indirectly by inflammatory mediators are able
to upregulate MHC molecules and co-stimulation and to drive T cell clonal expan-
sion. However, such DCs do not produce IL-12 and are unable to drive differentia-
tion of CD4+ T cells into Th1 effectors in vivo. In contrast, exposure to pathogen
components resulted in fully activated DCs that promoted T helper cell responses.
Interestingly, directly and indirectly activated DCs may have complementary roles
in the induction and maintenance of immunity: DCs activated by engagement of
pathogen recognition receptors (PRR) may prime for Th1 whereas DCs activated
in trans by inflammatory mediators may induce clonal expansion and/or trigger
memory cells.
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14.7
DC Subsets

The dendritic family appears to be heterogeneous and includes various DC sub-
classes [34].

14.7.1
Classical DCs

Phenotypic analysis of DC from different tissues has revealed some heterogeneity
in lymphoid organs. In the spleen, three DC types have been identified that differ
by their expression of CD4 and CD8a/a molecules [35]. The CD4–8a+, CD4–8–,
CD4+8a– subpopulations share many common markers, including MHC class II
and CD11c, and express similar levels of the co-stimulatory molecules CD40,
CD80 and CD86. The three splenic subtypes behave as rapidly-turning-over prod-
ucts of three independent developmental lineages [36].

DC populations of the lymph nodes appear even more complex: in addition to
the three cell types present in the spleen, two DC populations have been described
that may be dermal and epidermal-derived DC [37]. Mouse Peyer’s patches con-
tain two distinct populations of DCs: one that resides underneath the follicle-asso-
ciated epithelium and one present in the interfollicular T cell regions [38].

14.7.2
Plasmacytoid DCs

In 2004, O’Doherty and colleagues identified in human peripheral blood a sub-
population of CD11c– immature DCs with low MHC class II expression and poor
T cell stimulatory capacity [39]. Similar cells were subsequently purified from ton-
sils and were shown to be identical to the cells producing interferon in peripheral
blood in response to viruses [40]. Human pDCs are CD4+IL-3RA (CD123)+

CD11c–, whereas murine pDCs are CD123– and express the surface antigens
CD11c, B220 and Ly6C. In addition, murine pDC upregulate CD8a expression
during their maturation [41, 42].

Although both pDCs and classical DCs can secrete type I interferon in response
to viruses through TLR-dependent and TLR-independent pathways, pDCs pro-
duce larger amounts. Of note, type I interferons stimulate the function of various
cell types: they activate cytolytic activity and IFN-c production by NK cells, pro-
mote survival of T cells and Th1 differentiation, induce the maturation and stimu-
latory properties of DCs [43] and induce B cells to produce immunoglobulins.

Freshly isolated human and mouse pDC are poorly stimulatory, as they do not
endocytose antigens efficiently, have minimal expression of co-stimulatory mole-
cules and low MHC class II expression, as compared to classical DCs. In contrast,
activated pDCs can present antigens and induce expansion and activation of CD4+

and CD8+ T lymphocytes.
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The contribution of pDCs to immune responses is unclear [44]. In particular, it
is still unknown whether they initiate immunity or are mainly involved in the
induction of innate responses and the regulation of adaptive responses. In addi-
tion, a few recent reports suggest that pDCs may be involved in the negative regu-
lation of some immune responses (see Section 14.9).

Although the DC subsets were thought to be committed to the DC lineage, a
recent report does not support this view. Zuniga et al. [45] have indeed shown that
virus infection can reprogram bone marrow plasmacytoid precursor DCs to con-
vert into cells with phenotypic and functional characteristics of CD11c+ conven-
tional DCs through the production of type 1 interferon. The cell transformation is
accompanied by the acquisition of potent antigen-presenting-capacity and the abil-
ity to secrete IL-12 in response to a TLR4 ligand. Whether this unexpected plastic-
ity of bone marrow pDCs plays a major role for resolution of viral infections
remains to be determined.

14.8
DCs in T Cell Polarization

DCs are more than a simple “on/off” switch of the immune response, but in addi-
tion seem to contribute significantly to the polarization of immune responses.
The plasticity of the DCs allows them to modulate their function according to the
nature of the infection and the tissue damaged, thereby providing this useful
information to T cells confined in the lymphoid organs. Various mechanisms
have been reported by which DCs may regulate the Th1/Th2 balance in vivo,
including the intensity and the duration of the (antigenic and co-stimulatory) sig-
nal [46], the DC subclass [47–49], the maturation stage [14], the nature and the
concentration of the antigen [50], the cytokine microenvironment, etc. (for a
review see Ref. 51).

There is recent evidence that other cell types, in particular effector cells, partici-
pate in T cell priming and affect the quality of the developing T cell response
induced by DCs in vivo (for a review, see Kalinski and Moser, Nat. Rev. Immunol.
2005. 5, 251–260). B cells regulate the capacity of DCs to promote IL-4 secretion,
possibly by downregulating their secretion of IL-12. Indeed, administration of
DCs from B cell deficient mice induced the development of cells secreting IL-4
only (no IFN-c), whereas injection of DCs from wild-type animals primes for Th1-
and Th2-type cells [52]. Natural killer cells, which are normally excluded from
lymph nodes, have been shown to be recruited to lymph nodes on stimulation by
the injection of mature DCs and this movement provides a potent boost for Th1
responses. NK cell depletion and reconstitution experiments demonstrated indeed
that NK cells provide an early source of IFN-c that is necessary for Th1 polariza-
tion [53].

Steinman and colleagues have reported that a-galactoceramide acts as a stimu-
lus in vivo for the full maturation of DCs in mice. The phenotypic and functional
changes associated with the maturation were not induced directly by this glyco-
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lipid but required natural killer T cells. Of note, DCs from mice given a-galacto-
ceramide with antigen were able to induce antigen specific, IFN-c producing
T cells upon transfer into naive animals, suggesting that DC maturation accounts
for the induction of Th1 immunity [54]. The authors further showed that inflam-
matory cytokines and a distinct CD40/CD40L signal were both required for the
Th1 adjuvant properties of this glycolipid [55].

14.9
Tolerogenic DC

Although ignored for several decades, the tolerogenic properties of DCs are now
gaining increasing attention from immunologists. An essential question was how
autoimmunity was avoided when fully mature DCs were presenting autoantigens
together with non-self infectious antigens. This question long remained unre-
solved, until several reports suggested the existence of active tolerogenic mecha-
nisms that continuously silenced autoreactive cells in the periphery [56].

Deletion has been reported as a mechanism of extrathymic tolerance to various
antigens (including self antigens) expressed in tissues outside the normal recircu-
lation pathway for naive T cells. Kurts and colleagues [57] have shown that OVA-
specific transgenic T cells, injected into mice expressing OVA in the pancreatic
b cells and proximal kidney, proliferated in the lymph nodes draining the pancreas
and the kidney and were subsequently deleted. An important step in the under-
standing of this process was the demonstration that a bone marrow-derived anti-
gen-presenting-cell was capable of processing and presenting antigens expressed
by peripheral tissues. Using mice in which only CD11c+ DC can activate OT-I
cells, the authors further demonstrated that DC were sufficient to cross-present
exogenous self-antigens in vivo and are likely involved in the deletion process [58].

Other studies have used direct DC targeting to antigens to show that DCs can
be tolerogenic antigen presenting cells in vivo. Targeting antigens in situ through
DEC-205 resulted in deletional tolerance of CD4+ T cells, whereas combined injec-
tion of anti-CD40 antibody resulted in sustained T cell activation [59]. Using an
inducible expression and presentation of lymphocytic choriomeningitis virus-de-
rived CTL epitopes, thereby avoiding any cell transfer, Probst et al. demonstrated
that DCs induce immunity or tolerance depending solely on their activation status
[60]. In humans, Dhodapkar et al. reported a decline in antigen-specific IFN-c-
producing T cells and the onset of IL-10-secreting cells upon injection of imma-
ture DCs [61].

The nature of the tolerogenic DCs is still elusive. Likely candidates include:
1. DCs at the immature stage, which have been shown to induce a state of

unresponsiveness in T lymphocytes (see Section 14.4).
2. DCs made tolerogenic by various treatments, such as IL-10 alone or in

combination with TGF-b, immunosuppressive agents such as vitamin D3.
3. Some specialized DC subsets, which have been shown strictly dedicated to

tolerance induction, even in a mature state.
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In particular, CD8a+ DCs have been shown to display tolerogenic properties in
vitro [62] and in vivo using the tumor/self-peptide P815 AB [63]. The same subset
was involved in the phenomenon of cross-tolerance, i.e., the induction of periph-
eral tolerance to tissue-associated antigens [64, 65]. The tolerogenic role of CD8a+

DCs is, however, still elusive, as other studies have demonstrated that CD8a+ DCs
were the major producers of IL-12 and efficiently primed for Th1 in vivo [66, 67].

A population of CD11clowCD45Rbhigh DCs was isolated from spleen and lymph
nodes from mice, which display an immature phenotype even after in vitro activa-
tion and induce tolerance and Tr1 cell differentiation in vivo [13].

Special attention has been focused lately on plasmacytoid DCs. Several recent
studies have demonstrated that pDCs display tolerogenic potential in some condi-
tions. pDCs have been shown to prevent disease in a mouse model of asthma:
Lambrecht and colleagues addressed the role of pDCs in a mouse model of
asthma by depleting this subset using anti-Gr1 antibodies, and showed that pDCs
depleted mice developed increased features of asthma and Th2 cell cytokine pro-
duction in mesenteric lymph nodes [68]. Although both classical and plasmacytoid
DCs can transport FITC-labeled OVA to the draining lymph nodes, only classical
DCs primed naive T cells in vivo. By contrast, pDCs induced the generation of
suppressive T cells in vitro and, upon transfer, prevented the development of
asthma in vivo. In a bone marrow transplantation model, plasmacytoid precursor
DCs facilitate hematopoietic stem cell engraftment in mismatched recipients and
induce durable tolerance to transplanted grafts [69].

Two recent reports suggest that stroma may drive mature DCs to differentiate
into regulatory DCs. Zhang et al. [70] have reported that endothelial-like splenic
stromal cells promoted the proliferation of mature DCs and their development
into a unique type of DCs that display decreased levels of CD11c, MHC class II,
CD86, and secreted more IL-10 and NO than mature DCs. The authors further
showed that these DCs exerted inhibitory effects on CD4 T cells in vitro and in
vivo, and this suppressive function appears mediated by nitric oxide. An in vivo
counterpart of this subset was identified in spleen, and these cells undergo prolif-
eration after immunization. These data support the possibility that maturing DCs
migrate to secondary lymphoid organs, activate naive T cells and then further dif-
ferentiate into regulatory DCs under the influence of the local microenvironment.
This view challenges previous observations that suggested that fully mature DCs
undergo spontaneous apoptosis in vivo [6, 71]. Rather, mature DCs may not be
terminally differentiated cells but may revert to a form of regulatory cell that
would play a role in the termination of the immune response and the homeostasis
of the immune system. A second report shows that spleen-derived stromal cells
promote selective development of CD11clo CD45RB+ IL-10-producing regulatory
DC from lineage-negative c-kit+ progenitor cells. These DC have the capacity to
suppress T cell responses and induce IL-10-producing regulatory T cells in vitro
and to induce antigen-specific tolerance in vivo [72].
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14.10
Mechanisms of Tolerance

The molecular mechanisms underlying the induction of peripheral tolerance by
DCs are still poorly understood. Several mechanisms have been identified, which
include antigenic presentation in the absence of co-stimulation, deletion of anti-
gen-reactive T cells by tryptophan metabolites, regulation of T cell/DC contacts or
Fas/Fas-ligand interaction, and the induction of regulatory T cells.

14.10.1
Lack of Co-stimulation

In vitro studies have shown that T cell clones recognizing antigen in the absence
of co-stimulatory signals show impaired proliferation and may become anergic to
further immunogenic stimulation. Whether a state of systemic tolerance can be
reached under conditions of suboptimal co-stimulation remains an open question
but has been challenged by the observation that experienced rather than naive T
cells seem to be sensitive to anergy by signal alone [73, 74]. In addition, virtually
all antigen-specific T cells would have to interact with DCs expressing antigen in
the absence of co-stimulation in order to induce effective tolerance in the whole
animal.

14.10.2
Peripheral Deletion of Autoreactive T Cells

There is some evidence that tryptophan metabolites, or signaling through CD95,
may induce T cell deletion. Populations of DC producing indoleamin 2,3-dioxy-
genase (IDO) have been described by several groups. Of particular interest is the
finding that human DCs that express IDO constitutively have been identified in
normal lymphoid tissues and in larger numbers in tumor-draining lymph nodes
[75]. Notably, the presence of IL-10 during DC maturation has been shown to
potentiate the function of IDO, suggesting a new mechanism of action for IL-10.
In addition, engagement of B7 molecules on DC with CTLA-4 appears to activate
the immunosuppressive pathway of tryptophan metabolism (see Section 14.11).

Signaling through CD95 seems to be involved in tolerance induction, as CD95-
deficient OT-I cells are not susceptible to deletion by cross-presentation of tissue-
derived ovalbumin in the renal and pancreatic lymph nodes [76].

14.10.3
Dynamics of Cellular Contacts

Nussenzweig and colleagues reported recently on the dynamics of T/DC interac-
tions and showed that the DCs resident in the lymph nodes form an extensive
cellular network. Interestingly, DCs injected intradermally initially moved faster
than resident DC and then became progressively dispersed into the resident net-
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work, losing motility. Probably, the DCs maintained in a fixed position in the net-
work scan the passing T cells by probing with the dendrites. In the steady state,
the DC network would present T cells with an enormous surface area rich in the
self-MHC class II-peptide complexes required to maintain self tolerance. Mature
DCs carrying antigen into the lymph nodes from the periphery disperse through
the T cell zones, thereby facilitating their interaction with migrating T cells specif-
ic for the antigen they carry. Of note, the mature DCs would be ideally positioned
to relay antigens to other DCs in the network. These observations are in line with
previous reports showing that antigen/MHC complexes expressed on donor DC
are detected on recipient DCs in the draining lymph nodes [77].

Recent evidence suggests distinct dynamics of T cell interactions with antigen-
presenting DCs in tolerogenic versus immunogenic conditions. Amigorena and
colleagues have analyzed the dynamics of the interactions between DCs and Tcells
during priming in explanted lymph nodes using two-photon laser scanning mi-
croscopy [78]. CMTMR-labeled OT-I cells were adoptively transferred into mice
that were injected 4 h later with anti-DEC205-OVA plus a maturation stimulus
(LPS or anti-CD40). They found that, during T cell priming, DC–T cell dynamics
followed a sequence of three phases of interactions: transient, stable and transi-
ent. A stop signal was delivered to T cells 15–20 h after immunization and most of
the DC–T cell conjugates remained stable for more than 30min. T cells began
secreting IFN-c at that time and began dividing after 30–48 h of interaction. Inter-
estingly, the stable phase is dictated by the kinetics of DC maturation s rather
than by T cells. During the induction of tolerance, i.e., in the absence of adjuvant,
T cells established brief and unstable contacts with DCs throughout the whole
observation period. The authors conclude that DCs can deliver brief or prolonged
stimulation to CD8+ T cells that will determine their differentiation. In particular,
stable T cell contacts are required for priming, whereas brief DC–T cell interac-
tions result in induction of T cell tolerance. These data are in keeping with pre-
vious observations showing that the duration of T cell receptor stimulation is a
critical parameter in T cell fate determination [46].

14.10.4
Induction of Regulatory T Cells

There is evidence that DCs may promote tolerance by inducing and/or sustaining
the differentiation of regulatory T cells. This active mechanism would lead to a
memory of tolerance and ensure long-term, antigen-specific hyporesponsiveness
in animals even in stimulatory conditions.

Three main populations of cells with suppressive activity have been described
and renamed regulatory T cells: Tr1 and Th3 cells, which are induced by IL-10
and/or TGF-b, and CD4+ CD25+ cells, which are present naturally in the periph-
ery. Several reports have suggested that DCs may trigger Tr1 cells mainly at the
immature stage (see Section 14.4). However, mature DCs may induce Tr1 cells in
some conditions, as Akbari et al. have reported that phenotypically mature pul-
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monary DCs produced IL-10 when exposed to respiratory antigens and stimulate
the development of Tr1 cells [79].

Although it was originally thought that DCs that have not undergone matura-
tion would sustain/activate the population of naturally occurring regulatory Tcells,
there is evidence that these CD4+ CD25+ control ongoing immune responses,
induced by mature DCs or adjuvant [80–82]. In particular, these cells seem to exert
a negative feedback mechanism on Th1 responses [82].

Interestingly, recent data have demonstrated that normal CD4+ CD25– T cells
have the potential to convert spontaneously in the periphery into a CD4+ CD25+

regulatory T cells which are physically and functionally indistinguishable from
naturally occurring CD4+ CD25+ regulatory T cells [83]. This conversion does not
require a thymus. When CD4+ CD25– cells were injected into B7-1/B7-2–/– mice,
very few CD4+ CD25+ were recovered that were unable to suppress proliferation of
responder cells in vitro or in vivo. The requirement for B7 suggests that antigen-
presenting-cells may be involved, in particular DCs that have been shown to
express B7 in vivo in the absence of any intentional stimulation [84].

These observations suggest that immature and mature DCs may act through
distinct regulatory T cell populations. Immature DCs would present mainly tissue
self antigens and trigger Tr1 cells, thereby limiting autoimmune reactions. By
contrast, fully competent mature DCs would sustain the survival/function of
CD4+ CD25+ Treg and prevent excessive (Th1?) immune responses directed to self
and (mainly?) non-self antigens.

14.11
CD28-B7 Bidirectional Signaling

Recent reports have shown that CD28 and CTLA-4 as ligands of B7 molecules can
signal DCs to initiate distinct effector responses. The first evidence was provided
by Grohmann et al., who showed that a soluble form of CTLA-4 [85] and mem-
brane anchored CTLA-4 on the surface of regulatory T cells [86] activate the immu-
nosuppressive pathway of tryptophan catabolism in DCs, leading to the induction
of antigen-specific tolerance. In contrast to results with CTLA4-Ig treatment, DCs
conditioned with CD28-Ig display increased adjuvant capacities [87]. The authors
report that DCs treated for 24 h with various concentrations of either CD28-Ig or
CTLA-4-Ig produce IFN-c, but that only CD28-Ig-conditioned DCs produce IL-6.
Interestingly, blocking the effects of IL-6 resulted in enhanced tryptophan catabo-
lism in DCs exposed to CD28-Ig, suggesting that IL-6 effects are dominant, a
hypothesis consistent with previous studies by Medzhitov and colleagues [88]. The
authors further demonstrated an adjuvant activity of soluble CD28 in vivo, as
assessed by enhanced T cell-mediated immunity to tumor and self peptides, fun-
gal clearance and tumor growth inhibition. Collectively these observations suggest
that T cells can instruct DCs to manifest tolerogenic properties after CTLA-4
engagement of B7 or Th1-prone properties after CD28-B7 interaction.
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14.12
Crosspriming

It still unclear whether new migrant DCs prime T cells following direct interac-
tion. There is evidence that transferred DCs establish stable interaction with
T cells in the lymph nodes draining the site of injection [89, 90] and that this sta-
bility is crucial for T cell activation (see Section 14.10.3). However, some observa-
tions suggest that exchanges of peptide–MHC complexes occur between different
DC populations in vitro and in vivo and may play a major role in the amplification
of antigen presentation and, thereby, T cell responses. In vitro studies support the
concept that a major component of the MLR is the secondary presentation of
alloantigens acquired from stimulator DC by DC of responder type [91]. Klein-
dienst and Brocker used transgenic mouse models with targeted MHC class II
expression specifically on DCs to test whether DCs loaded in vitro with antigen
and used as cellular vaccines directly stimulate antigen-specific T cells [92]. Their
results suggest that participation of resident DCs, but not endogenous B cells, is
crucial to obtain optimal expansion and effector function of T cells in vivo. The
transfer of antigen to endogenous DCs occurs in the lymph nodes and requires
the migration of viable antigen-loaded DCs. Although the mechanism of antigen-
transfer is unknown, vesicles of endosomal origin are likely candidates. Amigor-
ena and colleagues have demonstrated [93] that, in addition to carrying antigen,
exosomes promote the exchange of functional peptide–MHC complexes between
DCs. Of note, naive T cell stimulation by exosomes in vitro requires two distinct
DC populations, one that produces exosomes and a second that acquires pep-
tides–MHC complexes and stimulates T lymphocytes. These observations are con-
sistent with a role for exosomes in spreading antigen-specific signals by exchan-
ging antigens and/or MHC complexes between transferred DCs and host resident
DCs.

14.13
Cross-presentation and Cross-tolerization

Among the antigen-presenting-cells, DCs have the unique capacity of processing
soluble exogenous proteins to MHC class I restricted, CD8+ T lymphocytes. In
particular, Albert and colleagues have found that human DCs can efficiently pres-
ent influenza antigens derived from apoptotic, influenza-infected cells and stimu-
late class I-restricted CD8+ cytotoxic T lymphocytes [94].

Notably, the cross-presentation confers to DCs the capacity to generate cytotoxic
responses to viruses that do not infect them and to react to dangers associated
with altered protein composition, whatever the affected cells. This pathway may
also account for the phenomenon of cross-priming whereby antigens derived
from tumor cells or transplants are presented by host APCs. The dominant pro-
cessing pathway of cross-presented antigens appears to implicate the TAP trans-
porters and proteasome complexes. It was discovered that ER membranes deliver
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all elements required for MHC class I antigen processing to early phagosomes,
which become autonomous cross-presentation compartments. After antigen
export to the cytosol and degradation by the proteasome, peptides are translocated
by TAP into the lumen of the same phagosomes and loaded on phagosomal MHC
class I molecules [95]. In addition to this ER-like phagosomes, a recent report pro-
vided evidence that pinocytosed soluble proteins can gain access to the lumen of
the perinuclear ER after internalization by DCs. Thus, distinct mechanisms
appear to be responsible for cross-presentation by the ER-associated machinery of
antigens taken up by phagocytosis and pinocytosis [96].

Notably, macrophages form ER-like phagosomes that are competent for cross-
presentation [97] but there is no evidence that exogenous proteins can access the
ER of macrophages, an observation that could result from the rapid degradation
of proteins in these cells, as compared to DCs.

The authors propose that the separation of internalized antigens into two dis-
tinct pathways may properly regulate immunity and tolerance to MHC class I-
restricted antigens [96]. During infection, microbial antigens would be captured
(from whole pathogens or fragments of infected cells) by phagosomes generating
peptide–MHC complexes, and engagement of Toll-like receptors would induce
DC maturation. In the steady state, pinocytosis of self antigens present in the
microenvironment would allow their low constitutive presentation, leading to pe-
ripheral tolerance to self.

