Measuring | mmunity:
Basic Biology and Clinical
Assessment

Michael T. Lotze
Angus W. Thomson
Editors

Elsevier Academic Press



Measuring Immunity:
Basic Biology and Clinical Assessment



To the Institute and Departmental leaders at the
University of Pittsburgh: Richard Simmons, Thomas
Starzl, Timothy Billiar, Joseph Glorioso, Ronald Herbman
and Arthur Levine who have all supported our work both
in the laboratory and the clinic.



Measuring Immunity:
Basic Biology and Clinical Assessment

Edited by Michael T. Lotze and Angus W. Thomson

- AMSTERDAM ¢ BOSTON ¢ HEIDELBERG ¢ LONDON * NEW YORK * OXFORD
e u%ies  PARIS « SAN DIEGO * SAN FRANCISCO * SINGAPORE * SYDNEY + TOKYO
LSEVIER

ACADEMIC

PRESS



This book is printed on acid-free paper
Copyright © 2005, Elsevier Ltd. All rights reserved

No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means electronic, mechanical, photocopying,
recording or otherwise, without the prior written permission of the publisher

Permissions may be sought directly from Elsevier's Science & Technology Rights
Department in Oxford, UK: phone: (+44) 1865 843830, fax: (+44) 1865 853333,
e-mail: permissions@elsevier.co.uk. You may also complete your request on-line via
the Elsevier homepage (http://www.elsevier.com), by selecting ‘Customer Support’
and then ‘Obtaining Permissions’

Elsevier Academic Press
525 B Street, Suite 1900, San Diego, California 92101-4495, USA
http://www.elsevier.com

Elsevier Academic Press
84 Theobald’s Road, London WC1X 8RR, UK

http://www.elsevier.com

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

Library of Congress Control Number: 2004116778

ISBN 0-12-455900-X

For information on all Elsevier Academic Press publications
visit our website at http://www.books.elsevier.com

Typeset by Newgen Imaging Systems (P) Ltd., Chennai, India
Printed and bound in Great Britain
050607 08987654321

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER BOOKAID g, Foundation




Contents

Foreword
Jeffrey A. Bluestone and Vicki Seyfert-Margolis

Preface
Michael T. Lotze and Angus W. Thomson

Contributors

Section | Fundamentals of the Immune Response
1 MHC Class |
Russell D. Salter

2 MHC Class I
Amy Y. Chow, Julia J. Unternaehrer and Ira Mellman

3 Cytokine receptor heterogeneity
David H. McDermott

4 Genetic diversity at human cytokine loci in health and disease
Grant Gallagher, Joyce Eskdale and Jeff L. Bidwell

5 Signaling molecules affecting immune response
Paul J. Hertzog, Jennifer E. Fenner and Ashley Mansell

6 Toll-like receptors in innate immunity
Thomas R. Hawn and David M. Underhill

7 DNA sequence-specific transcription factors
Philip E. Auron

8 Genetic diversity in NK and NKT cells
Rachel Allen and Anne Cooke

Section | Serologic Assays
9 Handling sera and obtaining fluid from different compartments
Dmitriy W. Gutkin, Diana Metes and Michael R. Shurin

10 Acute-phase proteins and inflammation
Chau-Ching Liu and Joseph M. Ahearn

11 Complement in health and disease
Chau-Ching Liu and Joseph M. Ahearn

12 Immunoglobulin titers and immunoglobulin subtypes

Popovic Petar, Diane Dubois, Bruce S. Rabin and Michael R. Shurin

13 Human antiglobulin responses
Lorin K. Roskos, Sirid-Aimée Kellermann and Kenneth A. Foon

14 Rheumatoid factors
Martin A.F.J. van de Laar

15 Autoantibodies
Ezio Bonifacio and Vito Lampasona

16 Antibody affinity using fluorescence
Sergey Y. Tetin and Theodore L. Hazlett

17 SLE-associated tests
Maureen McMahon and Kenneth Kalunian

18 Multiplexed serum assays
Anna Lokshin

Xiii

XV

12

23

35

62

80

91

110

119
121

131

144

158

172

187

193

201

210

221



Contents

Section Il Cellular Enumeration and Phenotyping
19 Handling and storage of cells and sera: practical considerations
Stephen E. Winikoff, Herbert J. Zeh, Richard DeMarco and Michael T. Lotze

20 Phenotypic and functional measurements on circulating immune cells and their subsets
Albert D. Donnenberg and Vera S. Donnenberg

21 Natural killer cells
Bice Perussia and Matthew J. Loza

22 Tetramer analysis
Peter P. Lee

23 Peripheral blood naive and memory B cells
Jean-Pierre Vendrell

24 Dendritic cells
Kenneth Field, Slavica Vuckovic and Derek N.J. Hart

25 Monocytes and macrophages
Salvador Nares and Sharon M. Wahl

26 Tumor cells
Hans Loibner, Gottfried Himmler, Andreas Obwaller and Patricia Paukovits

27 Regulatory T. cells
Zoltén Fehérvari and Shimon Sakaguchi

28 Intracellular cytokine assays
Amy C. Hobeika, Michael A. Morse, Timothy M. Clay, Takuya Osada,
Paul J. Mosca and H. Kim Lyerly

Section IV Cellular Function and Physiology

29 Cytolytic assays
Stephen E. Winikoff, Herbert J. Zeh, Richard DeMarco and Michael T. Lotze

30 Mixed leukocyte reactions
Stella C. Knight, Penelope A. Bedford and Andrew J. Stagg

31 Antigen/mitogen-stimulated lymphocyte proliferation
Theresa L. Whiteside

32 Monitoring cell death
Deborah Braun and Matthew L. Albert

33 Cytokine enzyme linked immunosorbent spot (ELISPOT) assay
Donald D. Anthony, Donald E. Hricik and Peter S. Heeger

34 Testing natural killer cells
Nikola L. Vujanovic

Section V  Provocative Assays in vivo

35 Delayed type hypersensitivity responses
William J. Burlingham, Ewa Jankowska-Gan, Anne M. VanBuskirk,
Ronald P. Pelletier and Charles G. Orosz

36 Rebuck windows: granulocyte function
Daniel R. Ambruso

37 The vascular and coagulation systems
Franklin A. Bontempo

38 Sentinel node assays
Galina V. Yamshchikov and Craig L. Slingluff, Jr

39