A key issue is the identification of the signal that determines whether such pre-
sentation ultimately results in a cytotoxic T cell (CTL) response (cross-priming) or
in CD8+ T cell inactivation (cross-tolerance). Reis e Sousa and colleagues have
recently described a mechanism that promotes cross-priming during viral infec-
tions [98]. They show that murine CD8alpha+ DCs are activated by double-
stranded RNA present in virally infected cells but absent from uninfected cells.
DC activation requires phagocytosis of infected material, followed by signaling
through the dsRNA receptor, toll-like receptor 3 (TLR3).

14.14
DC as Regulators of T Cell Recirculation

In addition to their major role in the initiation of immunity, DCs appear to direct
cell traffic. A recent report suggests indeed that skin- and gut-associated DCs can
alter the homing properties of effector T cells [99]. Thus, DC from gut-associated
lymphoid tissues induce on activated CD8 T cells the expression of the gut-hom-
ing molecules a4b7 and CCR9, as well as the capacity to migrate to the small
bowel. By contrast, naive T cells activated by DC from peripheral lymph nodes
express more selectin ligands and mRNA for CCR4, and home more efficiently to
inflamed skin. Of note, reactivation of tissue committed memory cells modified
their tissue tropism according to the last activating DC’s origin, a property that
would allow the immune system to fight pathogens that colonize discrete sites.
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14.16 Conclusion

14.15
DC-based Immunotherapy of Cancer

The unique properties of DCs as adjuvant, in particular for Th1 priming, sug-
gested their use for inducing tumor-specific immunity in cancer patients. This
approach led to tumor rejection of established tumors in several murine models
and gave limited but encouraging results in melanoma patients [100–102].

Interestingly, recent observations suggest that anti-vaccine CTL may not be the
effector cells that kill the bulk of tumor cells, but rather that T cells directed
against tumor antigens other than the vaccine antigen may be involved in tumor
rejection. Boon, Coulie and colleagues have reported that new antitumor clono-
types arise after vaccination and can be detected in the blood and in high numbers
in regressing metastases [103, 104].

There is strong evidence that a negative environment is produced in the tumor
that would lead to local paralysis of the T cells specific to the tumor. Several mech-
anism of inhibition of T cells have been described and include tumor-specific
human CD4+ CD25+ [105], TGF-b and IL-10 production, IDO-producing DCs pos-
sibly under the influence of Treg, etc.

Collectively, these observations suggest that critical parameters need to be bet-
ter defined to optimize DC-based immunotherapy [Figdor, Nat. Med. 2004, 10(5),
475–480] – in particular the choice of tumor antigen, the nature of the DC vaccine
and the strategy to counteract suppressive mechanisms.

14.16
Conclusion

DCs can perform various – even opposite – functions with great efficiency. Their
capacity to induce immunity versus tolerance and their specialization of function
over time render them ideally suited to organize the defense against pathogens
while avoiding autoimmunity. Our understanding of DC function in the patho-
genesis of human diseases suggests that these cells may be potential targets for
therapeutic intervention.
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15
Thymic Dendritic Cells
Ken Shortman and Li Wu

15.1
Thymic Dendritic Cells

The major if not sole function of the thymus is the production and selection of
T lymphocytes [1, 2]. Accordingly, the function of thymus cells not of the T lineage
is interpreted in terms of their role in inducing or supporting the complex series
of developmental steps involved in the production of T cells. For thymic dendritic
cells (DC) there is little evidence of any role in the early steps of T cell develop-
ment from bone-marrow derived precursors. Rather, thymic DC, as specialised
antigen presenting cells, have been implicated in the later steps of T-cell receptor
repertoire selection. The finding that thymic DC appear during ontogeny about
the same time as CD4+8+ thymocytes supports a role in repertoire selection [3].
Negative selection, the induction of apoptotic death in potentially self-reactive
developing Tcells, is the usual role ascribed to thymic DC [4–6]. However, the rela-
tive importance of negative selection in preventing autoimmune responses, com-
pared to the generation of regulatory T cells or deflection of cortical thymocytes to
alternative T cell developmental states, is currently being reassessed. Thymic DC
are likely to be involved in these additional tolerogenic mechanisms.

In this chapter we will first consider the subtypes of DC found within the thy-
mus and will compare them to the DC in peripheral lymphoid tissues. Next, we
will consider the origin of thymic DC and the developmental steps that produce
them. Finally, we will discuss the role of thymic DC in T cell repertoire selection
and tolerance. Most data will be derived from mice, but we will include, where
possible, work on human thymus.

15.2
Localisation and Isolation of Thymic DC

The bone-marrow derived component of the thymus, although dominated by
T-lineage cells, also includes a low level of B cells, macrophages and DC. Most thy-
mic DC are localised in the medulla or at the cortico-medullary junction in the



mouse [4, 6], as in the rat [7, 8]. Although the proportion of DC in the thymus
overall is only around 0.5%, lower than in other lymphoid organs, within the
medulla itself the incidence of DC would be comparable to that in the spleen or
lymph nodes.

The reduced incidence of DC in thymus suspensions makes DC isolation more
demanding than from other tissues. A further problem is that, on preparing a thy-
mus cell suspension by mechanical means or by collagenase digestion, the major-
ity of the thymic DC remain associated with T-lineage thymocytes in the form of
“rosettes”, consisting of a central DC with multiple attached thymocytes [9, 10].
These rosettes must be disassociated by EDTA treatment (to chelate Ca2+ and
Mg2+) and mild shear force, to ensure segregation of DC and T-lineage cells. Cen-
trifugation in an iso-osmotic density medium to select the 3–5% lightest cells is
then an effective first step in enriching the DC component [11]. Immunomagnetic
depletion of T-lineage and other non-DC lineage cells is a useful second enrich-
ment step; however, care must be taken not to deplete some DC because of Fc-
receptor binding of depleting antibodies, or because of DC pickup of T-lineage
thymocyte antigens [11]. If a completely pure preparation of thymic DC is re-
quired, there is at present no substitute for fluorescence-activated cell sorting
using at least two DC-selective markers [11].

15.3
Pickup of Antigens by Thymic DC

The isolation of thymic DC and the separation into subtypes is usually based on
fluorescent staining or particular surface components. The marked tendency of
thymic DC to pick-up surface antigens from T-lineage thymocytes is a major haz-
ard in subsequent flow-cytometric analyses or sorting. These surface components,
probably in the form of fragments of thymocyte membranes, appear to remain
associated with the DC when the DC-thymocyte rosette complexes are dissociated.
CD4, CD8ab and Thy-1 are all picked up by the DC from thymocytes [11, 12]. Al-
though the level of staining for such acquired antigens is generally lower than for
authentic DC components, it is sufficient to muddy the analyses [11]. In some
cases an incubation in culture is sufficient to remove much of the acquired anti-
gen. However, full verification that the marker is a product of the DC has involved
two sorts of tests. The first is to determine whether the DC contain mRNA coding
for the markers stained on the DC surface. The second is to check that a given
allotype of the marker is found only on the DC of the right genetic origin, when
chimeric thymuses are constructed by transferring into irradiated mice bone mar-
row from two strains of mice differing in the marker allotype [11, 12].
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15.4
Subtypes of Thymic DC

We can define a distinct DC subtype as a DC with a unique pattern of surface mar-
kers and which is not the immediate precursor or product of another DC subtype.
In this definition we exclude separate activation states as representing separate
DC subtypes. However, the DC subtypes so defined may still be closely related,
perhaps having branched off during development from a common precursor.
Using such a definition we can segregate at least five subtypes of conventional DC
(cDC) in peripheral lymphoid tissues of the mouse [11, 13, 14], as well as distin-
guishing the class 1 interferon producing plasmacytoid cell (pDC) which can
function as a DC precursor [15–17]. In many cases there are clear functional dif-
ferences associated with this division based on DC surface markers [18]. The
same approach leads to three subtypes of DC-lineage cells within the thymus, and
each has a close equivalent within the peripheral DC subtypes.

15.5
Major Thymic cDC Population

The total cDC of mouse thymus, representing about 0.3% of thymocytes, can be
isolated as CD11chi, MHC IIhi, CD45RA– or CD45R– cells (Figure 15.1A). Most of
these are CD8+, the proportion varying between around 75% in C57BL/6 mice to
around 90% in Balb c mice [11, 19–21]. The CD8 is in the form of the CD8aa
homodimer and the DC express the mRNA for CD8a [11, 19]. However, the DC
may also have on their surface a smaller amount of CD8ab, picked up from asso-
ciated thymocytes [11]. The staining for CD8a may be as high as on T cells, al-
though there are lower staining cells, which include some less developed CD8aa+

DC as well as DC that lack CD8aa production but pick up surface CD8ab from
thymocytes (Figure 15.1B). This CD8+ population does not express CD4, although
there may be significant pickup of CD4 from thymocytes [11]. This majority popu-
lation of thymic DC resembles in many respects the minority (20%) subset of
CD8+ spleen and lymph node DC, in being CD205+ and CD11b–. However, one
marked difference is that a proportion of thymic CD8+ DC, but not of peripheral
CD8+DC, stain for BP-1 (6C3) and express mRNA for BP-1 [21, 22]. To date no
other differences have been noted between BP-1+ and BP-1– thymic CD8+DC.
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15.6
Minor Thymic cDC Population

Mouse thymus contains a minority population of cDC (around 25% in C57BL/6
mice, less in Balb c mice) that does not synthesise and express CD8aa on its cell
surface [11, 20]. Recognising and separating this subtype is particularly difficult
because of the pick up of surface CD8ab from thymocytes, so they appear as a
lower staining shoulder on a CD8a fluorescence histogram [11] (Figure 15.1B).
However, better segregation can be obtained by two-parameter staining for CD8a
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Figure 15.1 Mouse thymic conventional DC
(cDC) and plasmacytoid DC (pDC) popula-
tions. Thymic DC were separated as light
density cells, then non-DC cells were
depleted using immunomagnetic beads. The
enriched DC preparation was fluorescence
stained for CD45RA, CD11c and CD8a. cDC
were selected as CD11chi CD45RA–, and pDC

selected as CD11cint CD45RA+, using the
gates shown in part (A). (B) Staining of cDC
for CD8a. Most bright-staining cells are
CD8aa+. The tail of low staining cells
(CD8–/lo) includes some cells with low
CD8aa expression and many cells that are
CD8aa– but have picked up CD8ab from
thymocytes.



15.8 Maturation State and Antigen Processing Capacity of Thymic DC

and Sirp a, where the minority CD8a low Sirp a+ population stands out (Wu and
Lahoud, unpublished). Despite these problems in separation, gene expression
profiles indicate clear differences between this minor subset and the majority
CD8+ thymic cDC (Lahoud and Shortman unpublished).

Because of all the difficulties in defining and analyzing this minor thymic cDC
subset, it is not yet clear whether it represents a single CD8– DC subtype with a
special intrathymic role, or whether it is simply an indicator of the entry into the
thymus from the blood stream of a number of peripheral DC subtypes.

15.7
Thymic pDC

About 35% of the DC lineage cells in the thymus are the natural interferon pro-
ducing plasmacytoid pre-dendritic cells, pDC, which closely resemble the pDC
found in peripheral lymphoid organs. These pDC can be separated from a DC-
enriched preparation as CD11cmedium MHC IIlow, CD45RAhigh, CD45Rhigh cells [22].
They are round cells with plasmacytoid rather than dendritic morphology, but
transform into dendritic morphology on activation in culture [6]. Like their coun-
terparts in the periphery, thymic pDC are mainly Ly6C+; it remains to be estab-
lished whether the small Ly6C– component is either an earlier developmental
stage of pDC or is a different lineage entirely. A proportion of thymic pDC express
CD4 and/or CD8a; in this respect they resemble spleen or lymph node pDC
rather than bone-marrow or blood pDC, which are CD4– CD8– [16, 17]. However,
as with splenic pDC, the expression of CD4 and CD8a appears to represent differ-
ent activation or developmental states of the one pDC lineage, rather than mark-
ing discrete subtypes as for cDC [16]. Like the pDC in the periphery, and in con-
trast to cDC, thymic pDC express high levels of toll-like receptors (TLR) 7 and 9,
but only low levels of TLR 2–4 [22]. Accordingly, thymic pDC respond to the TLR9
ligand CpG, but not to Escherichia coli lipopolysaccharide [16, 22].

15.8
Maturation State and Antigen Processing Capacity of Thymic DC

The cDC of the thymus are in a non-activated or “immature” state, similar to those
in the spleen of a steady-sate mouse [23]. Thus, although they express moderate
levels of surface MHC II, most of the MHC II is within the cell in endosomes and
only shifts to the surface after deliberate activation ([23], Wilson, Villadangos and
Shortman, unpublished). Although thymic cDC already show some surface
expression of co-stimulatory molecules, this is low compared to the high levels
achieved on deliberate activation [11, 23]. However, the major CD8+ thymic cDC
population generally appears slightly more activated than their peripheral CD8+

cDC counterparts. The modal levels of the co-stimulatory molecules CD80 and
CD86 are a little higher and a few thymic DC express relatively high levels.
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However, despite this apparent small shift towards a more “activated” state in
the terms of surface markers, thymic CD8+ DC, like their counterparts in the per-
iphery in steady-state mice, have the antigen uptake and processing properties
considered characteristic of “immature” DC. They are capable of phagocytic or
endocytic uptake of antigens, and of processing antigens for presentation on
MHC II. The CD8+ thymic DC, like their peripheral counterparts, are also effi-
cient at cross-presenting antigens on MHC I ([23]; Wilson, Villadangos and Short-
man, unpublished).

The thymic pDC are also in an “immature” maturation state, very similar to
their peripheral pDC counterparts. They have only low levels of surface MHC II
and very low surface expression of co-stimulatory molecules [16, 22]. They have
little phagocytic ability but are capable of endocytosis. Although they can process
for MHC presentation antigens that enter the cell by endocytosis, and can process
endogenous proteins, in their non-activated state they are very poor stimulators of
T cells (Wilson, Villadangos and Shortman, unpublished). However, once activated
by microbial stimuli, such as oligonucleotides containing bacterial DNA CpG
motifs, they can activate T cells into proliferation [16, 22].

15.9
Cytokine Production by Thymic DC

A special capacity of thymic DC to make particular cytokines would be a pointer
to an intrathymic role beyond antigen presentation. However, results with the few
cytokines surveyed so far suggest there is little cytokine production in situ and
that the capacity of thymic DC to produce cytokines on appropriate activation is
very similar to their peripheral DC counterparts. Thus thymic CD8+ cDC, if stim-
ulated with CpG oligonucleotides or polyI-C or CD40-ligand, together with appro-
priate cytokines (GM-CSF, IFN-c and IL-4), will produce very high levels of bioac-
tive IL-12p70, much more than CD8– cDC although somewhat less than splenic
CD8+ cDC [24, 25]. Thymic CD8– DC, in the presence of IL-12 and IL-18, will pro-
duce IFN-c [24]. Thymic pDC, if stimulated with CpG oligonucleotides, will pro-
duce the extremely high levels of type 1 interferons characteristic of splenic pDC
[16, 22]. They will also produce IL-6 and moderate levels of IL-12p70 ([16], O’Keefe
and Shortman unpublished). In all these cases the cytokines are produced only
after experimental activation and the production by freshly isolated thymic DC in
culture without the stimuli is very low. Even when the potentially more activated
small subgroup of CD8+ thymic cDC expressing relatively high levels of MHC II
was isolated, it produced little IL-12p70 without additional microbial stimulus
(Hochrein, O’Keefe and Shortman, unpublished). Thus to date there is no evi-
dence for a significant cytokine production by freshly isolated thymic DC, al-
though they have a potential for cytokine production if appropriately stimulated.
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15.10
DC of the Human Thymus

The DC of human thymus, like those of rodent thymus, are localised mainly in
the medulla and at the cortico-medullary junction [8, 26–28]. They may be isolated
by procedures basically similar to those used for mouse thymus, but with changes
in the depleting and positive sorting antibody specificities, in accordance with the
differences in surface antigen expression between mouse and human DC [27]. A
major difference is that human thymic DC do not express CD8, but do express
CD4 [8, 27, 29, 30]. Despite these differences, a range of other markers and func-
tional properties suggest human thymus contains three distinct DC populations
[8, 27] and that these correspond closely to the three populations in the mouse
thymus.

The cDC may be sorted from enriched human thymus DC preparations on the
basis of some combinations of the following markers: HLA-DR+, CD11c+, CD4+,
CD45RAlow [8, 27]. These cDC may then be divided into two subgroups, most read-
ily on the basis of CD11b expression. The major subgroup (CD11b–) expresses
higher levels of co-stimulatory molecules, notably CD86, and expresses several
markers characteristic of interdigitating DC, such as DC-LAMP [8, 27]. This sub-
group has many of the functional markers of the major mouse thymus CD8a+

DC population, including expression of the chemokine TECK and the production
of large amounts of IL-12p70 when appropriately stimulated [27]. In contrast, the
more myeloid-like, minor CD11b+ subgroup of cDC expresses lower levels of co-
stimulatory molecules, has several myeloid features also found in monocyte-
derived DC and germinal centre DC, and produces little if any TECK or IL-12p70
[8, 27]. Both thymic cDC populations are effective stimulators of T cells in an allo-
genic mixed leucocyte reaction [27].

Human thymus also contains pDC resembling closely the pDC in human pe-
ripheral lymphoid tissues and the pDC in the mouse thymus [8, 27, 28, 31]. They
are found along with cDC in the medulla and the cortico-medullary junction, but
some are also present in the cortex [8, 27–29]. Human thymic pDC may be sorted
from an enriched thymic DC preparation and distinguished from cDC as being
HLA-DRlow, CD45RA+, CD11c– and IL-3Ra+ (CD123+). The IL-3Ra level is higher
than on mouse pDC and sufficiently high to serve as an immunofluorescent mar-
ker. Human thymic pDC also express a number of lymphoid-related RNA tran-
scripts, including pre-Ta and Spi-B [8, 28]. On activation in culture with IL-3 and
CD40-ligand, the pDC develop into mature DC, as do their peripheral pDC equiva-
lents [8, 27, 28]. On activation in culture with influenza virus, these pDC produce
large amounts of IFN-a; under these stimulation conditions human thymic cDC
do not produce IFN-a [8]. The capacity on activation to transform into DC and
also to produce type 1 interferons indicates that these human thymic pDC are the
functional equivalents of the pDC in mouse thymus and of the pDC in peripheral
lymphoid tissues in both species.
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15.11
Turnover Rate and Lifespan of the Thymic DC

Studies on the regeneration of an irradiated thymus following transfer of precur-
sor cells suggested that, once generated, thymic DC survive around 15 days [21].
More accurate estimates of thymic cDC turnover in steady-state adult mice have
been obtained based on the kinetics of bromodeoxyuridine uptake into DC DNA.
Thymic cDC are not themselves dividing, but the DNA label first enters a dividing
precursor and thence the DC product pool. In such studies all unlabeled thymic
DC were replaced by labeled cells after 10 days of continuous bromodeoxyuridine
administration [32]. This 10 day lifespan for the bulk of the thymic cDC is roughly
in line with the average turnover rate of the T-lineage cells in the thymus, but is
slower than the turnover of the cDC in the spleen. However, the detailed labeling
kinetics also revealed a subgroup of around 20% of thymic cDC that showed a
more rapid turnover of around 3 days, which is very similar to spleen cDC [32].
The turnover of pDC in the thymus has not been investigated; however, the simi-
lar pDC in the spleen are relatively long lived with a lifespan over 14 days [16].

15.12
Endogenous versus Exogenous Sources of Thymic DC

Thymic DC have their ultimate origin in haematopoietic stem cells; purified bone-
marrow multipotent stem cells have been shown to reconstitute the cDC of an
irradiated thymus [33]. However, the immediate origin of thymic DC is an impor-
tant issue in relating them to the rest of the DC network. Are thymic DC renewed
by continuous input of fully developed or near-fully developed DC from the blood-
stream, or are thymic DC generated within the thymus itself, from an early pre-
cursor cell, along with the T-lineage thymocytes? Current evidence from studies
on mice, discussed below, suggests that the major thymic cDC population is gen-
erated within the thymus, whereas the minor thymic cDC population derives
from the bloodstream. The immediate origin of the thymic pDC is still uncertain,
but human thymus contains both the precursor cells and an appropriate environ-
ment for pDC generation, suggesting an endogenous origin [34].

The concept that thymic DC might be generated from an endogenous precursor
derived from the then surprising finding that the earliest recognisable T-precursor
population purified from the adult mouse thymus, the so-called “low CD4 precur-
sor” [35], was also capable of producing DC [33]. On transfer into the thymus of
irradiated recipients this precursor formed both T-lineage thymocytes and CD8+

cDC [17, 21, 33, 36]; the ratio of these products suggested the precursors were able
to account for the production of most thymic DC. These T-precursors were also
able to generate cDC in culture[37].

This picture of the generation of thymic CD8+ cDC from an early thymocyte
precursor cell, and so linked to the generation of the T-lineage, has been rein-
forced by a careful study of thymus precursor cell seeding and thymus population
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dynamics, using normal steady-state mice, parabiotic mice with linked blood-
streams, and irradiation depleted mice [38]. Most of the CD8+ thymic cDC popula-
tion showed developmental dynamics indicating an early pro-thymocyte origin,
including cycles of gated precursor seeding into the thymus, competition for
developmental niches and lack of exchange between parabiotic partners.

However, this same study [38] revealed a second developmental stream leading
to thymic DC, a stream with totally different developmental dynamics and fitting
the model of continuous importation of more developed DC from the blood-
stream. This developmental stream displayed extensive exchange between para-
biotic partners and did not follow the gated kinetics of development characteristic
of T-lineage cells. The products of this stream included CD8– cDC. Such a devel-
opmental stream of blood origin could be the source of the minor thymic cDC
population, although it was estimated to generate 50% rather than 20% of thymic
DC. It might also correspond to the subgroup of thymic cDC showing a fast,
spleen DC-like, turnover rate in the labeling kinetic studies described above.

15.13
Lineage Relationship and Differentiation Pathways of Thymic cDC

The finding of an early thymus cDC precursor with the characteristics of a lym-
phoid-restricted precursor first raised the possibility that some DC could be of
lymphoid rather than myeloid origin [33]. The further observation that generation
of DC in culture from this precursor required a set of cytokines that did not
include the “myeloid hormone” GM-CSF added weight to this view [37]. However,
the generalisation that all CD8 bearing murine DC, whether thymic or peripheral,
were of lymphoid-precursor origin proved to be incorrect. It is now clear that all
subtypes of DC can be generated from either a myeloid or a lymphoid precursor
[39–41], particularly from those that express Flt-3 [41], and that these “restricted”
precursor populations have a degree of developmental flexibility. In the periphery,
the predominance of myeloid-restricted precursors makes these the likely source
of most DC. In the thymus, the reverse is likely to apply, at least for the CD8+ cDC
that derive from endogenous precursors.

How closely is thymic cDC development linked to T-cell development? The thy-
mic “low CD4 precursor”, which has T-cell, B-cell and NK-cell, but little myeloid
potential, is effectively a lymphoid-restricted precursor population with a capacity
to form cDC [42]. This population has not yet rearranged T-cell receptor (TCR)
genes. The next downstream T-precursor retains some capacity to produce cDC,
but this capacity is lost once TCR gene rearrangement commences [36]. This sug-
gests that thymic cDC development branches from T-development just prior to
TCR-gene rearrangement. However, although these highly purified thymic T-pre-
cursor populations appeared homogeneous, it remained possible that they con-
sisted of a mix of separate but phenotypically similar precursors, each committed
to a separate lineage. The very high (70%) cloning efficiency of DC generation
from single precursor cells in culture argued against this [37]. However, in some
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mice in which T-lineage development is blocked, thymic cDC development is
maintained, indicating that T cell development and thymic cDC development can
be “unlinked”. This was shown for mice lacking c-kit and the cytokine receptor
common c chain [43] and for a conditional knockout of the Notch 1 gene [44]. Al-
though these results argue against a common DC/T precursor, they could also be
explained by a blockage of only the T-cell lineage branch, or by the existence of
alternative lymphoid or myeloid routes to DC formation. This uncertainty
prompted a search for markers of a lymphoid or myeloid origin that could be
applied to normal, steady-state mice.

The cDC of the normal adult mouse thymus do show low expression at the
RNA level of several genes characteristic of T-lineage cells, including CD3 chains
and pre-Ta [45]. These may be relics of a lymphoid past. More convincing is the
finding that many thymic CD8+ cDC have, like T-lineage cells, D-J but not V-D-J
rearrangements of their IgH genes [45]. This would require not only mRNA tran-
scription but also protein translation for the RAG-1, RAG-2 and other genes, then
the functional activity of this recombinase system, leaving an indelible marker in
the DNA of all subsequent progeny. It is a strong argument that these thymic DC
derive from a pathway common to B and T cells. At the very least, these thymic
cDC have had in their past a series of developmental events entirely characteristic
of lymphoid cells. However, it is important to note that not all thymic CD8+ cDC
displayed these IgH D-J rearrangements, that the minor thymic CD8– cDC had
much reduced in incidence, and that few if any peripheral cDC displayed such
rearrangements [45]. Those DC lacking IgH gene rearrangements could well be of
myeloid origin, although we lack a positive marker of a myeloid past.

In human thymus studies of thymic cDC development have, of necessity, been
mainly based on culture systems allowing the development of cDC from early
CD34+ precursors from fetal or post-natal thymus [46–48]. These studies have
demonstrated the potential for cDC to be generated from an early intrathymic pre-
cursor, believed to also generate the T lineage cells. The CD34+ precursor popula-
tion produced both T-cell and cDC progeny when transferred into human thymus
grafts in lymphoid deficient mice [49]. The cloning efficiencies from single pre-
cursor cell cultures demonstrated common NK/T precursors and NK/DC precur-
sors [46–48] and common T/NK/DC precursors have been proposed. Overall, this
suggests that in the human thymus, as in the mouse, many thymic cDC derive
from a lymphoid-restricted developmental pathway.

15.14
Lineage Relationships and Developmental Pathways of Thymic pDC

The developmental pathway of thymic pDC, as of pDC in peripheral tissues, pre-
sents even more of a challenge to traditional views of haemopoiesis [50]. Thymic
and peripheral pDC, both human and mouse, express a range of lymphoid and
particular B-cell related gene products [8, 28, 45, 50, 51]. In the mouse, they also
carry D-J but not V-D-J rearrangements of IgH genes [45, 51]. This applies regard-
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less of whether pDC derive from lymphoid or myeloid restricted precursors.
Whether this reflects a remarkable developmental plasticity in the activation of
lymphoid-related genes, or too rigid an initial view of the developmental potential
of the isolated precursor populations, remain to be settled.

The developmental relationship between the pDC and the cDC of the thymus is
not clear. They appear to be products of separate sub-lineages, but the possibility
that one is the product of the other has not been excluded. The mouse thymus
“low CD4” precursor, which produces both T cells and cDC, is a very poor produ-
cer of pDC [41]. This suggests either that thymic pDC branch off earlier than thy-
mic cDC from a common T-lymphocyte pathway or that they are of entirely sepa-
rate origin. However, in a system where human CD34+ thymus precursor cells
were transferred into human thymus grafts in a lymphoid-deficient mouse host,
the precursor cells produced, as well as T cells, both pDC and cDC [49]. This
strongly supports the view that human thymic pDC develop within the thymus
from an intrathymic precursor, and suggests a common lymphoid origin for both
the pDC and the cDC.

15.15
Thymic cDC do not Mediate Positive Selection

Radiation-resistant thymic stromal cells, rather than bone-marrow derived ele-
ments, have generally been considered to dictate positive selection. Numerous in
vivo studies point to the thymic cortical epithelium as the site [52]. Nevertheless,
as efficient antigen-presenting cells, thymic cDC have the potential to contribute
to positive selection on self-MHC-peptide complexes. A strong argument against
such a role is location: most cDC are in the medullary zone, while the CD4+8+

thymocytes being selected are in the cortex. There is also direct experimental evi-
dence that thymic cDC do not cause positive selection. Embryonic thymus re-
aggregation cultures, where individual cell types can be added and the effects on
T-cell development monitored, indicate that epithelial cells, but not cDC, can
induce positive selection [53, 54]. Finally, selective expression of MHC class II IE
molecules on thymic DC, under the control of the CD11c promoter, did not pro-
duce positive selection for responses to IE presentation [55].

15.16
Thymic cDC and Negative Selection

A current model of thymic T-cell receptor repertoire selection by self-MHC-pep-
tide presentation proposes that a low-affinity interaction initiates positive selection
and survival, a high-affinity interaction initiates negative selection and death, and
no interaction at all leads to programmed apoptosis, death by neglect. There are,
however, several problems in monitoring the negative selection component and
determining the role played by thymic DC. The first is the existence of a series of
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developmental options for self-reactive CD4+8+ thymocytes, which may deflect cor-
tical thymocytes from the classical circulating abT cell pathway, or which may
lead to abT cells with blocked immune responses, without inducing intrathymic
death. These include the production of regulatory (suppressor) T cells, the induc-
tion of anergic T cells, and the deflection of CD4+8+ thymocytes to intestinal
CD8aa T cells [56, 57]. Some of these alternative developmental fates are probably
induced by interaction with epithelial cells rather than DC. The second problem is
that the level of apoptotic death due to negative selection is hard to estimate [58].
Apoptotic thymocytes do not stay around to be counted and are rapidly eliminated
by thymic macrophages. In addition, it is likely that most apoptotic death in the
thymus is due to neglect, so the component caused by negative selection is hard
to estimate against this large background. Thirdly, many other cell types in the
thymus have the potential to present self-MHC and induce negative selection,
including cortical and medullary epithelium, B cells, macrophages and even
CD4+8+ thymocytes [59–64]. The final problem is the anatomical separation of the
cells proposed to play a role in the repertoire selection process. The epithelial cells
mediating the initial selective events are in the cortex, interacting with CD4+8+

thymocytes, whereas the cDC are in the medullary zone where they will encounter
thymocytes that have already undergone positive selection and are in a different
physiological state.

Despite these complexities, it does some likely that thymic cDC do play an
important role in eliminating self-reactive T cells. They are certainly efficient at
negative selection in systems when they are the only cell presenting the model
self-antigen or self MHC. Thus, in foetal thymus reaggregation cultures, added
DC, but not cortical epithelium, induced negative selection [54]. Selective expres-
sion of MHC class II I-E molecules in DC resulted in the deletion of I-E reactive
CD4 T cells from the repertoire [55]. Experiments involving mixed bone marrow
chimeras have demonstrated that around 30% of the bone-marrow derived (pre-
sumed cDC) cells that present the selecting I-E molecules are required to ensure
complete negative selection [65]. Presumably, this incidence is required to ensure
all developing thymocytes have an effective encounter with the selecting cells.

However, in the thymus of a normal steady state mouse, where many antigen-
presenting cell types in the thymus present self-antigens, it is unclear what com-
ponent of the overall negative selection events are then carried out by cDC. Some
negative selection will presumably occur in the cortex, on interaction with cortical
epithelium. At this stage the TCR levels on the CD4+8+ thymocytes are low. After
positive selection, when TCR levels are elevated, potential reactivity with self
MHC-self peptides will be increased. It therefore seems logical to have a second
network of negatively selecting elements in the medulla and at the cortico-medul-
lary junction, to cope with a potentially enhanced self-reactivity. Thymic cDC are
well positioned for this role. The recently positively selected, “semi-mature” subset
of medullary T cells may be particularly susceptible to negative selection signals
[66]. However, in the medulla another cell type, the medullary epithelial cell,
which also expresses MHC II, appears to share the overall negative selection load.
Medullary epithelium presents a mosaic of peripheral-tissue specific proteins,
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including several hormones, associated with expression of the AIRE gene [62, 63,
67–70]. Although cDC do express low levels of AIRE, the medullary epithelium
expresses higher levels and appears specialised for presentation of this subset of
peripheral self antigens. The major thymus subtype, the CD8+ cDC in the mouse,
being generated within the thymus rather than migrating in from the periphery,
should present mainly endogenous self antigens for negative selection. However,
being a CD8+ cDC, it also has a capacity to take up and cross present antigens
derived from other thymus cells undergoing apoptosis.

The cDC that enter the thymus via the blood stream, which probably include
the minor CD8– thymic cDC, may have a different role. Such DC have the poten-
tial to carry into the thymus both self and foreign antigens. cDC carrying antigens
introduced into a peripheral site (the eye) have been found to migrate to the thy-
mus [71]. These immigrant DC have been proposed to generate a lineage of regu-
latory T cells on interaction with developing thymocytes. This would enable the
thymus to play a dynamic role in the regulation of peripheral immune responses
to both self and foreign antigens.

15.17
Role of pDC in the Thymus

Although the details are unclear, there are obvious potential roles for thymic cDC
in central tolerance mechanisms, as components of a negative selection network
and as inducers of T cell anergy and of regulatory T cells. The function of thymic
pDC is, by contrast, a complete mystery. They too could be involved in the nega-
tive selection. However, they are very poor presenters of antigens unless subject to
microbial stimulation, and so this seems unlikely. They might produce cytokines
such as IFN-a, and so influence the development and function of cDC. As the pro-
duction of cytokines, though, requires microbial stimulation, this also seems un-
likely. The function of pDC within the thymus, as in other tissues, may simply be
to protect the tissue from viral infections.
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16
Antigen Presenting Cells as Drug Targets
Siquan Sun, Robin L. Thurmond and Lars Karlsson

16.1
Introduction

Dendritic cells (DC), macrophages, and B cells are considered to be the major
antigen presenting cells (APC). DC are highly specialized APC whose major func-
tion is to activate T cells. Macrophages also have important functions as phago-
cytes that serve as the first line of defense to clear invading pathogens along with
their role as APC. While mainly providing function as antibody producing cells,
B cells can also take up antigens through surface antigen-specific receptor and
then present these antigens to antigen-specific CD4+ helper T cells. Even though
the APC function of both macrophages and B cells is believed to be involved in
pathogenesis of diseases and may offer exciting drug discovery opportunities,
most of discussion in this chapter will focus on DC.

APC are now clearly critically important in the immune response by bridging
innate and adaptive immunity, as well as for maintenance of self-tolerance. When
exposed to an infection or local tissue injury, DC acquire, process and present
antigens to T lymphocytes. Using pathogen-pattern recognition receptors such as
toll-like receptors (TLR), DC also sense and relay information on the nature of
invading pathogens by producing cytokines that bias CD4+ T cell differentiation
and promote effector functions towards the specific pathogens. In addition, DC
also receive cues from local damaged tissues or previously activated CD4+ T cells
to direct na�ve CD4+ T cell differentiation. Certain subtypes of DC, particularly
immature DC, are essential for the maintenance of self tolerance by the induction
of regulatory T cells or by deleting autoreactive T cells. Thus, as a central player of
immune responses DC serve as ideal targets for drug discovery, providing both
opportunities to potentiate the immune response against pathogens or tumors
and to inhibit unwanted immune responses in immune-mediated inflammatory
diseases (IMID) like autoimmune diseases, allergy, asthma, and transplantation.

Many facets of APC function can be viewed as possible targets for therapeutic
intervention, including APC generation and differentiation; antigen capture, pro-
cessing, and presentation; maturation, activation, migration and survival. In this
chapter, we first review the roles of DC in autoimmune disease, allergy/asthma,
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transplantation and cancer. Second, we provide an overview of how currently mar-
keted immunomodulating and immunosuppressive therapies may affect APC
function. Third, we will discuss some potential drug targets specifically targeting
APC. Lastly, we will discuss the progress of using APC themselves as therapeutic
agents, i.e. DC-based cancer vaccine as well as ex vivo generated tolerogenic DC
for transplantation and autoimmune diseases.

16.2
Roles of DC in disease

16.2.1
Transplantation

Recognition and rejection of organ allografts are mediated by interstitial “passen-
ger” donor DC as well as host DC that are recruited to the allografts (Gould and
Auchincloss, 1999). Donor DC originating in the allograft migrate to host second-
ary lymphoid tissues and present highly immunogenic donor antigenic peptides
in the context of donor major histocompatibility complexes (MHC) for direct allor-
ecognition by na�ve host T cells. At the same time, host DC are able to invade the
allograft, where they can capture donor antigens in the context of host MHC for
indirect allorecognition by T cells. Both mechanisms generate T cell responses di-
rected against the allograft and can lead to rejection. Direct allorecognition plays a
major role in the rejection of allografts since most host T cells (>90%) reactive
against allograft recognize alloantigens in the context of donor MHC molecules
(Benichou et al., 1999; Illigens et al., 2002). Therefore, it may be necessary to in-
hibit both donor DC and host DC for the treatment of allograft rejection (Gould
and Auchincloss, 1999).

16.2.2
Autoimmune Diseases

Activation of autoreactive T cells is the underlying mechanism for initiation and
exacerbation of various autoimmune diseases. This activation is driven by APC
function and, therefore, inhibition of APC is a potentially viable therapy for the
treatment of autoimmune diseases. Phenotypical and functional abnormalities of
DC have been reported in several autoimmune diseases, e.g. systemic lupus
erythematosus (SLE), rheumatoid arthritis (RA), diabetes, and Sj�grens syndrome
(Morel et al., 2003). In SLE patients, there is an overt activation of plasmacytoid
DC (pDC), the so-called professional IFN-a producers, which results in high levels
of IFN-a in sera of these patients. The number of circulating pDC in the blood is
reduced and the few pDC found mostly show an active phenotype and reside in
peripheral tissues (Blanco et al., 2001; Scheinecker et al., 2001) such as cutaneous
lupus erythematosus lesions (Farkas et al., 2001). Mostly due to the elevated level
of IFN-a, myeloid DC were found to be activated and are very potent in their abil-
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ity to activate T cells in vitro (Blanco et al., 2001). Increased numbers of DC were
also found in the affected joints of RA patients (Summers et al., 1995; Pettit and
Thomas, 1999). This observation is also supported by the finding that cell-free RA
synovial fluid facilitated DC differentiation and maturation from myeloid DC pro-
genitors as well as CD14-derived DC (Santiago-Schwarz et al., 2001). Moreover,
the function of synovial DC from RA appeared to be resistant to IL-10-induced
down-modulation (MacDonald et al., 1999). Normally IL-10 down-regulates the
expression of MHC class II (MHCII) and B7 on DC and dampens their ability to
stimulate T cells. However, IL-10 had no such effect on RA synovial DC. Multiple
sclerosis (MS) was also found to be associated with high levels of circulating DC
secreting proinflammatory cytokines, such as IFN-a, TNF-c, and IL-6 (Huang et
al., 1999) and reduced IL-10 production (Ozenci et al., 1999). In addition, myeloid
and plasmacytoid DC are present in cerebrospinal fluid in elevated numbers in
MS, which may be due to enhanced DC expression of CCR5, a chemotactic recep-
tor for chemokines RANTES and MIP-1a/b (Pashenkov et al., 2002).

16.2.3
Allergy/Asthma

DC are crucial in driving activation of allergen-specific CD4+ T cells as well as for
biasing the differentiation of these T cells to a Th2-type phenotype, thought to be
responsible for the development of allergy and asthma. Increased DC density was
observed in nasal or bronchial mucosa in allergic rhinitis and asthma patients
(Fokkens et al., 1989; Godthelp et al., 1996; Moller et al., 1996; Tunon-De-Lara et
al., 1996) and, upon exposure to allergen, DC were quickly recruited to bronchial
mucosa (Jahnsen et al., 2001). Inhaled corticosteroids down-regulate the number
of DC in bronchial mucosa of atopic asthmatic patients with a reduction of airway
inflammation (Moller et al., 1996). An added suggestion for the importance of DC
in pathogenesis of allergic asthma comes from mice, where systemic administra-
tion of antigen-pulsed DC induces Th2-dependent experimental allergic asthma
(Graffi et al., 2002).

16.2.4
Cancer

Various abnormalities of DC are associated with cancer, most of which lead to a
reduction in APC function (Turtle and Hart, 2004). This is one of the major under-
lying mechanisms for decreased cellular immunity against tumors. DC counts
fluctuate following hematopoietic stem cells transplantation and are reduced fol-
lowing chemotherapy or post-surgery (Savary et al., 1998; Fearnley et al., 1999; Ho
et al., 2001). Systemically released factors produced by tumors, including IL-10,
TGF-b, vascular endothelial growth factor (VEGF) and cyclooxygenase, have a gen-
eralized suppressive effect on the activation and differentiation of DC, which may
lead to induction of regulatory T cells or a skewing away from Th1 anti-tumor
responses (Morel et al., 2003; Cerundolo et al., 2004; Turtle and Hart, 2004). More-
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over, migration or recruitment of DC to tumor or secondary lymphoid tissue was
also inhibited by tumor-produced factors (Turtle and Hart, 2004).

16.3
Marketed Drugs Affecting APC function

Not surprisingly, due to the central role played by APC in immune responses,
many drugs with immunomodulatory properties may attribute their therapeutic
efficacy, at least partially, to their effects on modulating APC function. These
drugs include adjuvants, immunosuppressives, anti-inflammatory small mole-
cules, as well as new biologic agents (Figure 16.1).

Among currently used anti-inflammatory and immunosuppressive drugs, it is
now well established that many interfere with the functions of APC such as DC.
For example, corticosteroids (CS) modulate gene expression by inhibition of tran-
scription factors such as NFkB and AP-1. This results in down-regulation of DC
differentiation and maturation (Piemonti et al., 1999a; Piemonti et al., 1999b;
Woltman et al., 2000; Woltman et al., 2002) as well as inhibiting activation (Moy-
nagh, 2003) leading to reduced production of cytokines, such as IL-12 (Blotta et
al., 1997), down-regulation of MHC molecules and co-stimulatory molecules on
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Figure 16.1 Mechanisms of action of marketed drugs affecting
functions of APC. (This figure also appears with the color plates.)
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the APC surface (Moser et al., 1995; Moller et al., 1996). CS also affect migration
and recruitment of APC to peripheral lymphoid organs (Moser et al., 1995; Cum-
berbatch et al., 1999; Koopman et al., 2001) as well as to other tissues (Moller et
al., 1996; Till et al., 2001). In addition, CS also induce apoptosis of DC (Woltman
et al., 2002) in a caspase-independent manner (Kim, K.D. et al., 2001).

FK506 (tacrolimus), cyclosporin A (CysA) and rapamycin (sirolimus) represent
a class of immunosuppressives used successfully in transplantations, markedly
reducing the rate of acute rejection and increasing short-term graft survival rates.
In addition, CysA and FK506 also show effects in IMID such as RA, nephrotic
syndrome, psoriasis and atopic dermatitis (AD). By complexing with different
members of immunophilin family proteins, FK506 or CysA inhibits the activity of
calcineurin, a phosphatase that is critical for the activation of transcription factor
NFAT. Rapamycin inhibits MTOR, a kinase involved in cellular activation and pro-
liferation. While the effect of these agents on T cells has been well documented
(Bishop and Li, 1992; Almawi et al., 2001), they also exert effects on DC genera-
tion, maturation, activation, and apoptosis (Woltman et al., 2000; Woltman et al.,
2001; Castedo et al., 2002; Woltman et al., 2003; Adorini et al., 2004). Treatment of
DC with these agents leads to reduced endocytosis (Monti et al., 2003; Tajima et
al., 2003; Hackstein and Thomson, 2004), reduced cytokine production and down-
regulation of MHC molecules and co-stimulatory molecules such as B7.1 and
CD40 (Matsue et al., 2002; Monti et al., 2003; Tajima et al., 2003).

A steroid hormone derived from vitamin D3, 1a,25(OH)2D3, shows marked
immunomodulatory effects by affecting APC (Hackstein and Thomson, 2004). It
inhibits the differentiation, as well as phenotypic and functional activation of
human DC and may also induce DC apoptosis (Piemonti et al., 2000). Thus,
1a,25(OH)2D3 inhibits human DC maturation and activation induced by LPS,
TNF-a or CD40L and reduces the capacity of DC to stimulate T cell responses. In
addition, 1a,25(OH)2D3-treatment seemed to favor generation of self-tolerance by
promoting the development of regulatory or anergic T cells. Consistent with this
notion, 1a,25(OH)2D3-treated DC produced increased concentration of IL-10 and
CCL18 chemokine. CCL18 recruits immature DC (Vulcano et al., 2003), which are
more tolerogenic than immunostimulatory. Moreover, pretreatment of female
mice with vitamin D3 analogue-conditioned DC from male mice prolonged survi-
val of male skin grafts (Griffin et al., 2001).

Although most adjuvants presently used in humans were discovered empiri-
cally, it is now clear that they affect the functions of APC, such as activation, cyto-
kine production and antigen capture. Although the underlying mechanism for
alum salts (the main adjuvant licensed for human use) has not been completely
elucidated, protein aggregates complexed to the salt are more immunogenic than
soluble proteins. This may be due to enhanced antigen uptake by APC. In addi-
tion, adjuvant systems that function by creating particles, e.g. liposomes, viro-
somes, aliginate microspheres, nonionic block copolymers, also enhance antigen
capture by APC. Certain adjuvants contain constituents that activate APC via toll-
like receptors (TLR) or other pathogen pattern-recognition receptors (Burdin et
al., 2002; Rhodes, 2002). For example, monophosphoryl lipid A (MPL) used in sev-
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eral vaccines activates TLR4, which leads to a Th1 response and induction of cellu-
lar immunity. Therefore, the discovery of TLR and their cognate agonistic ligands
presents new opportunities in adjuvant research, where it may be possible to
move into a more rationally designed approach to the discovery of adjuvants with
better efficacy and specificity towards targeted pathogens or tumors.

Choloroquine, hydroxychloroquine, and quinacrine are best known for the
treatment of malaria, but these drugs, especially hydroxychloroquine (most fre-
quently prescribed due to its lower toxicity), are also classified as slow-onset dis-
ease-modifying antirheumatic drugs (DMARD) for IMID, including SLE, RA, and
sarcoidosis (Tett et al., 1990) and graft versus host disease (GVHD)(Schultz et al.,
1995). The underlying mechanism of action of chloroquine and its analogs in
IMID is still under investigation. Chloroquine is a weak base, which may be pre-
ferably enriched in lysosomes, thereby inhibiting lysosomal acidification and anti-
gen processing by APC (Streicher et al., 1984; Schultz et al., 1995). However, these
drugs are also functional antagonists of certain TLR, especially for TLR9 (Hacker
et al., 1998), and possibly for TLR7 (Lee et al., 2003) and TLR4 (Weber and Levitz,
2000). The antagonistic effect of chloroquine on TLR9 was initially perceived as
evidence of a requirement for lysosomal acidification for the binding of TLR9 li-
gand, the immunostimulatory CpG DNA. However, recent evidence suggests that
chloroquine might directly compete with CpG DNA for binding to TLR9 (Rutz et
al., 2004) or, in the case of TLR4, inhibit activation of MAP kinases (Weber et al.,
2002). For TLR9, these drugs inhibit production of cytokines and chemokines,
such as IFN-a or IP-10, as well as inhibiting the upregulation of MHC molecules
and co-stimulatory molecules on APC. It has been postulated that inhibition by
these drugs of TLR9-mediated activation of plasmacytoid DC and autoreactive
B cells is the underlying mechanism of their clinical efficacy in SLE (Anders et al.,
2004b; Boule et al., 2004). In fact, activation of APC through various TLR may be
involved in pathogenesis of various IMID such SLE, and RA as well as sepsis
(Cook et al., 2004). Therefore, discovery of new TLR antagonists represents an
exciting opportunity for drug discovery as well.

Statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzymes A reductase, inhib-
it the biosynthesis of mevalonate, which results in reduction of cholesterol synthe-
sis. Statins have been commercially successful drugs, showing therapeutic bene-
fits in reducing cardiovascular events as well as atherosclerosis. The beneficial
effects of statins are well accepted as being at least partially due to their immuno-
modulatory functions (Steinman, 2004). Statins strongly inhibit the activation and
antigen presentation functions of APC (Youssef et al., 2002; Yilmaz et al., 2004).
In a mouse model of experimental autoimmune encephalomyelitis (EAE), an ani-
mal model of human MS, oral atorvastatin prevents or reverses paralysis (Youssef
et al., 2002). Atorvastatin inhibits the IFN-c-induced upregulation of MHCII mol-
ecules and co-stimulatory molecules such as CD40, CD80, and CD86 in cultures
of microglia, the APC of the central nervous system. As a result, atorvastatin treat-
ment decreases activation of antigen-specific T cells. In addition, atorvastatin also
shifts the balance of cytokine production by T cells from Th1-type cytokines, such
as IL-2, IL-12, IFN-c to Th2-type-cytokines such as IL-4, IL-5 and IL-10. Similarly,
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incubation of isolated human DC with simvastatin or atorvastatin decreased
expression of HLA-DR as well as co-stimulatory or homing molecules such as
CD83, CD40, CD86 and CCR7, resulting in a reduced ability to stimulate T cells
(Yilmaz et al., 2004). Statins have shown promising efficacy in reducing inflam-
matory lesions in pilot clinical trials to treat MS (Vollmer et al., 2004).

Two other agents currently indicated for treatment of relapsing-remitting MS,
recombinant IFN-b and synthetic glatiramer acetate (GA), may also exert their
immunomodulatory activity by affecting APC functions. IFN-b down-regulates
expression of MHCII molecules on microglial cells (Hall et al., 1997). GA is the
acetate salt of a mixture of synthetic polypeptides of four amino acids [l-glutamic
acid, l-lysine, l-alanine, and l-tyrosine (thus GLATiramer)]. It was initially synthe-
sized in an attempt to mimic the physicochemical properties of myelin basic pro-
tein (MBP), one of the known inducers of EAE in rodent models. Surprisingly,
GA failed to induce EAE in animals. On the contrary, it showed remarkable effi-
cacy in suppressing EAE in animals as well as MS in human. The underlying
mechanisms of GA’s therapeutic effects are multiple. Beside its possible neuro-
protective effect by inducing neurotropic factors, the main mechanism is its effect
on the function of APC. GA binds strongly to MHCII molecules, and may thus
effectively compete with MBP for MHC binding, which would result in reduced
antigen presentation by APC and T cell activation (Dhib-Jalbut et al., 2003). More-
over, it appears that GA skewed CD4+ T cells to a Th2 response by inhibiting IL-12
production by APC (Dhib-Jalbut et al., 2002; Losy et al., 2002).

16.4
New Potential APC Drug Targets

We now discuss some current drug discovery efforts specifically targeting APC
functions, including APC activation, antigen presentation, co-stimulation, cell
adhesion and migration as well as APC survival. Figure 16.2 illustrates several of
these APC drug targets.

16.4.1
APC Activation

Before APC can present antigens to T cells they need to be activated. Activation
also provides a crucial link between the innate and adaptive immune responses,
since APC can be activated directly by pathogen molecules or indirectly via a host
response. In autoimmune diseases, inappropriate activation of host responses
may lead to the initiation of the disease. Regardless of the sources, activation of
DC leads to the upregulation of the machinery necessary for antigen presentation,
upregulation of co-stimulatory molecules, production of cytokines and chemo-
kines, and chemotaxis to secondary lymphoid organs. Therefore, interfering with
APC activation would obviously be a desirable target for immunomodulation. In
fact the activation of APC by adjuvants has long been used to ensure successful
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vaccinations. DC can be activated by various cytokines, such as TNFa, IFNc and
IL-1, and antibody therapeutics directed at these cytokines should in theory inhibit
DC activation (see Lanzavecchia and Sallusto, 2001 for a review).

Recently, the role of pattern recognition receptors like TLR has emerged as
important regulators of the activation of APC. In fact, activation of APC through
various TLR may be involved in pathogenesis of various IMID (Cook et al., 2004).
Thus, TLR9-mediated activation of plasmacytoid DC and autoreactive B cells may
play a role in the pathogenesis of SLE or RA (Anders et al., 2004a; Anders et al.,
2004b; Boule et al., 2004). TLR4 may contribute to atherosclerosis and play a role
in sepsis since patients bearing a mutated TLR4 (D299G) show attenuated
response to endotoxin and also show reduced risk of arthrosclerosis (Kiechl et al.,
2002). As described earlier, various adjuvants such as a TLR4 ligand MLP, a func-
tional antagonist of TLR9 chloroquine, as well as agonists of TLR7/8 such as imi-
quimod (Hemmi et al., 2002; Jurk et al., 2002) are several examples of known
agents/drugs that have shown therapeutic benefits in humans. Therefore, the
TLR, their cognate ligands and the TLR signal transduction pathways provide
exciting opportunities for drug discovery (Quesniaux and Ryffel, 2004; Ulevitch,
2004).
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With identification of cognate ligands for various TLR, it may be possible to
develop small molecule agonists/antagonists of TLR or antagonistic antibodies.
For example, a synthetic TLR4 antagonist, E5564, is efficacious in inhibiting LPS-
mediated activation of immune cells both in vitro and in vivo in mice and humans
(Chilman-Blair et al., 2003; Hawkins et al., 2004; Lynn et al., 2004). In mice an
antibody that blocks ligand binding to TLR2 suppressed lethality in a septic shock
model induced by either a TLR2 ligand, the synthetic lipopeptide P3CSK4, or heat-
inactivated Gram-positive bacteria B. subtilis (Meng et al., 2004). In addition,
immunostimulatory CpG oligodeoxynucleotides (ODN) have shown efficacies in
animal models of allergy/asthma, cancer, as well as vaccines, and are currently
being tested in clinical trials (Klinman, 2004; Krieg, 2004). However, it has been
recently shown in mice that chronic administration of CpG ODN may cause con-
siderable pathological side effects (Heikenwalder et al., 2004).

Another approach would be to target the signaling mechanisms that lead to
APC activation. Regarding TLR signaling, there are MyD88 dependent and inde-
pendent pathways. The MyD88 dependent pathway is mediated by the association
of the cytosolic Toll/IL-1 receptor (TIR) domain with MyD88 and signaling via sev-
eral kinases, including IRAK1 and 4. In fact, a small molecule MyD88 mimic,
hydrocinnamoyl-l-valyl-pyrrolodine, specifically designed to disrupt the interac-
tion between TIR and MyD88, showed efficacy in both in vitro and in vivo systems
(Bartfai et al., 2003). Other kinases downstream of IRAK4, such as TAK1 and the
mitogen activated kinases such as p38 and JNK, have also been implicated in
these pathways and represent interesting targets. Inhibitors of some of these
kinases would be expected to significantly affect TLR-dependent APC activation
although their effects would not be specific to these pathways (Boehm and
Adams, 2000; Foster et al., 2000; Harper and LoGrasso, 2001; Ninomiya-Tsuji et
al., 2003).

The main downstream target of the MyD88 pathway is NFkB. Therefore, NFkB
inhibitors (Umezawa and Chaicharoenpong, 2002) are also promising candidates
for blocking TLR-mediated APC activation. Activation of NFkB requires the phos-
phorylation of IkB by the IKK complex, which can be targeted with kinase inhibi-
tors (Castro et al., 2003). This phosphorylation eventually leads to the degradation
of IkB by the proteasome and, therefore, proteasome inhibitors may also be useful
in blocking APC activation. Indeed many of the in vivo immunosuppressive prop-
erties of proteasome inhibitors may be due to this mechanism rather than block-
ing the generation of antigenic peptides as described below. The MyD88 indepen-
dent pathway can also lead to NFkB activation and this appears to be mediated via
RIP1 activation. Finally, IRF3 is also involved in TLR signaling and it is thought to
be activated by TBK1, representing an additional pathway. There are also several
areas where disruption of protein–protein interactions could inhibit activation,
but the targeting of such interactions with small molecules has met with limited
success.
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16.4.2
Antigen Presentation

One of the key functions of APC, of course, is antigen presentation to T cells. Pro-
fessional APC are responsible for the stimulation of na�ve and memory CD4+ and
CD8+ T cells. One advantage of this approach over other immunosuppressive tar-
gets is the ability to selectively target either CD8+ or CD4+ T cell activation since
the presentation pathways are distinct.

APC, like all cells, can present endogenous antigens to CD8+ T cells via the
MHC class I (MHCI) pathway. However, only professional APC express the
proper co-stimulatory molecules to activate na�ve CD8+ T cells and thus are crucial
for mounting cellular responses to infection (Kurts et al., 2001; Jung et al., 2002;
Norbury et al., 2002). The T cell epitopes are generated by the normal protein deg-
radation machinery in the cytosol, namely the proteasome, although other pro-
teases like tripeptidyl peptidase II (TPPII) have also been implicated. Peptides
generated by these proteases are transported into the ER by the transporter asso-
ciated with antigen presentation (TAP) where they are trimmed to the required
8-11 amino acid size by aminopeptidases like ERAP1. These peptides are then
loaded onto MHCI and transported to the cell surface where they assist in activat-
ing CD8+ T cells. Nature provides validation for targeting the MHCI pathway as
immunomodulatory therapy since many viruses encode proteins that disrupt this
pathway to avoid immune detection (see Yewdell and Hill, 2002, for a review). Not
only do viruses use this mechanism to prevent the killing of the host cell but
many infect DC and therefore could disrupt activation of na�ve CD8+ T cells
(Engelmayer et al., 1999; Norbury et al., 2002).

Na�ve CD8+ T cells can only be activated by professional APC. Therefore, to gen-
erate a CD8+ T cell response to antigens that are not expressed in professional
APC, like some viral or tumor antigens, these antigens must first be taken up by
the APC. This is especially important for antigens that generate autoimmune
responses that should not normally be recognized and antigens that mediate
transplant rejection since they only exist in the target cells. In these cases cross
presentation of exogenous antigens to CD8+ T cells by professional APC is likely
to be the most important pathway. APC take up these exogenous antigens and
then present them on MHCI as well as MHCII. The presentation on MHCI can
occur via TAP-dependent or TAP-independent pathways (Belz et al., 2002;
Ramirez and Sigal, 2004). The machinery for TAP-dependent cross presentation
is similar to that for normal MHCI presentation except that the antigen does not
originate in the cytosol but arrives there via the endosomal system.

Within the MHCI pathway the proteasome has emerged as a viable drug target.
Several viruses also use this approach to evade immune detection by encoding
proteins that inhibit proteasome activity (Levitskaya et al., 1997; Apcher et al.,
2003; Zhang and Coffino, 2004). In cell culture, proteasome inhibitors can block
MHCI presentation but, despite many reports of efficacy of proteasome inhibitors
in vivo, there has been no direct proof that this is due to effects on antigen presen-
tation (Rock et al., 1994; Bai and Forman, 1997; Cerundolo et al., 1997; Craiu et
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al., 1997; Lopez and Del Val, 1997). There are two proteasome inhibitors in clinical
use. The first is ritonavir, which is marketed as a HIV protease inhibitor, but has
also been shown to be a proteasome inhibitor at therapeutically relevant concen-
trations (Andre et al., 1998; Schmidtke et al., 1999; Groettrup et al., 2004). There
is only circumstantial evidence that the activity has any benefit in humans but
ritonavir treatment in mice decreases the generation of CTL against LCMV (Andre
et al., 1998). In 2003 the first inhibitor specifically targeting the proteasome, borte-
zomib, was approved for the treatment of multiple myeloma. It is yet to be seen
whether this inhibitor has any immunomodulatory properties and there have
been no reports of inhibition of antigen presentation using this inhibitor. One sig-
nificant disadvantage of proteasome inhibitors is the ubiquitous role of the protea-
some in general protein catabolism, as well as its specific functions in the degra-
dation of regulatory proteins such as IkB and several proteins involved in cell
cycle control. The approval of bortezomib implies that it is possible to separate
therapeutic from unwanted effects, although this remains to be proven for the
treatment of autoimmune diseases where the therapeutic window may need to be
larger than for oncology indications. Nevertheless, there are hints in vitro that
antigen presentation activity can be separated from other essential functions
(Andre et al., 1998).

TPPII has also been implicated in the generation of T cell epitopes and, there-
fore, represents another possible target. Recent work has shown that TPPII is
solely responsible for the degradation of some antigens and can assist the protea-
some in the degradation of others (Samady et al., 2003; Seifert et al., 2003; Reits et
al., 2004). Therefore, as for inhibition of the proteasome, inhibition of TPPII
should reduce the presentation of antigens. Inhibitors of TPPII have already been
developed for the treatment of obesity due to its role in degrading cholecystoki-
nin-8 (Ganellin et al., 2000; Breslin et al., 2002).

Another point of intervention is to block peptide entry into the ER by TAP. One
human immunodeficiency that interferes with CD8+ T cell function is due to
absence of functional TAP (Gadola et al., 2000). These individuals are susceptible
to bacterial, fungal and parasitic infections, underscoring the importance of this
molecule in the immune response. Furthermore, several viruses encode proteins
that inhibit TAP function, including the HCMV-encoded US6 gene product that
inhibits the ATPase activity of TAP (Hewitt et al., 2001; Momburg and Hengel,
2002; Reits et al., 2002). The advantage of such an approach is that it should be
fairly selective for MHCI presentation since this is the only known function of
TAP.

Once the peptides enter the ER they are subjected to several aminopeptidases
that are required to trim them to the proper size before they are loaded onto
MHCI molecules. One of the key enzymes for this is ERAP1. Using either non-
selective inhibitors or siRNA, inhibition of ERAP1 reduces the presentation of
many antigens (Saric et al., 2002; York et al., 2002). However, ERAP1 is not neces-
sary for the processing of antigens for all MHCI haplotypes since some of them
require longer peptides. For these haplotypes an increased expression of ERAP1
can actually inhibit presentation (York et al., 2002).
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Perhaps the most important function of APC is the presentation of exogenous
antigens to CD4+ T cells, a function that is almost exclusively the domain of pro-
fessional APC (DC, B cells and macrophages). Once again viruses yield clues as to
the feasibility of targeting CD4+ T cell activation since several viral proteins inter-
fere with this process to dampen immune responses (Hegde et al., 2003). All APC
internalize exogenous antigens either through endocytosis or receptor-mediated
internalization and deliver them to endosomal compartments where they are sub-
jected to acidification and the action of various proteases. Therefore, one way to
inhibit antigen presentation is to inhibit the proteases involved in generating anti-
genic peptides. One potential problem with this approach is that many of the pro-
teases implicated in this process, such as cathepsins, are ubiquitously expressed
and are thought to play a role in general protein catabolism. Therefore, inhibition
of these proteases may lead to serious side effects. Indeed many lysosomal storage
diseases are caused by inactivation of lysosomal proteases. There are, however, a
few proteases that seem to be preferentially expressed in APC and may have more
specific roles in antigen processing. One example is the asparaginyl endopepti-
dase (AEP, also known as legumain). AEP is a cysteine protease that cleaves speci-
fically after asparagine residues and is found in the lysosomes of APC. AEP is
involved in the cleavage of certain antigens like tetanus toxoid and its inhibiting
proteolytic activity inhibits the presentation of the antigen (Manoury et al., 1998;
Loak et al., 2003). However, proteases can have roles both in producing and
destroying antigenic peptides. This is true for AEP, which generates tetanus T cell
epitopes but degrades a key epitope of myelin basic protein and prevents its pre-
sentation (Manoury et al., 2002; Loak et al., 2003). Therefore, inhibition of AEP
would block the activation of tetanus specific T cells but may allow for the genera-
tion of myelin basic protein reactive T cells that may be damaging. AEP also high-
lights the general toxicity problems of inhibiting proteases that have more than
one function. Mice deficient in AEP show defects in the processing of several
other proteases in kidney proximal tubule cells, leading to enlargement of the
lysosomes and accumulation of macromolecules very similar to that is seen with
lysosomal storage diseases in humans (Shirahama-Noda et al., 2003).

In contrast to inhibiting the proteolysis of antigens, a more specific inhibition
may be carried out by interfering with the loading of the antigenic peptides onto
the MHCII molecules. MHCII molecules are synthesized in the ER as heterodi-
mers, which contain the a and b peptide binding subunits. Three of these dimers
are bound to a trimeric invariant chain (Ii) to form a nonameric complex. Ii acts
as a chaperone that stabilizes the MHCII, targets it to the endosomal system and
prevents peptide loading. Once the MHCII is delivered to the lysosome the invar-
iant chain must be removed before antigenic peptides can be loaded. This is car-
ried out by a series of proteolytic steps that results in the final degradation prod-
uct, the class II-associated invariant chain peptide (CLIP) remaining in the
MHCII peptide-binding groove. The exchange of CLIP for high-affinity antigenic
peptides is mediated via the interaction of MHCII with a nonclassical MHC mole-
cule known as HLA-DM. The MHCII-peptide complexes can then be transported
to the cell surface where they are able to interact with T cell receptors. There are
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several possible points of intervention in this process. First, if the proteolysis of
the invariant chain is inhibited then antigen presentation should be blocked.
Many of the proteases responsible for the early proteolytic steps have not been
identified, although AEP has been implicated as performing the initiating cleav-
age (Manoury et al., 2003). In contrast, the final cleavage step that generates CLIP
in DC and B cells is clearly due to cathepsin S activity. Cathepsin S is a cysteine
protease that is expressed mainly in the lysosome of DC, B cells and macro-
phages. Disruption of cathepsin S activity should block antigen loading onto
MHCII and attenuate CD4+ T cell activity. This has been validated with cathepsin
S deficient mice, which show a decrease in invariant chain degradation in DC and
B cells, but only a moderate effect in macrophages (Nakagawa et al., 1999; Shi et
al., 1999). These mice also display a diminished capacity to present antigens and
show a reduced susceptibility to collagen-induced arthritis (CIA). Inhibitors of
cathepsin S block both invariant chain processing and antigen presentation in
cells and in vivo (Riese et al., 1996; Villadangos et al., 1997; Allen et al., 2001; Fie-
biger et al., 2001; Podolin et al., 2001; Thurmond et al., 2004). Furthermore, in
vivo treatment with cathepsin S inhibitors leads to the attenuation of the antibody
responses in mice immunized with ovalbumin, as well as smaller increases in IgE
titer and less lung eosinophil infiltration in a mouse model of pulmonary hyper-
sensitivity (Riese et al., 1998). Inhibitors of CatS also decrease the degree of
inflammation in both the rat adjuvant-induced arthritis (AIA) model (Biroc et al.,
2001) and the CIA model in mice (Podolin et al., 2001) and are effective in treating
a murine model of Sj�gren syndrome (Saegusa et al., 2002). In addition to effects
on antigen presentation to CD4+ T cell, cathepsin S has also been implicated in
TAP-independent cross presentation to CD8+ T cells and, therefore, inhibitors
may have the benefit of affecting both CD4+ and CD8+ T cells (Shen et al., 2004).

Another potential target in the MHCII presentation pathway is HLA-DM. As
described earlier, DM in necessary for the removal of CLIP and the loading of anti-
genic peptides. As for inhibition of cathepsin S, blocking the activity of DM will
also reduce the presentation of antigens on the surface of APC and block CD4+

T cell activation. Indeed in H2-M (the mouse homologue of DM) deficient mice
there is a profound decrease in the ability of APC to present antigens (Fung-Leung
et al., 1996). In human B lymphoblasts, presentation of the immunodominant
insulin-dependent diabetes mellitus autoantigen, glutamine decarboxylase, was
regulated by the levels of HLA-DM (Lich et al., 2003). However, disrupting DM/
MHC interactions may be problematic since targeting intracellular protein–pro-
tein interactions has proven to be difficult, although the crystal structure does
reveal a potential small molecule binding site (Mosyak et al., 1998).

16.4.3
Co-stimulation

An antigenic peptide bound to either MHCII or MHCI is not sufficient to activate
T cells. There also has to be other interactions mediated by co-stimulatory mole-
cules, and this offers other targets for the disruption APC/T cell interactions. One
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of the most import interactions is between CD40 on the APC and CD40L on the
T cell, which leads to the activation of both APC and T cells. In DC this interaction
is necessary for the upregulation of B7 molecules and in B cells CD40 ligation
triggers activation, proliferation, Ig production and isotype switching. The CD40/
CD40L interaction is also important in cytokine production in macrophages. The
most advanced attempts to inhibit this interaction have involved antibodies direct-
ed against CD40L. This disrupts T cell activation, as well as the activation of APC.
So far the results from two studies of anti-CD40L in SLE patients have been
mixed. One phase II study with 85 SLE patients failed to demonstrate efficacy
(Kalunian et al., 2002). However, another small study with a different antibody
showed reduction in activated B cells in the periphery, decreases in serum anti-
dsDNA titers and overall disease activity (Huang et al., 2002). A larger study with
this antibody also appeared to be effective in patients with proliferative lupus
nephritis but the antibody has been discontinued due to toxicity issues (Boumpas
et al., 2003; Sidiropoulos and Boumpas, 2004). Efficacy has also been seen in
patients with refractory immune thrombocytopenic purpura (Kuwana et al.,
2004). The opposite approach would be to direct antibodies against CD40 on the
APC. This has some drawbacks because many antibodies that bind CD40 activate
it and lead to activation of B cells and macrophages. One antibody has been
described that does not activate CD40 but still blocks CD40L interaction (Kwekke-
boom et al., 1993). This antibody is effective in blocking EAE in marmosets and
kidney allograft rejection in monkeys (Boon et al., 2001; Laman et al., 2002; Haan-
stra et al., 2003).

B7 molecules (CD80 and CD86) interact with CD28 on the surface of T cells
and provide co-stimulation to drive the clonal expansion of na�ve T cells. One
approach to block the B7/CD28 interaction that has had success in clinical trials is
a CTLA4-Ig fusion protein. CTLA-4, which is another ligand for B7, is upregulated
by T cells after activation. CTLA4-Ig binds to both CD80 and CD86 on the surface
of APC and has a higher affinity for the B7 molecules than does CD28 and, there-
fore, blocks CD28 mediated activation of T cells. The use of CTLA4-Ig has been
effective in several animal models of autoimmune disease (Finck et al., 1994;
Knoerzer et al., 1995; Webb et al., 1996; Takiguchi et al., 1999). One CTLA4-Ig
(abatacept) tested in a trial with psoriasis patients afforded a significant improve-
ment in clinical disease activity (Abrams et al., 1999; Abrams et al., 2000). In addi-
tion, antibody responses to T cell-dependent neoantigens were altered, supporting
the hypothesis that the drug interferes with na�ve T cell activation mediated by
APCs (Abrams et al., 1999). Abatacept has been shown to be effective in two
human RA trials (Moreland et al., 2002; Kremer et al., 2003). In the largest study,
with 339 patients, the highest dose of CTLA4-Ig (10mg kg–1) showed a significant
increase in the number of subjects with an ACR20 response relative to the pla-
cebo, starting at two months and continuing until the end of the study at six
months (Kremer et al., 2003). The rates of ACR50 and ACR70 responses were also
higher. Abatacept is currently in phase III trials for RA and phase II for MS.

Clinical data has also been reported on an antibody to CD80, galiximab, which
appeared to show efficacy in a phase I trial in patients with plaque psoriasis (Gott-
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lieb et al., 2004). Antibodies directed against CD86 have not reached human clin-
ical trials but have been shown to have activity in a murine lung inflammation
model and in a model of Sj�gren syndrome (Mathur et al., 1999; Saegusa et al.,
2000). Success with this approach has prompted the search for small molecules
that antagonize the CD28–B7 interaction. Several small molecules have been
identified that bind to CD80 and block the binding of CD28 with nanomolar IC50s
(Erbe et al., 2002; Green et al., 2003). However, these compounds had no effect on
the binding of CD28 to CD86 and were not effective in blocking CD28 co-stimula-
tion-dependent cell-based assays. It is unclear as to whether more potent inhibi-
tors will yield the desired results.

Another interaction involves CD137L on APC and CD137 (4-1BB) on T cells.
CD137 is an important co-stimulation signal for T cells, with CD8+ cells being
more sensitive than CD4+ cells (Shuford et al., 1997; Melero et al., 1998; Mittler et
al., 1999; Takahashi et al., 1999; Tan et al., 2000; Lee et al., 2004). This interaction
appears to be very important for the function of CD8+ T cells since mice deficient
in either CD137 or CD137L have defects in the generation of cytotoxic T lympho-
cyte (CTL) responses (DeBenedette et al., 1999; Kwon et al., 2002). Anti-CD137L
antibodies block the development of GVHD and prolong allograft survival in mice
(Nozawa et al., 2001; Cho et al., 2004). This suggests that disrupting CD137/
CD137L interactions may be a plausible mechanism for treating CD8+ mediated
conditions. In addition to the effects on CD8+ cells, these antibodies are also able
to suppress CD4+ T cell help during T cell dependent humoral responses in vivo,
possibly due to the expression of CD137 on DC (Mittler et al., 1999). This has
been proven to translate to CD4+ T cell mediated disease models where agonistic
anti-CD137 antibodies have positive effects in two different models of SLE (Sun et
al., 2002; Foell et al., 2003) as well as murine CIA (Foell et al., 2004). However,
CD137 deficient mice have reduced Th2 responses (Vinay et al., 2004) and signal-
ing through CD137 inhibits the suppressive function of regulatory T cells (Choi et
al., 2004). Therefore, it is currently inconclusive as to which disease indications
warrant activation of CD137 and which would be better served by inhibiting the
interaction of CD137 with its ligand.

Another potential target yet to be fully explored is the interaction between the
inducible co-stimulator (ICOS), which is expressed on activated T cells, and the B7
homologous protein (B7h) on APC. Ligation of ICOS induces the production of
several different cytokines from activated T cells and may be a potent stimulatory
of effector T cells (Hutloff et al., 1999). These features differentiate it from CD28
stimulation, which mainly targets na�ve cell activation, making it an attractive
therapeutic target. An antibody directed against B7h that blocks the interaction
with ICOS does seem to have positive effects on CIA in mice (Iwai et al., 2002).

16.4.4
Cell Adhesion

The initial interaction between T cells and APC is thought to occur through cell
adhesion molecules. APC express LFA-3, ICAM-1, ICAM-2 and DC-SIGN, all of
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which can interact with molecules such as CD2, LFA-1 and ICAM-3 on T cells.
These are probably transient interactions that allow the T cells to sample many
different APC expressing many different MHC-peptide complexes. Adhesion mol-
ecules are also important for interacting with the endothelium and facilitating
migration of APC. One of the key interactions is between LFA-1 and ICAM-1. The
importance of this interaction for the proper functioning of immune responses is
evidenced by the reoccurring bacterial infection of patients with leukocyte adhe-
sion deficiency (LAD) syndrome who lack LFA-1 (Arnaout, 1990). Dendritic cells
appear to express both LFA-1 and ICAM-1. During DC migration LFA-1 can inter-
act with ICAM-1 expressed on endothelium, facilitating the migration of DC to
sites of inflammation. However, the adhesion of DC to T cells is thought to be me-
diated by the interaction of ICAM-1 on DC with LFA-1 on T cells and in turn helps
to stabilize immune synapse formation (Grakoui et al., 1999). This interaction
requires the prior stimulation of the T cell receptor, leading to a conformation
change in LFA-1 that increases the affinity for ICAM-1 (Dustin and Springer,
1989). Therefore, inhibition of the LFA-1/ICAM interaction should inhibit DC
migration and the activation of T cells. An antibody to LFA-1, efalizumab, that
blocks its interaction with ICAM-1 has been approved for the treatment of psoria-
sis (Doggrell, 2004; Marecki and Kirkpatrick, 2004). The immunosuppressive
effects of this antibody are thought to be mainly mediated by disruption of leuko-
cyte trafficking. It may also have effects on T cell activation although it is
unknown if this contributes to its efficacy in humans. However, the importance of
the LFA-1/ICAM-1 interaction in activating T cells has been shown by the ability
of anti-LFA-1 or anti-ICAM-1 antibodies to inhibit mixed-lymphocyte reactions
(Werther et al., 1996). In addition, splenocytes from ICAM-1 deficient mice are
unable to stimulate mixed-lymphocyte reactions although they can be stimulated
themselves, implying that it is ICAM-1 on APC that is important for activating
T cells (Sligh et al., 1993). Antibodies to ICAM-1 and ICAM-2 can partially block
antigen-specific proliferation of T cells but a mixture of antibodies to all three
ICAM isoforms completely inhibits proliferation (de Fougerolles et al., 1994).
This interaction may also help in the polarization of T cells. Blocking LFA-1/
ICAM-1 interactions with antibodies to either molecule can alter DC-induced po-
larization of na�ve T cells to the Th1 phenotype (Smits et al., 2002). In humans an
antibody to ICAM-1, enlinmomab, has had success in trials of RA (Kavanaugh et
al., 1994; Kavanaugh et al., 1996). In this case the efficacy appeared to not to corre-
late to changes in lymphocyte migration but instead to the induction of anergy in
na�ve CD4+ T cells. This may occur if the T cells are exposed to antigen in the
absence of co-stimulation, which may be expected to happen if the interactions
between LFA-1 and ICAM are blocked (Davis et al., 1995). This indicates that the
mechanism of action may be due to blocking APC–T cell interactions instead of
disruptions in leukocyte migration (Davis et al., 1995). However, longer-term stud-
ies with this particular antibody did lead to immunogenicity, which limited its
therapeutic utility (Kavanaugh et al., 1997). Enlimomab has also been tested in
the clinic for the treatment of acute clinical stroke with a negative outcome (Fur-
uya et al., 2001) and did not reduce the rate of acute rejection after renal transplan-
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tation (Salmela et al., 1999). Another approach using an antisense ODN, alicafor-
sen, to reduce the expression of ICAM-1 has reached human trials (Cullell-Young
et al., 2002). This treatment has shown some promise in the treatment Crohn’s
disease but failed to show efficacy in a small trail in RA (Yacyshyn et al., 1998;
Maksymowych et al., 2002; Yacyshyn et al., 2002a; Yacyshyn et al., 2002b). Small
molecule inhibitors of this interaction have also been described that do appear to
affect APC–T cell interaction, although most appear to bind to LFA-1 (Liu, 2001).

DC-SIGN has also been shown to interact with ICAM molecules, where it facil-
itates both migration of DC and interaction with T cells. In DC it can bind to
ICAM-2 on endothelium and can mediate DC tethering, rolling and transmigra-
tion (Geijtenbeek et al., 2000a). DC-SIGN can also interact with ICAM-3 expressed
on resting T cells. Here it plays a role in initiating the contact between DC and
T cells and is involved in the formation of the immune synapse (Geijtenbeek et al.,
2000c). Antibodies to DC-SIGN can block DC-induced T cell proliferation of rest-
ing but not activated T cells (Geijtenbeek et al., 2000c). Therefore, inhibiting the
interaction of DC-SIGN with ICAM-3 should interfere with T cell activation and
blocking the interactions with ICAM-2 may affect DC trafficking. In addition to
its role in cell–cell interactions, DC-SIGN has also been implicated as an antigen
receptor for mannose- and galactose-containing structures. Antigens captured by
DC-SIGN are rapidly internalized to lysosomal compartments and can be pre-
sented to CD4+ T cells (Engering et al., 2002). DC-SIGN also facilitates the uptake
of viruses like HIV into DC (Geijtenbeek et al., 2000b; Geijtenbeek and Van
Kooyk, 2003).

Another important interaction is that between LFA-3 on APC and CD2 on
T cells. Antibodies to CD2 are being tested in clinical trials for the treatment of
psoriasis and for use in transplantation (Sorbera et al., 2002). Interaction of LFA-3
and CD2 enhances the responses of T cells to antigens (Moingeon et al., 1989).
Antibodies to LFA-3 can inhibit the activation of T cells by APC (Bierer et al.,
1988; Koyasu et al., 1990; Wingren et al., 1993; Teunissen et al., 1994). T cells
from CD2 deficient mice require higher levels of antigen for stimulation than
T cells from wild-type (WT) mice although it was shown that CD48 on APC may
be the preferred ligand in mice (Bachmann et al., 1999). Antibodies to CD48 can
block in vivo priming and MLR (Chavin et al., 1994). There is also evidence that
CD2 is expressed on DC and that it plays a role in activation (Crawford et al.,
2003).

16.4.5
APC Chemotaxis

Immature DC need to migrate to sites of inflammation where they encounter
antigens and become activated. After activation mature DC then migrate to the
lymph node where they can activate T cells. These steps are accomplished via the
expression of chemokines receptors. Immature DC express receptors like CCR2,
CCR5, CCR6, CXCR1 and CXCR2, which respond to pro-inflammatory chemo-
kines like MIP-1, RANTES and MCP-1 or to tissue-homing chemokines like
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CCL20. Many of these receptors are not specific for DC and also affect the recruit-
ment of other leukocytes, such as neutrophils and monocytes, to the sites of
inflammation. These chemokine receptors are G-protein coupled receptors and
are amenable to antagonism by small molecules. Several molecules are in clinical
development for various indications, including autoimmune diseases (Onuffer
and Horuk, 2002; Schwarz and Wells, 2002; Gao and Metz, 2003). Most of the
anti-inflammatory properties of these molecules are thought to be mediated
through their interaction with neutrophils and monocytes. However, a protein
antagonist of both CCR1 and CCR5 can reduce the baseline numbers of tracheal
intraepithelial DC in mice and also inhibit the increase seen upon exposure to
bacteria (Stumbles et al., 2001). One chemokine receptor of particular interest for
DC migration is CCR6, which is thought to be crucial for mucosal immunity.
Mice deficient in CCR6 have defects in DC localization in Peyer’s patches,
impaired humoral immune responses to orally administered antigen and have
diminished DTH responses (Cook et al., 2000; Varona et al., 2001). In addition
these mice have reduced airway hyperresponsiveness and airway eosinophilia in a
cockroach antigen model of pulmonary inflammation (Lukacs et al., 2001). Both
eosinophilia and airway hyperresponsiveness are reduced in the absence of CCR6,
implying that it plays a role in the activation of T cells.

Maturation of DC leads to the down-regulation of the expression of chemokines
receptors that respond to inflammatory stimuli and an upregulation of CCR7.
CCR7 binds to CCL21 on endothelial cells and to CCL19 expressed in the T cell
area of the lymph node. CCR7 is express by T cells and DC and plays a role in the
trafficking of these cells to lymph nodes. Mice that lack CCR7 have impaired
migration of activated DC to the lymph node and lack contact and delayed type
hypersensitivity reactions (Forster et al., 1999). The same findings are also ob-
served in ptl mutant mice, which lack both ligands for CCR7, CCL21 and CCL19
(Gunn et al., 1999; Mori et al., 2001). Antibodies to CCL21 block DC migration in
vivo and can inhibit contact hypersensitivity reactions (Saeki et al., 1999; Engeman
et al., 2000). There are no reported small molecule antagonists of CCR7 but pro-
tein antagonists can be generated by truncating either of the naturally occurring
ligands. These antagonists can inhibit CTL responses and block the generation of
GVHD (Sasaki et al., 2003; Pilkington et al., 2004). Therefore, it appears that inter-
fering with chemokine binding to DC could lead to immunomodulation by block-
ing migration either to or from sites of inflammation.

Migration of B cells can also be specifically inhibited by antagonizing CXCR5
(BLR1), which binds to CXCL13 (BCA-1) (Gunn et al., 1998; Legler et al., 1998).
Mice deficient in CXCR5 have defects in Peyer’s patches and in the migration of
activated B cells to the proper location in the spleen (Forster et al., 1996).

16.4.6
APC Survival

Each APC has a limited lifetime and requires signals for survival. The different
signals necessary for B cell survival are the best understood. The most important
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seems to come from the B lymphocyte stimulator (BAFF, also known as BlyS).
BAFF binds to three known receptors, BCMA, BAFF-R and TACI, on B cells and
is thought to be active in its soluble form. BAFF is absolutely required for B cell
maturation and survival. In BAFF-deficient mice B cell development is disrupted
and virtually no mature B cells are present (Gross et al., 2001; Schiemann et al.,
2001). This appears to be mediated through interactions with BAFF-R since only
BAFF-R deficient mice share the same phenotype (Schiemann et al., 2001;
Thompson et al., 2001). BAFF may also be involved in autoimmune disorders.
Mice that overexpress BAFF have increases in the number of B cells and exhibit
autoimmune symptoms (Mackay et al., 1999; Groom et al., 2002). Furthermore,
high levels of BAFF have been detected in patients with rheumatic autoimmune
diseases (Cheema et al., 2001; Zhang et al., 2001; Groom et al., 2002). An Ig-
fusion protein with TACI, one of the BAFF receptors, has proved effective in
blocking the progression of arthritis in the mouse CIA model (Gross et al., 2001)
and in a murine model of SLE (Gross et al., 2000; Ramanujam et al., 2004). An Ig-
fusion protein of BAFF-R has also been reported to be efficacious in a mouse SLE
model (Kayagaki et al., 2002). An antibody to BAFF (belimumab) blocks the inter-
action with all three receptors and reduces B cell population in several animal
models (Baker et al., 2003). A phase I study in SLE patients has been completed
and the expected reduction in peripheral B cells was found (Stohl, 2004). Recently,
BAFF has also been implicated in providing co-stimulation to B and T cells
(Huard et al., 2001; Huard et al., 2004; Ng et al., 2004). This appears to be a prop-
erty of the membrane-bound form rather than the soluble molecule and is also
thought to occur through interaction with BAFF-R. Antibodies to BAFF-R that
block interaction with BAFF also block co-stimulation (Ng et al., 2004). Thus, inhi-
bition of BAFF function may lead to beneficial effects by reducing B cell survival
and by blocking co-stimulation, thereby reducing T cell activation.

16.4.7
Intracellular Signaling

APC can respond to many different inflammatory stimuli such as cytokines, che-
mokines and other small molecule mediators. Many of these responses have been
described in detail above. Inhibiting the intracellular signaling pathways can in-
hibit the action of these stimuli. However, these pathways are numerous and in
almost all cases they are not specific for APC function. For example, inhibition of
targets like p38 kinase or NFkB activation will inhibit APC functions, as well as
having effects in other leukocytes. This very broad field is beyond the scope of this
chapter; several reviews discuss the targeting of kinases inhibitors and other sig-
naling pathway for immunosuppression (Roshak et al., 2002; Blease and Raymon,
2003; Kumar et al., 2003; Adcock and Caramori, 2004; O’Shea et al., 2004; Swee-
ney and Firestein, 2004; Uckun and Mao, 2004; Yamamoto and Gaynor, 2004).
However, one kinase worth mentioning is Bruton’s Tyrosine Kinase, BTK, which
is involved in B cell receptor (BCR) signaling (Khan, 2001; Maas and Hendriks,
2001). This kinase is mutated in human X-linked agammaglobulemia, which
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leads to a lack of B cells in the periphery due to a block in B cell maturation (Con-
ley et al., 2000; Vihinen et al., 2000). Furthermore, X-linked immunodeficiency in
mice is also linked to mutations in this kinase and is characterized by abnormal
activation of B cells (Rawlings et al., 1993). There are several inhibitors of this
kinase reported, including one with efficacy in a mouse model of GVHD (Maha-
jan et al., 1999; Cetkovic-Cvrlje and Uckun, 2004).

16.4.8
APC Depletion

Another approach to inhibit APC function is to just remove the APC. The best
example of an APC depleting therapy is rituximab, which is a human/mouse chi-
meric monoclonal antibody directed against CD20 (Kazkaz and Isenberg, 2004;
Rastetter et al., 2004). CD20 is expressed on pre and mature B cells but not on
plasma cells. Its exact function is unknown although is it thought to be a calcium
channel subunit and have a variety of effects on various B cell activities (Golay et
al., 1985; Bubien et al., 1993; Tedder and Engel, 1994). In vivo the binding of ritux-
imab to CD20 depletes B cells by initiating complement or antibody-mediated
cytotoxicity and apoptosis. Indeed, treatment with the antibody leads to a dramatic
reduction in the number of peripheral blood B cells that is long lasting (Edwards
et al., 2004). This drug was approved for the treatment of B cell non-Hodgkin’s
lymphoma in the USA in 1997. Due to its effect on B cell population, several clin-
ical studies have been carried out on various autoimmune diseases where B cells
have been implicated, including SLE, autoimmune thrombocytopenia, IgM medi-
ated neuropathies, cold agglutinin disease, hemolytic anemia, myasthenia gravis,
Wegener’s granuloma, and pure red cell aplasia (Edwards et al., 2002; Silverman
and Weisman, 2003; Kazkaz and Isenberg, 2004). There have been several reports
of clinical trials of rituximab in RA (Edwards and Cambridge, 2001; De Vita et al.,
2002; Leandro et al., 2002; Edwards et al., 2004). Data from a large randomized
trial in RA has been published (Edwards et al., 2004). Rituximab, in combination
with methotrexate, showed a statistically significant increase in the percentage of
patients with ACR20, ACR50 or ACR70 responses at 24weeks that was main-
tained up to 48weeks. In all patients B cell counts and rheumatoid factor levels
were reduced but serum IgG levels remained in the normal range. However, it
remains unclear whether the effect of B cell depletion on RA is due to effects on
antigen presentation, antibody production or some other B cell activity. Other
strategies for depleting B cells are also undergoing clinical evaluation, including
epratuzumab, which targets another marker expressed on all pro to mature
B cells, CD22, and leads to B cell depletion (Cesano and Gayko, 2003; Poe et al.,
2004). In a small 9 patient study epratuzumab was associated with clinical bene-
fits for at least one month in patients with moderate SLE (Kaufmann et al., 2004).
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16.5
APC per se as Drugs – DC-based Immunotherapy Therapy

Recent developments in the understanding of DC biology both in immunity and
tolerance as well as technologies for the purification and manipulation of DC ex
vivo have brought about opportunities for employing DC themselves as therapeu-
tic agents. Thus, autologous DC can be purified and conditioned ex vivo by expo-
sure to antigens and/or differentiation factors to render them either immunosti-
mulatory or tolerogenic. The cells can then be re-infused back into patients to
modulate immune responses.

16.5.1
DC-based Cancer Vaccines

Taking advantage of DC as a strong “natural adjuvant”, DC-based cancer vaccines
have shown promise in eliciting anti-tumor responses in clinical trials (Zhang et
al., 2002; Schuler et al., 2003; Blattman and Greenberg, 2004; Brody and Engle-
man, 2004; Cerundolo et al., 2004; Turtle and Hart, 2004). The first DC-based can-
cer vaccine study was published in 1996 (Hsu et al., 1996). In this study, a group
of four patients with non-Hodgkin’s lymphoma (NHL) were treated with purified
autologous DC loaded ex vivo with specific recombinant idiotype proteins. Al-
though the number of patients in this study was rather small, the positive clinic
responses (two complete responses and one stabilization of the disease) and anti-
tumor immune responses observed provided a valuable proof of concept. Since
then, over 30 trials have been carried out, targeting various cancers. Although DC-
based vaccines are still considered at an early stage (Schuler et al., 2003), signifi-
cant progress has been made with vaccines tested in several different cancers,
including melanoma, prostate carcinoma, renal cell carcinoma, multiple myeloma
and non-Hodgkin’s lymphoma, breast carcinoma, colorectal carcinoma and non-
small cell lung cancer (Brody and Engleman, 2004; Turtle and Hart, 2004).
Encouragingly, in all clinical trials to date, positive clinical results were observed,
such as partial or complete regressions of tumors and cancer-specific humoral or
cellular responses. Although concerns remain about possible complications such
as the development of autoimmune disease, few side effects have been noted,
except for vitiligo in melanoma trials (Nestle et al., 2001), and DC-based vaccines
have generally been considered safe and well tolerated (Gilboa, 2001).

The findings from these trials, while promising, have pointed out several key
issues or variables for further investigation, including types of DC used, antigen
loading, DC activation, and routes of vaccine administration. It has not yet been
conclusively determined which subtypes of DC are the best suited for cancer vac-
cines, and DC prepared in different ways differ in their ability to stimulate tumor-
specific T cell responses (Osugi et al., 2002). The loading of DC with tumor-asso-
ciated antigens has been explored in several ways (Zhang et al., 2002; Turtle and
Hart, 2004), including “pulsing” DC with peptides, whole proteins, unseparated
tumor lysates or necrotic tumor cells (O’Rourke et al., 2003), DC-tumor fusions
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(Kugler et al., 2000; Trevor et al., 2004), transduction with recombinant viral
expression vectors (Trevor et al., 2001), or transfection with TAA-coding naked
DNA (Van Tendeloo et al., 1998; Van Tendeloo et al., 2001) or mRNA (Nair and
Boczkowski, 2002). One of most critical variables for DC vaccines development
may be the protocol used to optimally activate immature DC after antigen loading
since immature DC are poorly immunogenic and may, in fact, be tolerogenic
(Hackstein and Thomson, 2004). Finally, the mode in delivery of DC may be
important since the numbers of DC found to reach secondary lymphoid tissues
such as the lymph node varies, depending on the route of administration (Lappin
et al., 1999). In a pilot clinical trial (Fong et al., 2001a), antigen-specific T cell
responses were observed in all three cohorts of patient with metastatic prostate
cancer immunized with antigen-pulsed DC delivered by intravenous (i.v.), intra-
dermal (i.d.), or intralymphatic (i.l.) injection. However, a distinct Th1 response,
i.e., production of IFN-c by primed T cells, was only obvious with i.d. and i.l.
routes of administration. In contrast, production of antigen-specific antibodies
was more evident with the i.v. route (5/9 patients) compared with i.d. (1/6
patients) and for i.l. (2/6 patients).

16.5.2
Targeting and Activating DC In Vivo

Although ex vivo generated DC-based tumor vaccines have shown promise, the
procedures are time-consuming, expensive, and difficult to apply to large-scale
vaccination in a human population. In addition, the culture conditions for ex vivo
manipulation of DC may not be ideal for harnessing the full potential of DC.
Therefore, activating and delivering specific antigens to DC in vivo may prove to
be a more efficient strategy for induction of anti-tumor immune responses (Foged
et al., 2002).

Several strategies have been used to target DC in vivo to enhance immune
responses, which exploit various aspect of DC biology such as differentiation, anti-
gen capture, activation, maturation and migration. Administration of the DC
growth factor Flt3 ligand (Flt3L) systematically increases the number of DC by 20-
fold in vivo (Fong et al., 2001b), which increases the number of available DC to
capture vaccine antigen and be activated. However, notably, most DC mobilized
by Flt3L appear to have an immature phenotype and may be tolerogenic rather
than immunostimulatory if not properly activated by other constituents of a vac-
cine (Viney et al., 1998).

Specific antigens can be delivered directly to DC by targeting surface receptors
on DC or through enhancing antigen uptake via receptor-mediated phagocytosis,
macropinocytosis, and endocytosis. In addition, it appears that different DC sur-
face receptors may deliver antigens into different subcellular compartments of
DC for processing, and may thus induce different immune responses to targeted
antigens. Several DC receptors have been exploited, mostly with promising find-
ings, including Fc receptors (Akiyama et al., 2003; Yada et al., 2003), DEC-205
(Bonifaz et al., 2002; Bonifaz et al., 2004; Geijtenbeek et al., 2004), chemokine
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receptors (Biragyn et al., 1999), Flt3 (Hung et al., 2001), B7 (Deliyannis et al.,
2000), macrophage mannose receptor (Engering et al., 1997) and glycolipid globo-
triacylceramide (Gb30), which is a receptor for Shiga B toxin (Haicheur et al.,
2000; Haicheur et al., 2003). Targeted delivery of antigens can also be enhanced by
exploiting different antigen delivery systems such as lipid particles, polymer parti-
cles, or viral vectors (Foged et al., 2002).

16.5.3
DC-based Immunotherapy for Transplantation and Autoimmune Diseases

Opposite to immunostimulation, the other crucial function of DC is to induce tol-
erance of T cells to self antigens both in the thymus and in peripheral tissues.
Thus, under normal conditions, DC in peripheral tissues constantly capture and
present self-antigens to auto-reactive T cells. However, in the absence of co-stimu-
lation this may result in tolerance of these T cells by one of several processes,
including deletion, anergy, Th2 skewing or the induction of regulatory T cells. For
example, targeted delivery of antigens via DEC-205 receptor into DC in the
absence of immunostimulation in mice induced antigen-specific T cell tolerance
(Hawiger et al., 2001; Bonifaz et al., 2002), which was refractory to antigen rechal-
lenge in the presence of adjuvant.

There is now ample evidence that tolerogenic DC generated ex vivo can be effi-
cacious in suppressing immune responses in vivo after re-infusion. Mouse bone
marrow (BM)-derived DC (BM-DC), pulsed with a mixture of islet antigen-derived
peptides, prevent the development of diabetes in non-obese diabetic (NOD) mice
following i.v. injection (Feili-Hariri et al., 1999). Rat immature BM-DC cultured
with GM-CSF and IL-4 induced tolerance to EAE when injected subcutaneously
(s.c.) (Huang et al., 2000; Xiao et al., 2001). Interestingly, immature DC isolated
from EAE rats, after ex vivo culture with GM-CSF and IL-4, effectively transferred
tolerance to na�ve rats. In this experiment there was no need for antigen loading
ex vivo (Xiao et al., 2001), which is significant since it suggests that ex vivo antigen
loading may be omitted when autologous DC isolated from patients with ongoing
autoimmune diseases are manipulated in vitro.

Tolerogenic DC can also be generated by culturing DC with selected cytokines
(Simon et al., 1991; Lu et al., 1999; Shinomiya et al., 1999; Griffin et al., 2001;
Menges et al., 2002; Muller et al., 2002; Yarilin et al., 2002; Sato et al., 2003a; Sato
et al., 2003b; Duan et al., 2004; Zhang et al., 2004). For example, DC cultured with
GM-CSF and TGF-b ex vivo and then administered to mice prolonged survival of
allografts in vivo (Lu et al., 1999). In another study, transfer of IFN-c-treated sple-
nic DC suppressed diabetes in NOD mice following intraperitoneal (i.p.) injection
(Shinomiya et al., 1999). However, as is the case with tumor vaccines, the routes
of administration are important in determining the final functional outcome of
injected tolerogenic DC. For example, s.c. – but not i.v. – injected IFN-c-treated
splenic DC effectively suppressed EAE in Lewis rats. Genetic engineering can be
used to construct tolerogenic DC that express certain cytokines or proteins. For
example, DC infected with an adenoviral vector expressing IL-4 could effectively
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suppress established murine CIA (Kim, S.H. et al., 2001) or prevent diabetes in
NOD mice (Feili-Hariri et al., 2003). A mixture of BM-DC infected with an adeno-
viral vector expressing IL-10 or TGF-b prolonged survival of renal grafts in a
mouse model of transplantation (Gorczynski et al., 2000), which was correlated
with both inhibition of the induction of CD8+ CTL and enhancement of a polar-
ization to produce Th2 cytokines (IL-4, IL-10, and TGF-b) on antigen-specific res-
timulation in vitro. DC expressing IL-10 (Takayama et al., 1998), the co-stimula-
tion-blocking agent CTLA4-Ig (Lu et al., 1999; Takayama et al., 2000) or apoptosis
inducer FasL (Matsue et al., 1999; Min et al., 2000) have also been used.

Encouragingly, human immature DC generated from CD34+ progenitors or
CD14+ monocyte-derived in vitro cultures can be induced to become tolerogenic
DC (Jonuleit et al., 2000; Dhodapkar et al., 2001; Roncarolo et al., 2001). As ob-
served with mouse DC, IL-10 treated human DC can inhibit alloactivation of
human CD4+ T cells or antigen-specific CD4+ and CD8+ T cells (Steinbrink et al.,
1997; Steinbrink et al., 2002). This may be due to the effect of IL-10 inhibiting
both IL-12 production and the upregulation of co-stimulatory molecules on the
DC. Certain DC subtypes, such as pDC, may also function as tolerogenic DC in
the absence of adequate stimulation to induce CD4 tolerance or activated by
CD40L to induce T-regulatory (Tr) cells (Gilliet and Liu, 2002; Kuwana, 2002). In a
small human study, administration of antigen-pulsed immature DC in vivo
resulted in induction of regulatory IL-10 producing T cells and reduction of IFN-c
producing T cells as well as CD8+ CTL activity (Dhodapkar et al., 2001).

16.6
Conclusion

As a central player in immune responses, APC serve as ideal targets for drug dis-
covery, providing opportunities both to potentiate the immune response against
pathogens or tumors and to inhibit unwanted immune responses in immune-me-
diated inflammatory diseases (IMID) like autoimmune diseases, allergy/asthma,
and transplantation. This notion is validated by the fact that several marketed
immunomodulatory drugs may attribute some of their therapeutic efficacy to
their effects on APC function. In addition, ex vivo manipulated DC have shown
promising results in induction of tumor immunity as well as tolerance in man.
The ever-expanding understanding of the biology of APC has brought about excit-
ing opportunities for the discovery of drugs that specifically target APC function,
including APC activation, antigen presentation, and migration. These efforts hold
the promise to deliver therapeutics that may offer better medicines for many indi-
cations.
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Glossary

Activation-Induced Cell Death (Aicd) Apoptotic cell death that is triggered during
lymphocyte activation. During a normal immune response, most antigen-specific
lymphocytes undergo AICD. It ensures the rapid elimination of effector cells after
their antigen-dependent clonal expansion.

Adaptive Immunity Immunity acquired through responses of antigen-specific B
and T lymphocytes, resulting in immune memory.

ADCC Antibody-dependent cellular cytotoxicity.

Affinity A measure of the binding of a single antigen to a monovalent antigenic
determinant. In contrast, “avidity” refers to combined affinities in multivalent bind-
ing, or the summation of multiple affinities, e.g., when a polyvalent antibody binds
to a polyvalent antigen. Both terms represent the attraction between two molecules;
the higher the affinity and avidity, the higher the probability they will bind and stay
bound to one another.

AICD Activation-induced cell death.

AIRE Autoimmune regulator.

Allogeneic Tissues or cells originated from genetically different individuals of a
same species. When transplanted, allogeneic material can elicit an immune
response in the host, resulting in transplant rejection or graft-versus-host disease.

Alloreactive Responding to antigens that are distinct between members of the
same species, such as MHC molecules or blood-group antigens.

Alzheimer’s Disease Degenerative mental disease that is characterized by progres-
sive brain deterioration and dementia, and by the presence of senile plaques, neuro-
fibrillary tangles and neuropil threads. Disease onset can occur at any age, and
women seem to be affected more frequently than men.

Amastigote Typical adult form in the life cycle of the genus Leishmania.

Anchor Motif Amino acid sequence pattern relevant for anchoring T cell epitopes
in the peptide binding groove of MHC class I or II molecules.



Anergy A state of unresponsiveness by T or B cells to their cognate antigens. T cell
anergy is induced by stimulation through the T-cell receptor in the absence of
ligation of CD28. Upon re-stimulation, these T cells are unable to produce interleu-
kin-2 or proliferate, even in the presence of co-stimulatory signals.

Antibody-Dependent Cellular Cytotoxicity (ADCC) A mechanism by which natural
killer (NK) cells or neutrophils are targeted to IgG-coated cells, resulting in the lysis
of the antibody-coated cells. A specific receptor for the constant region of IgG,
known as FccRIII (CD16), is expressed at the surface of NK cells and mediates
ADCC.

Antigen Processing Mechanism by which APCs generate linear peptides derived
from antigenic proteins sampled from their external and internal environment to be
presented to T cells in the context of MHC molecules.

Antigenic Variation Changes in the composition, structure or amino acid sequence
of antigenic components of pathogens recognized by T or B cells, which allow the
microorganism to escape recognition by the adaptive immune system.

Apoptosis Programmed cell death frequently used to delete unwanted, superflu-
ous or potentially harmful cells, such as those undergoing transformation. Apopto-
sis involves cell shrinkage, chromatin condensation in the periphery of the nucleus,
plasma-membrane blebbing and DNA fragmentation into segments of about 180
base pairs. Eventually, the cell breaks up into many membrane-bound �apoptotic
bodies’, which are phagocytosed by neighboring cells.

Autoimmune Regulator (AIRE) Protein contributing to immunological tolerance,
and thus to the prevention of autoimmunity. AIRE is involved in the expression of
ectopic proteins such as organ-specific self antigens by medullary thymic epithelial
cells. This allows the establishment of central tolerance by negative selection and
contributes to the prevention of organ-specific autoimmunity. AIRE-deficient mice
and patients with genetic mutations in AIRE develop autoimmune polyendocrinopa-
thy.

Biomarker Gene or protein that is significantly altered (qualitatively or quantita-
tively) during the occurrence or the course of a disease so that it is used as an index
of disease severity and/or progression of treatment efficacy or as a diagnostic tool.

Birbeck Granules Membrane-bound, rod- or tennis racquet-shaped inclusions with
a central linear, longitudinally striated nucleus, found in the cytoplasm of Langer-
hans cells. Their function is ill-defined; they appear to represent an antigen loading
compartment for some CD1 molecules.

Blood–Brain Barrier Selectively permeable cellular layer formed by brain microvas-
cular endothelial cells, which are linked by tight junctions. It is crucial for the main-
tenance of homeostasis in the brain environment.

Bystander Stimulation The activation and proliferation of cells after exposure to a
pathogen in a manner that is independent of their antigenic specificity.
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Calnexin Calcium-binding lectin-like protein in the endoplasmic reticulum.
Together with calreticulin it acts as a chaperone for newly synthesized proteins and
prevents ubiquitinglation and proteasomal degradation.

Calreticulin A calcium storage protein of the endoplasmic reticulum. Together
with calnexin it acts as a chaperone for newly synthesized proteins by preventing
them from randomly reacting with false polypeptides (e. g. for a-chains of class I
HLA proteins).

CD Cluster of differentiation.

CD4+CD25+ Regulatory T Cells A specialized subset of CD4+ T cells that can sup-
press the responses of other T cells. Subsets of these T cells are characterized by the
expression of the a-chain of the interleukin-2 (IL-2) receptor, known as CD25. In
some cases, suppression has been associated with the secretion of IL-10, transform-
ing growth factor-b or both of these cytokines.

Central Tolerance Lack of self-responsiveness that is acquired as lymphoid cells
develop. It is generated by the deletion of high-avidity autoreactive clones. For Tcells,
tolerance induction occurs in the thymus.

Chaperone Molecule that promotes the folding or prevents denaturation of
another protein; see calnexin, calreticulin and HLA-DM.

Chemotaxis Movement of a cell along a concentration gradient of chemokines or
anaphylatoxins. Chemotaxis is used to recruit immune cells to inflammatory sites or
to promote their migration to lymphoid organs in response to chemokines.

Chimeric Antibody Antibody encoded by genes from more than one species,
usually with antigen-binding regions from mouse genes and constant regions from
human genes.

Choroid Plexus Site of production of cerebrospinal fluid in the adult brain. It is
formed by invagination of ependymal cells into the ventricles, which become highly
vascularized.

CLIP Class II MHC associated invariant chain (Ii) peptide that occupies the pep-
tide-binding site of class II MHC molecules during folding in the endoplasmic reti-
culum and prevents binding of endogenous peptides. CLIP is removed in the MIIC
vesicle by HLA-DM so that exogenous peptide can bind.

Cluster of Differentiation (CD) Set of surface markers on cells. They can be
detected by means of the reaction with specific monoclonal antibodies. CD nomen-
clature is accepted by WHO (World Health Organization) and, at present, includes
more than 300 proteins.

Congenic Genetically identical animal strains except for one allelic difference that
does not correspond to an antigen able to elicit an immune response upon tissue
transfer or transplantation from one strain to another.
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Co-Stimulatory Signals Signals to a T cell provided by interaction with either a
soluble or a membrane-bound molecule (such as CD80 and CD86) that have little or
no effect alone, but either enhance or modify the physiological effect of the primary
signal, which is mediated by engagement of the T-cell receptor.

CpG Sequences Oligodeoxynucleotide sequences that include a cytosine-guano-
sine sequence and certain flanking nucleotides. They induce innate immune
responses through interaction with Toll-like receptor 9.

Cross Presentation Ability to present exogenous antigens on MHC class I mole-
cules to CD8+ T lymphocytes instead of via the MHC II pathway. Dendritic cells and
LSEC are very efficient cross-presenting cells.

Cross Talk Bidirectional exchange of information and signals between two cell
types. It might involve signals that are mediated by cell–cell contact or by soluble
factors, such as cytokines.

cSMAC Immunological synapse.

Danger Signals Agents that alert the innate immune system to danger associated
with microbial invaders (exogenous danger signals) or with damaged cells (endogen-
ous danger signals). Cell-wall components and other products of pathogens alert to
the presence of potentially harmful invaders, usually by interacting with Toll-like
receptors and other pattern-recognition receptors that are expressed by tissue cells
or cells of the immune system, such as dendritic cells.

Darwinian Microenvironment Term used in the field of tumor immunology to
describe local conditions in tissues where tumor cells proliferate, e.g., dominance of
TH2 versus TH1 cytokine status.

Defensins A family of proteins exhibiting bactericidal properties. Defensins are
small (2–6 kDa) cationic microbicidal peptides that participate in innate immunity.
They are secreted by immune cells (particularly neutrophils), intestinal Paneth cells
and epithelial cells. Their tertiary structures are stabilized by intradisulfide bridges
and clusters of positively charged amino acids, which resemble those found in che-
mokines. Several defensins have chemotactic activity for leukocytes.

Demyelination Damage to the myelin sheath surrounding nerves in the brain and
spinal cord, which affects the function of the nerves involved. It occurs in multiple
sclerosis, a chronic disease of the nervous system affecting young and middle-aged
adults, and in experimental autoimmune encephalomyelitis, which is a mouse
model of multiple sclerosis.

Diapedesis The last step in the leukocyte–endothelial adhesion cascade. The cas-
cade includes tethering, triggering, tight adhesion and transmigration. Diapedesis is
the migration of leukocytes across the endothelium, which occurs by squeezing
through the junctions between adjacent endothelial cells.

EAE Experimental allergic encephalomyelitis.
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ECM Extracellular matrix.

Editing Quality control mechanism during antigenic peptide loading onto MHC
molecules. Both editors, tapasin for MHC I and HLA-DM for MHC II molecules,
favor binding of high-stability peptide ligands by inducing removal of low-stability
ligands.

Endosomal Processing Pathway Pathway for processing phagocytosed or endocy-
tosed (exogenous) antigens for presentation on class II MHC molecules.

Exosomes Small vesicles derived from endosomal multi-vesicular bodies that are
secreted by APCs. They contain high concentrations of MHC molecules and tetra-
spanins. The physiological relevance of exosome secretion by APCs is still
unknown.

Experimental Allergic (Autoimmune) Encephalomyelitis (EAE) An experimental
model of human multiple sclerosis that is induced in susceptible animals by immu-
nization with myelin-derived antigens. EAE can be induced in various mammalian
species, including mice. Several different mouse models have been established that
develop either self-limiting (monophasic) or recurring (relapsing–remitting) disease.
The animals develop an autoimmune paralytic disease with inflammation and
demyelination in the brain and spinal cord.

Extracellular Matrix (ECM) The complex, multi-molecular material that surrounds
cells. The ECM comprises a scaffold on which tissues are organized, it provides cel-
lular microenvironments and regulates various cellular functions.

Fc Fragment The crystallizable fragment of an immunoglobulin molecule, formed
by limited proteolysis. It represents the C-end moiety of both heavy chains con-
nected by disulfide bonds and is responsible for binding of immunoglobulins to Fc
receptors.

Fc Receptors (FcR) Binding sites for Fc domains of immunoglobulins, expressed
on the surface of leukocytes and a few other cell types. Each of the immunoglobulin
classes has its specific FcR type. They are involved in phagocytosis and antibody-
dependent cell-mediated cytotoxicity.

FDC Follicular dendritic cell.

Fetal Thymic Organ Culture (FTOC) Removal of fetal thymi between embryonic
day 14 and 16 allows the analysis of several key processes in thymic development –
including antigen-driven positive and negative selection events – using in vitro cul-
ture. Thymic lobes can also be used to allow the development of progenitor cells
that are added to the cultures.

Fluorescence Resonance Energy Transfer (FRET) Technology used to measure pro-
tein–protein interactions microscopically or by a FACS (fluorescence-activated cell
sorter)-based method. Proteins fused to cyan, yellow or red, fluorescent dyes are
assessed for interaction by measuring the energy transfer between fluorophores,
which can only occur if proteins physically interact. FRET can also be used to exam-
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ine the activation state of certain proteins if their activation results in specific pro-
tein–protein interactions.

Focal Adhesion Plaque The closest contact site of a cell with its environment,
which is formed by integrin clustering. The integrins link the extracellular environ-
ment to the actin cytoskeleton by a complex assembly of adaptor proteins.

Follicular Dc (FDC) Cell with a dendritic morphology that is present in lymph
nodes. These cells display on their surface intact antigens that are held in immune
complexes. B cells present in the lymph node can interact with these antigens.
FDCs are of non-haematopoietic origin and are functionally unrelated to dendritic
cells.

FRET Fluorescence resonance energy transfer.

FTOC Fetal thymic organ culture.

a-Galcer–CD1d Tetramers Tetrameric complexes of CD1d molecules bound to
a-galactosylceramide (a-GalCer), which have sufficient affinity for the T-cell receptor
of invariant natural killer T cells to allow the detection of these cells by flow cytome-
try.

Gamma-IFN-Inducible Lysosomal Thiol Reductase (GILT) Enzyme responsible for
the reduction of disulfide bonds in late endocytic compartments of APCs during
antigen processing.

GILT c-IFN-inducible lysosomal thiol reductase.

Graft-Versus-Host-Disease (GvHD) An immune response mounted against the
recipient of an allograft by immunocompetent T cells that are derived from the
graft. Typically, it is seen in the context of allogeneic bone-marrow transplantation.
The extent of tissue damage and the severity of GvHD vary markedly, but it can be
life threatening in severe cases and commonly affects the intestines, liver and skin.

GvHD Graft-versus-host-disease.

Hapten Small molecule that is immunogenic only when covalently linked to a car-
rier protein.

HEL Hen egg-white lysozyme.

Hen Egg-white Lysozyme (HEL) Protein classically used as foreign antigen for
immunization studies in mice.

HEV High endothelial venules.

High Endothelial Venules (HEVs) Small veins that join capillaries to larger veins.
They have a high-walled endothelium and are present in the paracortex of lymph
nodes and tonsils, as well as in the interfollicular areas of Peyer’s patches. HEVs are
essential for entry of lymphocytes from the blood stream into secondary lymphoid
organs.
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HLA-DM Non-classical MHC class II molecule that facilitates removal of CLIP and
binding of exogenous peptides to class II MHC molecules in the MIIC vesicle. Apart
from that, it functions as a chaperone and peptide editor in the MHC II pathway.

HLA-DO Non-classical MHC class II molecule that is only expressed in B cells and
thymic epithelial cells. It is bound to HLA-DM and facilitates antigenic peptide load-
ing in deep endocytic compartments where immune complexes are processed.

IDO Indoleamin-2,3-dioxygenase.

Ii Invariant chain.

Immune Surveillance The constant sampling of external body surfaces by which
the immune system detects antigen entry and conveys danger signals. This process
ensures the body’s integrity by discriminating between invasive pathogens and
innocuous food antigens or commensal bacteria.

Immunodominant Epitopes Antigenic regions of a protein that are preferentially
recognized by B or T cell receptors during an adaptive immune response.

Immunological Synapse A stable region of contact between a T cell and an antigen
presenting cell that forms initially through cell–cell interaction of adhesion mole-
cules. The mature immunological synapse contains two distinct membrane
domains: a central cluster of T-cell receptors bound to MHC-peptide complexes,
known as the central supramolecular activation cluster (cSMAC), and a surrounding
ring of adhesion molecules known as the peripheral SMAC (pSMAC).

Immunoreceptor Tyrosine-based Activation Motif (ITAM) Region in cytoplasmic
domains of cell-surface immune receptors, such as the T-cell receptor, the B-cell
receptor, the receptor for IgE (FceR) and natural-killer-cell activating receptors. Fol-
lowing cell activation, the phosphorylated ITAM functions as docking site for SRC
homology 2 (SH2)-domain-containing tyrosine kinases and adaptor molecules,
thereby facilitating intracellular signaling cascades.

Indoleamin-2,3-Dioxygenase (IDO) Enzyme generating tryptophan metabolites
that are thought to induce T cell deletion.

Innate Immunity Immunity present since birth and not dependent on prior anti-
gen exposure. Innate immunity includes physical and chemical barriers to infection,
phagocytes, complement, and Natural Killer cells.

Invariant Chain (Ii) Chaperone dedicated to MHC class II molecules. It trimerizes
and forms nonameric complexes with MHC II in the ER. It directs MHC II to endo-
somal/lysosomal compartments and prevents premature antigenic peptide loading
by occupying the MHC II antigen binding cleft.

ITAM Immunoreceptor tyrosine-based activation motif.

ITIM Immunoreceptor tyrosine-based inhibition motif.
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Kupffer Cells Hepatic macrophages attached to liver sinusoids and specialized in
phagocytosis of gut-derived IgA-coated bacteria circulating in portal venous blood.

Langerhans Cells Professional antigen-presenting dendritic cells that are localized
in the skin epidermis.

Lipid Raft Membrane area, preferentially in the plasma membrane, that is rich in
cholesterol, glycosphingolipids, several signaling proteins (such as SRC kinases,
RAS, LAT and PAG) and glycosylphosphatidylinositol-anchored proteins. Also
known as glycolipid-enriched membrane domains (GEMs) and detergent-insoluble
glycolipid-enriched membranes (DIGs).

Lipoglycan Mainly microbial glycans that are acylated, such as lipoarabinomannan
(LAM), recognized bt Toll-like receptors. LAM mediates entry of mycobacteria into
macrophages.

Lipopolysaccharide (LPS) Cell envelope component of Gram-negative bacteria,
denoted as “endotoxin”. It consists of lipid A and a polysaccharide component. If
released in high concentrations within the body, it may induce sepsis.

Liver Sinusoidal Endothelial Cells (LSEC) APC population lining the hepatic sinu-
soid and specialized in scavenging blood-borne macromolecular antigens. LSEC
have been shown to promote immune tolerance by cross presentation.

LPS Lipopolysaccharide.

LSEC Liver sinusoidal epithelial cell.

Lysosome Endocytic organelle that is characterized by a low internal pH. It con-
tains hydrolytic enzymes and is involved in the post-translational maturation of pro-
teins, the degradation of receptors and the extracellular release of active enzymes. In
APCs, lysosomes function as antigen processing compartments, denoted as MIICs.

Macrophage-DC Functional Unit (MDU) Concept of innate/adaptive immune sur-
veillance generating tolerance in the steady state, with macrophages residing immo-
bile in tissues and dendritic cells being highly mobile, connecting tissues with lym-
phoid organs.

Macropinocytosis Fluid-phase endocytosis for the uptake of large amounts of
extracellular fluid; inducible in macrophages and constitutive in immature dendritic
cells.

MALT (Mucosal-associated lymphoid tissue). Collections of lymphoid cells found
along the mucus membranes of the respiratory (NALT), digestive (GALT), and uro-
genital tracts.

Matrix Metalloproteinases Family of tightly controlled peptide hydrolases that use
a metal ion for their catalytic mechanism. These enzymes degrade the extracellular
matrix in processes of cell migration that occur during embryogenesis, wound heal-
ing, inflammation and tumor dissemination.
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MDU Macrophage-DC functional unit.

Membrane Microdomaine Array of locally organized membrane proteins and sub-
sets of phospholipids and cholesterol. Lipid rafts and tetraspan microdomains are
typical representatives that facilitate antigen processing and presentation in APCs.

Meninges Surrounding membranes of the brain and spinal cord. There are three
layers of meninges: the dura mater (outer), the arachnoid membrane (middle) and
the pia mater (inner). Leptomeninges is the collective name for the arachnoid and
the pia mater membranes.

MHC Tetramers Reagents composed of four peptide–MHC complexes linked by
biotinylation, which can be fluorescently labeled and used to detect antigen-specific
T cells by flow cytometry.

Microfold (M) Cells Specialized antigen-sampling cells that are located in the
follicle-associated epithelium of the organized mucosa-associated lymphoid tissues.
M cells deliver antigens by trans-epithelial vesicular transport from the aero-diges-
tive lumen directly to the subepithelial lymphoid tissues of nasopharynx-associated
lymphoid tissue and Peyer’s patches.

Microglia CNS-resident glial cells sharing phenotypical and lineage traits of bone
marrow-derived monocytes/macrophages. Microglia promote neuronal and oligo-
dendrocyte survival by producing growth factor and neurotrophins and under patho-
logical conditions become capable of phagocytosis and antigen presentation.

MIIC MHC class II compartment. Endocytic vesicle of antigen-presenting cells
where class II MHC molecules bind processed exogenous antigen.

Mixed Lymphocyte Reaction (MLR). Proliferative T cell response induced by T cell
exposure to inactivated MHC-mismatched antigen presenting stimulator cells. The
MLR is used for in vitro testing of histocompatibility.

MLR Mixed lymphocyte reaction.

Mononuclear Phagocytic System Group of bone-marrow-derived cells with differ-
ent morphologies (monocytes, macrophages and dendritic cells), which are mainly
responsible for phagocytosis, cytokine secretion and antigen presentation.

Multiple Sclerosis Neurodegenerative disorder that is characterized by demyelina-
tion of bundles of nerve fibres in the central nervous system. Symptoms depend on
the site of the lesion but include sensory loss, weakness in leg muscles, speech diffi-
culties, loss of coordination and dizziness.

Multi-Vesicular Body (MVB) Late endosome that contains several internal vesicles,
denoted as “exosomes” after their extracellular secretion.

MVB Multi-vesicular body.

Natural Killer T Cells (NKT Cells) A heterogeneous subset of T cells, most of which
express semi-invariant T-cell receptors and are restricted by the non-classical MHC

593



Glossary

class Ib molecule CD1d. These cells respond to the antigens a-galactosylceramide
and glycerol-phosphatidylinositol in mice and have important functions in immu-
nity against infections and malignancies. In mice, NKT cells were first identified by
their expression of the cell-surface molecule NK1.1. The most abundant subset of
NKT cells has a rearrangement of the T cell receptor (TCR) variable-gene segment
Va14 to the joining-region segment Ja18. The resulting TCR is known as Va14
invariant (Va14i). This TCR is autoreactive to CD1d, and Va14i NKT cells respond
strongly to a-galactosylceramide presented in the context of CD1d.

Negative Selection The deletion of self-reactive thymocytes in the thymus. Thymo-
cytes expressing T-cell receptors that strongly recognize self-peptide bound to self-
MHC undergo apoptosis in response to the signaling generated by high-affinity
binding.

NKT Cells Natural killer T cells.

Non-obese Diabetic Mice (NOD mice) Mice of the NOD strain spontaneously
develop a form of autoimmunity that closely resembles human type 1 diabetes. Pre-
valence of disease is higher in female than male animals and in mice presenting a
defect in NKT cells.

Non-Professional Antigen-Presenting Cells Cells that can be induced to express
molecules essential for antigen presentation, such as MHC class II molecules and
the invariant chain. These cells often lack expression of co-stimulatory molecules,
such as CD80 or CD86.

Opsonization Literally means “preparation for eating”. The coating of a bacterium
with antibody and/or complement that leads to enhanced phagocytosis of the bacter-
ium by phagocytic cells.

Oxidative Burst Phenomenon observed with activated macrophages, neutrophilic
granulocytes or microglial cells, characterized by the massive secretion of oxygen
radicals in order to kill pathogens extracellularly.

PAMP Pathogen-associated molecular pattern.

Pathogen-Associated Molecular Patterns (PAMPs) Molecular patterns that are
characteristic of prokaryotes and can, thereby, activate the mammalian innate
immune system. Examples include terminally mannosylated and poly-mannosy-
lated compounds, which bind the mannose receptor, and various microbial pro-
ducts, such as bacterial lipopolysaccharides, CpG-motif-containing DNA, flagellin
and double-stranded RNA. PAMPs are thought to be recognized mainly by Toll-like
receptors.

Pattern-recognition Receptor (PRR) Host receptors, such as Toll-like receptors,
that can sense pathogen-associated molecular patterns (PAMPs) and initiate signal-
ing cascades (involving the activation of nuclear factor-kB) that lead to an innate
immune response.

594



Glossary

Peripheral Tolerance Potentially autoreactive T cells that have escaped negative
selection in the thymus (central tolerance) can be deleted or anergized by several
mechanisms in the periphery. Deletion can be mediated by high-affinity T-cell recep-
tor (TCR) cross linking or by CD95–CD95L-mediated apoptosis. Anergy can occur
when incomplete activation signals are sent through the TCR (low-affinity interac-
tions) or when there is a lack of co-stimulation during activation. Suppression can
be mediated by cytokines produced by regulatory T cells.

Peyer’s Patches Organized lymphoid structures associated with the digestive tract
in the small intestine, underlying M cells. Peyer’s patches consist of a T-cell zone
surrounding a B-cell zone, similar to germinal centres in lymph nodes.

Plasmacytoid DCs Immature dendritic cells with a plasmacytoidmorphology, resem-
bling plasmablasts. They produce type I interferons in response to viral infection.

Programmed Cell Death A common form of cell death, which is also known as
apoptosis. Many physiological and developmental stimuli cause apoptosis, and this
mechanism is frequently used to delete unwanted, superfluous or potentially harm-
ful cells, such as those undergoing transformation. Apoptosis involves cell shrink-
age, chromatin condensation in the periphery of the nucleus, plasma-membrane
blebbing and DNA fragmentation. Eventually, the cell breaks up into many mem-
brane-bound �apoptotic bodies’, which are phagocytosed by neighboring cells.

Proteasome Cytoplasmic multisubunit proteases that process (cuts into peptides)
most of the cytosolic and nuclear proteins in eukaryotic cells for transport and dis-
play on membrane class I MHC. Targeting of proteins to proteasomes most often
occurs through the attachment of multiple ubiquitin tags.

PRR Pattern-recognition receptor.

pSMAC Immunological synapse.

RAG (Recombination activating gene). Recombination-activating genes (Rag1 and
Rag2) are expressed by developing lymphocytes and encode for the recombinase
that is required for somatic recombination of both BCR and TCR genes. This pro-
cess of rearrangement via cutting and splicing DNA segments ensures the produc-
tion of functional BCR or TCR genes.

Receptor Editing A molecular process that involves secondary rearrangements
(mostly of the immunoglobulin light chains) that replace existing immunoglobulin
molecules and generate a new antigen receptor with altered specificity.

SCID Severe combined immunodeficiency. Disease where innate but no adaptive
immune responses are possible.

Severe Combined Immunodeficiency (SCID) Humans or mice with this rare
genetic disorder lack functional T and B cells owing to a mutation in a gene that is
involved in T cell and/or B cell development. Several forms of SCID have been
described, including mutations in the common cytokine-receptor c-chain of several
interleukin receptors, Janus activated kinase 3 (JAK3) and adenosine deaminase.
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SOCS Suppressor of cytokine signaling molecules.

SRC Family A group of structurally related cytoplasmic and/or membrane-asso-
ciated enzymes that are named after the prototypical member, SRC. In haematopoie-
tic cells, SRC kinases – such as LCK, FYN and LYN – are the first protein tyrosine
kinases that are activated upon immunreceptor stimulation. They phosphorylate
ITAMs that are present in the signal-transducing subunits of the immunoreceptors,
thereby providing binding sites for SRC homology 2 (SH2)-domain-containing
molecules, such as SYK.

Superantigen Molecule that circumvents the classical rules of MHC restriction in
activation of T cells, thus activating many different clones of T cells, by bridging
MHC class II molecules and TCR outside the normal binding site and irrespective
of the groove occupancy.

Suppressor of Cytokine Signaling Molecules (SOCS) Intracellular proteins that
are thought to block intracellular signal transduction from cytokine and hormone
receptors.

Systemic Adjuvants Substances that help initiate a robust immune response. Typi-
cally, adjuvants contain a mixture of substances that mimic an active infection, such
as bacterial cell-wall components, to simulate danger signals and emulsifiers to
allow for the slow release of antigen.

TAP (Transporter associated with antigen processing). Heterodimeric transmem-
brane protein that shuttles peptides of variable lengths from the cytoplasm into the
lumen of the endoplasmic reticulum, where they can bind class I MHC molecules.
The transport is driven by ATP binding and hydrolysis.

Tapasin Chaperone and peptide editor in the endoplasmic reticulum that engages
into complexes with calreticulin/calnexin, TAP, class I/b2m heterodimers and
ERp57, thereby facilitating peptide loading onto class I MHC molecules.

Tetanus Toxin A neurotoxin released by Clostridium tetani spores. Epitopes derived
thereof stand out for their high degree of promiscuity with regard to binding to
human MHC II molecules.

Tetraspanins Superfamily of proteins characterized by four transmembrane
domains. Tetraspanins cluster in membrane microdomains and associate with
integrins and MHC molecules. They are expressed by a multitude of cells, including
APCs and T cells, where they contribute to the stability of the immune synapse.

Tissue Tropism Homing of immune cells into particular tissues, controlled by the
expression of specific adhesion molecules.

TLR Toll-like receptor.

Toll-like Receptor (TLR) A member of a family of receptors that recognize con-
served motifs unique to microorganisms that are known as pathogen-associated
molecular patterns (PAMPs). For example, TLR4 recognizes bacterial lipopolysac-
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charide (LPS), and TLR5 recognizes bacterial flagellin. TLR-mediated events signal
to the host that a microbial pathogen has been encountered. Endogenous mamma-
lian proteins – such as heat-shock proteins, DNA and extracellular-matrix compo-
nents – which are characteristic of damaged tissues and typical of necrotic tumors,
metastases, autoimmune diseases and infections, are also believed to activate TLRs.

Transcytosis Transport of material across an epithelial layer by uptake on one side
of the epithelial cell into a coated vesicle that might then be sorted through the
trans-Golgi network and transported to the opposite side of the cell.

Transdifferentiation Conversion of one type of APC into another, e.g., microglial
cells or macrophages can become dendritic cells in the presence of GM-CSF and
IL-4.

V(D)J Recombination Somatic rearrangement of variable (V), diversity (D) and
joining (J) regions of the genes that encode antigen receptors, leading to repertoire
diversity of both T cell and B cell receptors.

Zymosan Insoluble b-glucan carbohydrate derived from the cell wall of yeast.
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ABC (ATP binding cassette) 60
actin cytoskeleton 93, 207, 214
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activation induced cell death 345
active immunotherapy 182
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adaptor protein (AP) 141 f
adenosine 299
adhesion molecule 113
adhesion receptor 200 ff
adjuvant 222 f, 235, 338, 545
AEP, see asparaginyl endopeptidase
agalactosyl IgG 95
agonistic peptide 111 ff
AIDS (acquired immune deficiency

syndrome) 280
– opportunistic infection 279
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AIRE 535
airway hyperresponsiveness (AHR) 359
alcohol induced liver disease 285
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allergic inflammation 360
allergic response 290
allergy 257, 543
allograft 442
– rejection 542, 554
– survival 555
allorecognition 542
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alveolar epithelium 286
alveolar macrophage 115, 261
Alzheimer’s disease 355, 423, 455
aminopeptidase 52, 55, 71
amyloid b peptide 295
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anchor motif 166, 169, 173
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anergy 512
ankylosing spondylitis 173
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anti-CD20 monoclonal 485, 487
anti-dsDNA antibody 465
anti-fungal resistance 430
anti-GpPI Ig 484
anti-inflammatory drug 544
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antiinflammatory phenotype 261, 276
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apoptosis 34, 275, 301, 332, 377, 427, 533
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apoptotic cell 94, 256, 267
arachidonic acid 430
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arthritis 104, 553, 555, 559
– adjuvant induced 104
– CIA 555, 559
– collagen induced 104, 553
arthritogenic antigen 461, 485
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552
asthma 357 ff, 543
– pathogenesis 290 f
– IgE 360
atherosclerosis 284
atorvastatin 546
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– anti-nuclear 373
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autoimmune disease 173, 182, 189, 542
autoimmune hepatitis 189
autoimmune susceptibility gene 373
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autoimmunity 15, 257, 267, 334, 362, 376 f
– innate 376
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– checkpoint 474
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– immune function 483
– longevity 474
– rheumatoid arthritis 482
– signal transduction 473
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B cell repertoire 465
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bacterial DNA 228
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bare lymphocyte syndrome (BLS) 425
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BiP 55, 65
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blood brain barrier (BBB) 442, 455
bone marrow chimera 534
bortezomib 551
breast carcinoma 561
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bystander activation 338 f

c
calnexin (CNX) 55, 63, 68, 103, 131
calreticulin (CRT) 55, 63, 65, 67, 131
cAMP 250, 263, 299, 346
cancer 543
cancer vaccine 190, 561
candida albicans 292
cardic allograft 505
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caspase 1 298
caspase 8 346
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CD11b 33, 347
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CD19 476
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CD21 477
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CD28 514, 555
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CD123 508
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CD205 525
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– anti-ICAM 556
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chemokine 230, 339, 356, 431, 543
chemokine receptor 262, 557

chemotactic stimuli 415 f
chemotaxis 431, 557
Chlamydia pneumoniae 277
Chlamydia trachomatis 115
chloroquine 12, 76, 98, 148, 486, 546
cholera toxin 342
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clathrin coated pit 95
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– microenvironment 448
– pathology 456
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– negative co-stimulation 428
– positive co stimulation 428
– transport vesicle 210
– TLR signaling 230, 269
collagen induced arthritis (CIA) 478, 553
collectin 267
colorectal carcinoma 561
combinatorial peptide library 62
commensal bacteria 33
complement activation 349
complement cascade 221 f
complement receptor (CR) 419
complementarity determining region
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concanamycin A 148
concerted immune response 275
confocal microscopy 111
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COX 2 263, 281, 291, 299, 345 f, 366
COX 2 inhibitor 291
CpG 350
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CpG mediated signal 486
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C1q 349
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– dynamic of T/DC interaction 512
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DC SIGN (DC specific ICAM-3-Grabbing
nonintegrin) (CD 209) 95 f, 115, 269, 273,
557

– HIV 34 f, 281, 283
death by neglect 533
death receptor 348
DEC 205 29, 39, 95 f, 450, 510
decoy receptor 300
dectin 1 234, 267 f
defective ribosomal product (DRiPs) 52
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demyelination 423
dendritic cell marker 450
dendritic morphology 289
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disease modifying antirheumatic drug
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epithelial cell 93, 182
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– HEL 5 ff
– HSA 5, 177
– b2-m 75, 179
epratuzumab 560
Epstein-Barr virus (EBV) 63, 115, 190
ER (endoplasmic reticulum) 52 ff
ER like phagosome 516
ER, phagosome fusion 75
ER-resident aminopeptidase (ERAP1) 55, 71,

550 f
ER signal sequence 63
ERp57 55, 63, 65 ff
ERp72 63
exogenous antigen 470
exosome 31, 515
experimental allergic encephalomyelitis 138
experimental autoimmune encephalomyelitis

(EAE) 106, 449, 554
export of MHC II 109
extracellular fluid 93
extracellular proteolytic enzyme 422
ezrin 207

f
Fas mediated apoptosis 298
FasR 369
Fc receptor (FcR) 95 f, 444
Fcc receptor 342, 369, 419
FccRIIb 363, 369, 478
FccRIII 369
fibrinogen 284
fibroblast 90
first line of defense 417
FK506 (tacrolimus) 545
flagellin 227
flanking residue 6, 185
Flt3 ligand (Flt3L) 562
fluid phase endocytosis 29, 73
fluorescent resonance energy transfer

(FRET) 200, 208
follicle-derived CD4

+
T cell 485

follicular dendritic cell 29, 482
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fractalkine 448
FRETexperiment 209

g
a galactosylceramide (aGalCer) 139, 149,

351 ff, 362, 509
galiximab 554
ganglioside 134
gastrointestinal epithelial cell 28
gastrointestinal tract 28 ff
gelatinase A 423
gelatinase B 423
germinal center (GC) 108
germinal center reaction 471
germline gene 469
GILT (Gamma-interferon-inducible lysosomal

thiol reductase) 94, 97
glatiramer acetate (GA) 547
glial cell 90
glomerulonephritis 365, 368
glucocorticoid 299, 346
glucose-6-phosphate isomerase (G6PI) 484
glutamate decarboxylase 107
glutathione 97
glycolipid antigen 129, 146, 351
glycosyl phosphatidylinositol (GPI) 139, 207
glycosylation 190
GM-CSF 256, 258, 278, 288, 346,356, 358 f,

421 f
GM1 glycolipid 213
GM2 activator protein 148
gp96 63
gram negative bacteria 226
gram positive bacteria 227
granulocyte lineage 426
granzyme 369
Graves disease 189
green fluorescent protein (GFP) 445
gut-associated lymphoid tissue (GALT) 516
GVHD 555

h
H2-DM, see alsoHLA-DM 13, 422
haematopoietic stem cell 530
HCMV (Human Cytomegalovirus) 115, 551
heat shock protein 52, 96, 222
HEL (Hen egg-white lysosome) 4 ff, 106 ff,

165, 185
Helicobacter pylori 116
helminth infection 374
HepaDNA virus 44
hepatic fibrosis 285
hepatic sinusoid 39, 42, 257

hepatic stellate cell 40
Hepatitis B 44
Hepatitis B virus 72
Hepatitis C virus (HCV) 44
hepatocyte 284
Her2/neu 185
Hermansky-Pudlak syndrome type 2 142
Herpes simplex virus (HSV) 36, 115, 229
ab Ii heterotrimer 103
high endothelial venule 29, 263
hindering residue 5, 10
histone deacetylase 372
HIV (Human Immunodeficiency virus) 59,

63, 95, 190, 279, 557
HLA-DM 94, 98, 104 ff, 183 f, 422, 553
– catalyst 105
– chaperone 105, 183
– CLIP release 184
– conformational editor 106
– peptide editor 14, 72, 106, 110, 210
HLA-DO 107 ff
HLA-DR 281
Human cytomegalovirus (HCMV) 115, 551
Human immunodeficiency virus (HIV) 34 ff,

115
human X-linked agammaglobulinemia 559
humoral imprinting 484
hydrogen bond 64
hydrophobicity algorithm 60
hypergammaglobulinemia 481

i
IkB 232
ICAM 1 (Intercellular adhesion molecule 1)

200 ff, 206, 211, 556
– association with MHC I 211
– co-stimulatory molecule 201
– immunological synapse 201
– leukocyte adhesion 206
– lipid raft 206
– signaling 203
ICAM 2 95, 557
ICAM 3 95, 557
ICOS 555
ICP47 67
IDO, see also indoleamin-2,3-dioxygenase

281, 512
IFN-a 366 ff, 542
IFN-b 296, 362, 547
IFN-c 42 f, 60, 66, 71, 114, 256, 296, 421 f
Iga (CD79a) 476
Igb (CD79b) 476
IgA 29, 33, 41
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IgE 359
IgG2a / IgG1 ratio 368 f
IgH gene 532
Ii (invariant chain) 420 f
IL-1b 92, 357 ff
IL-2 43, 274
IL-2 receptor 211
IL-3 259
IL-3Ra (CD123) 529
IL-4 39, 43, 339
IL-6 252, 259, 266, 343
IL-8 203, 270
IL-10 30, 39, 43, 258, 290, 298, 335, 371, 505
IL-12 30, 265, 332 f, 338
IL-12 / IL 10 ratio 364
IL-12p70 528 f
IL-13 344, 356
IL-15 260, 338, 339, 365, 375
IL-18 365, 375
IL-23 375, 454
imidazoquinoline 229, 235
immature DCs 258, 261, 264, 335
immune complexes (ICs) 363
immune escape 35
immune mediated inflammatory diesese

(IMID) 541
immune privilege 348, 441 f
immune surveillance 27 ff, 138, 337
immunodominance 18, 57
immunoediting 291
immunogenicity 223
immunoglobulin 342
immunological synapse (IS) 11 f, 186, 199,

211, 556
immunoproteasome 52, 56, 60, 71
immunoreceptor tyrosine based activation

motif (ITAM) 234 f, 476
immunoreceptor tyrosine based inhibitory

motif (ITIM) 203, 477
immunosuppressive therapie 466, 544
incompletes Freund’s adjuvant (IFA) 223
indoleamin-2,3-dioxygenase (IDO) 281, 512
infectious microorganism 27 ff
inflammation 334, 355, 430
inflammatory bowel disease (IBD) 374
inflammatory cytokine 504
inflammatory foci 276
inflammatory mediator 507
inflammatory reaction 481
inflammatory signal 90, 92
Influenza virus 166, 170, 229
inhibitory receptor 482
innate immunity 247, 253, 264, 332, 368

innate tolerance 332 f, 342
iNOS 260 ff, 271 ff, 343 ff, 433 f
– arginase ratio 344
insulin dependent diabetes mellitus (IDDM)

362, 478
insulin receptor 211
interfollicular T cell zone 30
interleukin 1 converting enzyme (ICE) 234
intestinal tract 28
intracellular pathogen 51
intracellular signaling 559 f
invariant chain (li) 98, 102 f, 144, 168
– sorting signal 103
IP-30 97
IRAK (IL-1R-associated kinase) 232, 267, 549
irradiated bone marrow chimeric rats and

mice 444
islet antigen 374

j
JAK / STATpathway 297
joint destruction 484
juvenile dermatomyositis 189

k
keratinocyte 90 f
kinetic stability 107
Kupffer cell 39, 41, 91, 257, 284

l
L-RAP aminopeptidase 73
L-SIGN 42 ff
lactacystin 53, 73 f, 76
lactoferrin 425 f
lamina propria 31
Langerhans cell (LC) 35, 91, 96, 141, 259,

504 f
langerin (CD207) 91, 96, 141, 146
laser scanning microscopy 513
Lassa virus 348
late endosome 14, 144
lectin pathway 349
legumain, see also asparaginyl endopeptidase

(AEP) 99, 552
Leishmania 271, 350
Leishmania amazonensis 115
Leishmania donovani 342
Leishmania major 433, 506
length variant 165
leptin 262
leucine aminopeptidase (LAP) 55, 59
leucine rich motif 226
leucine rich repeat (LRRs) 234
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leukocyte adhesion deficiency (LAD) 556
leukocyte trafficking 556
leupeptin 103
LFA-1 (lymphocyte function associated

antigen-1) 200 ff
LFA-2 556
LFA-3 557
lipid A 226, 268
lipid antigen 129
lipid raft 112, 186, 204, 206, 208 ff, 267
– cholesterol extraction 209
– ICAM-1 206
– variation 209
lipid transport protein (LTPs) 148
lipoarabinomannan (ManLAM) 115, 136,

227, 276
lipopeptide 92
lipopeptide antigen 129
lipopeptide P3CSK4 549
lipophosphoglycan (LPG) 271
lipopolysaccharide (LPS) 92, 113, 226, 269,

342
– tolerance 293
lipoprotein 268
liposome 4, 14, 236, 545
– editing function 14
Listeria monocytogenes 3, 52, 270
liver 38 ff
liver injury 285 f
liver sinusoidal endothelial cell (LSEC) 39 ff,

42 ff
LMP2 56, 60
LMP7 56, 60
local microenvironment 255
lung eosionophilia 288
lung infection 290
lung mucosa 286
lupus antigen 367
lupus nephritis 369
Ly6C 508, 527
lymph node 27, 32, 35
lymphoid follicle 29
lymphoid organ 91, 256
lymphoid precursor 531
lymphoid tissue 262, 337
lymphotoxin 482
lysosomal compartment 94, 144
lysosomal marker 109
lysosomal storage disease 552

m
M cell 29 ff, 32
M-CSF 258 f, 290

macropinocytosis 73, 75, 418
macrophage 73, 75, 90 ff, 289 f, 331 ff, 341 ff,

426 f
– antiinflammatory 333, 341
– CD36 248
– depletion 289
– differentiation 258 ff
– HIV-infected 280
– LPS tolerant 343
– microglia 257, 444
– nematode elicited 345
– phagocytosis 368
– phagosome 277
– phenotypic diversity 257, 332
– phosphatidylserine receptor 248
– proinflammatory 341
– proinflammatory macrophage 332
– receptor 276, 342
– scavenger receptor 248
– transcriptosome 277
– transdifferentiation 260
– tumor associated 290
– vitronectin 248
macrophage activating factor (MAF) 431
macrophage DC functional unit 335 f
macropinocytosis 29, 65, 75 f, 93
MAL / TIRAP (MyD88 adaptor like / TIR

associated protein) 231
ManLAM 276
mannose receptor (CD206) 96
mannose receptor (MR) 42, 95, 146, 267
mannosyl phosphomycoketide 136
MAPPs (MHC associated peptide

proteomics) 176 ff, 190 f
margin of safety 16
mass spectrometry 4, 51, 166, 170, 172
– electrospray ionization tandem 4, 172
– matrix assisted laser desorption 170
matrix metalloproteinase (MMP) 360, 422
MECL-1 56
medullary zone 533
melanoma 517, 561
melanoma antigen 182, 190
membrane microdomain 105, 109
memory cell 507
memory T cell 289
mesenteric lymph node 30 ff
methotrexate 560
MHC class I 52, 166, 211
– association with ICAM 1 211
– self peptide 166
MHC class II 256, 278, 424, 448
– anchor residue 169
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– autoantibodies 461
– chaperones 183
– conformational change 105
– Edman microsequencing 168, 172
– empty molecule 105
– IFNc induced 448
– peptide binding groove 102
– peptide loading in the ER 183
– self peptides 167 ff, 175
– X-ray crystal structure 102, 160 ff, 171
MHC class II compartments (MIICs) 75,

112 ff, 141 ff
MHC clustering 208
MHC guided processing 72, 100
MHC restriciton 103, 166
Michaelis-Menten kinetic 105
microbial challenge 339
microbial infection 265, 339
microbial product 504
microbial receptor 269
microbial signal 30
microdomain 210
microenvironment 331 ff, 373
microenvironmental instruction 373
microglia 91 ff, 257, 377, 441 ff, 454
– activation 377, 446
– antigen presenting cell 449
– CD45 expression 446
– cultured 449 f
– differentiation 447
– gene expression 446
– heterogeneity 454
– mesodermal origin 444
– parenchymal 444
– perivascular 444
– transdifferentiation 261
b2 microglobulin (b2m) 55, 64, 130, 145
microsomal triglyceride transfer protein

(MTP) 149
migration inhibition factor (MIF) 343, 345 ff,

431
MIP 3a 506
MIP 3b 506
misfolded protein 75
missing self 349
mitogen activated protein kinase (MAPK)

203, 232
mixed lymphcyte reaction (MLR) 504, 515,

529
MOG 454
monensin 98
monoclonal antibody 89, 111, 168
monocyte 258, 332

monocyte derived DC 145
monophosphoryl lipid A (MPL) 236, 546
Mopeia virus 348
aMSH 448
mucins 29
mucosa associated lymphoid tissue (MALT)

29
multicatalytic protease complex 97
multidimensional protein indentification

technology (MudPIT) 172, 176
multiple myeloma 561
multiple sclerosis (MS) 101, 362, 554
multivesicular body (MVBs) 112
multivesicular compartment 107
multivesicular endosome 109
Murine leukemia virus (MuLV) 168
myasthenia gravis (MG) 375
Mycobacteria 223, 276 f
mycobacterial infection 137
mycobacterial lipoarabinomannan (LAM)

146
Mycobacterium tuberculosis (MTB) 114 ff,

137, 265, 282, 339, 433
mycolate 134, 136
mycolylarabiongalactan peptidoglycan 114
mycoplasma lipopeptide 227
MyD88 (myeloid differential factor 88) 113,

231 f, 267 f, 549
myelin 450
myelin basic protein (MBP) 15, 101, 105
myeloid DC 96, 140, 260
myeloid hormone 531
myeloid lineage 456
myeloid precursor 531
myofibroblast 285

n
N-formylated methionine leucine

phenylalanine peptide (fMLP) 420
N-glycanase 72
N-terminal trimming 71
natural killer T cell (NKT cell) 130 f, 138,

145, 351 ff
naturally processed self peptide 159 f
necrosis 265
Nef protein 59
negative selection 15, 168, 523, 533
neuron 448
neuropeptide 448
neurotoxin 377
neurotrophin 91, 448
neutrophil 339, 347, 432
neutrophil activation 427
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neutrophil elastase 273
NFkB 252 ff, 260, 288, 345 f, 358, 549, 559
nitric oxide 430
NK cell 273, 332, 349 ff, 509
NKG2D 213
NKTcell, see also natural killer T cell 130 f,

138, 145, 351 ff
– CD4

–
352

– CD 8
–

352
– CD14

+
352

– proinflammatory burst 353
Nod (nucleotide binding oligomerization

domain) 233
NOD mice 373
non-Hodgkin’s lymphoma (NHL) 560 f
non-small lung cell cancer 561

o
obesity 262
ornithine decarboxylase 273
osteoclast 260
osteopontin 339 f
ovalbumin 59, 76

p
p38 MAPK 93, 264, 272, 297, 549, 559
PA28 regulator 55 f
Pam3cys 268 f, 294
pancreatic beta cell 90
pathogen associated molecular pattern

(PAMPs) 221 f, 224
pattern recognition receptor (PRRs) 42, 91,

252, 334, 504, 548 f
PDI (Protein disulfide isomerase) 63, 97
peptide binding motif 174
peptide library 167, 170, 173
peptide loading 69, 104
peptide loading complex (PLC) 63, 65, 66 f
– calnexin 64
– calreticulin 65
– ERp57 65
– tapasin 66
peptide MHC complex 11, 212
– conformational isomer 11
– type A and B 11
peptide processing 71
peptide regurgitation 76
peptide repertoire 72
peptide transporter 52
peptidoglycan (PGN) 227, 252, 268, 270
peripheral blood B cell 107
peripheral blood leukocytes 415
peripheral blood monocyte 428

peripheral deletion 512
peripheral tissue 27
peripheral tolerance 178, 503 ff, 512
– immature 505
peritoneal macrophage 261
Peyer’s patch (PP) 29, 508, 558
PGE2 (prostaglandin E2) 40, 263, 285 f, 290,

340 f, 346
phagocytic cell 3 ff, 261
phagocytic clearance 415 f
phagocytosis 29, 42, 73, 94, 221 f, 418
phagolysosome 34, 94
phagosome 75, 94
phosphatidylinositol 134
phosphatidylserine receptor 343
phosphoinositol phosphatase 477
pinocytosis 516
PKC-H 214
PKR (IFN inducible dsRNA dependent protein

kinase) 234
plasma cell 466, 471
plasmacytoid DC 96, 260
plasmodium spp. 38, 41
plasticity 509
platelet activating factor (PAF) 430
PMA 214
PMN (see also polymorphonuclear

neutrophilic) 417 f, 425 ff, 433
– antigen presenting cell 417
– antigen uptake 418
– cytokine secretion 433
– neutrophil activation 427
– neutrophil turnover 427
– precursor 425
podosome 93
polarization of T cell responses 91
Poliovirus 29
poly I : C 228
polyamine 344
polymorphism 66, 103
polymorphonuclear neutrophil (PMN) 415,

420, 424, 432 f
– antigen processing 420
– cell mediated immunity 432
– co-stimulatory molecule 424
– cytokine secretion 433
– expression of MHC class I/II 424
pool sequencing 167, 173
positive selection 168, 210, 533
post-translational modification 12, 51, 190
posttraumatic immunosuppression 344
precursor polypeptide 99
primary immunodeficiency 463
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proinflammatory cytokine 284, 543
proinflammatory liver damage 301
proinflammatory stimuli 337
proinflammatory T cell 485
prostate carcinoma 561
prostate specific antigen (PSA) 420
protease 6, 250
– amino 6
– carboxypeptidase 6
– peptidase 6
proteasome 57 f, 75, 97, 515
– amino acid recycling 58
– cleavage specificity 57 f
– inhibitor 52 ff, 549 f
26S proteasome 56
protein disulfide isomerase (PDI) 97
protein tyrosine phosphatase 477, 480 ff
– SHIP 480 f
protein unfolding 97
proteolytic milieu 98
proteomics 51, 89
protozoon parasite 342
pseudodimer model 165
pSMAC 201
psoriasis 554, 556 f
puromycin sensitive aminopeptidase (PSA)

55, 59

q
quality control 65
quinacrine 546

r
RANK 30
RANTES 203
rapamycin (sirolimus) 545
receptor clustering 208
receptor editing 467 f
receptor-mediated endocytosis 42, 65, 73,

95 ff, 418
recycling endosome 141
redox state 97
19S regulatory complex 57
regulatory T cell 266, 513, 543, 563
– CD25

+
513

– CD4
+

513
– Th3 513
– Tr1 513
renal cell carcinoma 561
repetitive surfaces 222
respiratory burst 271
reticulo-endothelial system 42
retrograde transport 67, 113

reversed phase high performance liquid
chromatography (RP-HPLC) 164 ff, 172

rheumatoid arthritis (RA) 189 f, 279, 432,
542, 554

rheumatoid factor (RF) 469, 484
rheumatoid joint 292, 364
rheumatoid synovitis 485
ritonavir 551
rituximab 487, 560

s
Salmonella typhimurium 31, 34
saposin C 148
scavenger receptor (CD36) 42, 94, 276
Schistosoma mansoni (SM) 285
Sec61 71 ff
second line of defense 41
second signal 427
secondary lymphoid organ 230, 504
self peptide 161 ff, 170, 176 ff, 186
– acidic peptide elution 173
– length variant 165, 170
– medullary thymic epithelial cell 179
– monocyte derived DC 176
– myeloid dendritic cell 178
– origin 162, 170
– peripheral blood mononuclear cell 177
– sequence analysis 165
– splenocyte 181
– tetraspan microdomain 186
– tumor cell 182
self peptide epitope 175
self-reactive antibody 470
sentinels of the body 92, 441
sepsis 344
septic shock 293, 295
serine protease 273
serum amyloid A 252
shared epitope 462
Shigella 29
silent invader 354
Sj�grens syndrome 542, 553
SLE (see also systemic lupus erythematosus)

363, 466 ff, 542, 554 f, 559
– anti-DNA antibody 470
– autoantibody 466
– IgV gene repertoire 466
– receptor editing 467
– V gene 468
SOCS 297 f
somatic hypermutation 464 f
sorting signal 103
specificity pocket 102, 167
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spleen 38 ff
Src homology 2 (SH2) domain 203
ssRNA 229
Staphlococcus aureus 348
STAT1 (signal transducer and activator of

transcription-1) 233
STAT3 298 f
STAT6 343 f, 372
statin 546
Streptococcus pneumoniae 99
substance P 448
sulfasalazine 486
sulfatide 134
superantigen 103
superdimers 111
supramolecular activation cluster 113
supramolecular assemblies 109
synovial fibroblast 341
synovial fluid macrophage 292
systemic lupus erythematosus (SLE) 363,

461 ff, 542, 554 f, 559

t
TACI 559
TAK1 (transforming growth factor b activated

kinase) 232
TAP 67
tapasin 55, 61, 63, 66 ff
– chaperone 68
– TAP1 bridge 68
Tat protein 63
T/B cell aggregate 485
T cell 335, 338 f, 351, 369, 376
– alloreactive 351
– antigen non-specific 339
– antiinflammatory 335
– apoptosis 341, 369
– memory 338
– regulatory 335, 339, 376
T cell area 504
T cell epitope 102
T cell polarization 509
T cell proliferation 289
T cell receptor repertoire 464
T cell recirculation 516
T cell repertoire 260
T cell selection 523
tetanus toxoid (TT) 170, 421
tetraspan microdomain 107 ff, 110 ff, 185 f
tetraspan superfamily (TM4SF) 109, 209
tetraspan web 186
TGF-b 40, 248 ff, 263 ff, 290, 333 ff, 354, 505
Th1 43, 111, 189, 432, 449, 505, 510

Th1 polarization 339, 508
TH1/Th2 ratio 281, 509
Th2 30, 111 ff, 189, 432, 448
Theiler’s virus 449
therapeutic MoAbs 489
therapeutic vaccine 223
thimet oligopeptidase (TOP) 55, 59
Thy 1 524
thymic cortex 111 ff
thymic cortical epithelium 533
thymic DC 523 ff, 530 ff
– cytokine production 528
– development of pDC 532
– differentiation 531
– lifespan 530
– maturation 527
– origin 530
– plasmacytoid 527
thymic epithelial cell 90, 101, 168, 175 ff
thymus 523, 529, 533
– cortex 529, 533
– cortico medullary junction 523, 529
– medulla 523, 529, 533
thyroid epithelial cell 90
TIR (Toll interleukin-1 receptor homologous

region) 231
tissue distribution 140
tissue healing 344
tissue microenvironment 340
T lineage thymocyte 524, 530
TM4SFmicrodomain 212
TNF-a 42, 92, 259, 275
tolerance 32 ff, 41 ff, 93 ff, 101, 181, 331 ff,

371
– adaptive 334
– innate 334, 342, 371
– mucosally induced 334
– self peptide 181
– transplant 334
tolerogenicity 338
Toll family 224, 250
Toll / IL-1R (TIR) 226
Toll like receptor (TLR) 93 ff, 96, 214,

224 ff, 420
– adjuvant 545 f
– antagonist 546
– ligand 38, 225, 235 f, 252
– septic shock 549
– therapeutic potential 235
– TLR protein family 224
– TLR signaling 226, 230, 549
– TLR1 268
– TLR2 227, 276, 286, 549
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– TLR3 228, 269
– TLR4 226, 254, 268, 284, 286, 548
– TLR5 227
– TLR6 268
– TLR7 229, 366
– TLR8 229 , 366
– TLR9 229, 267 ff, 286, 361 ff, 366, 486, 529,

546 ff
– TLR11 228
– TLR12 228
– TLR13 228
TPP II 55
TRAF6 (TNF receptor associated factor 6)

232
TRAM (Toll receptor associated molecule)

231
trans differentiation 426
transplantation 542
transporter associated with antigen

presentation (TAP) 53 ff, 60 ff, 515, 550
– cytotoxic response 515
– transplant 515
– tumor cell 515
trauma 344
T regulatory (Tr) cell 564
TREM 2 454
TRIF (Toll receptor associated activator of

interferon) 231
tripeptidyl peptidase II (TPP II) 55, 59, 550
Trojan peptide 63
trypanosoma cruzi 342, 351
tryptophan catabolism 512, 514
tryptophan depletion 341
tubular transport 112
tubule derived vesicle 113
tumor antigen 190, 561
tumor immunology 291

type A Tcell 15
type B T cell 15
type 1 interferon 228, 508, 528 f
type 1 regulatory T cell (Tr1) 505
tyrosine based motif 141

u
ubiquitin 52, 56, 75
ulcerative colitis 361
UVB exposure 367

v
Vb gene usage 138
vaccine 222 f
van der Waal’s interaction 134
vascular endothelial cell 90
Vesicular stomatitis virus (VSV) 165, 229
video microscopy 113
VIP 448
viral ds RNA 92
viral tropism 282
virosome 236
virus infection 51
virus-like particle 223, 236
vitronectin 280

w
web 110
Wegener’s granulomatosis 425
wound healing 252

y
Ym1 345

z
zymosan 268
Zwitterionic polysaccharide (ZPS) 99
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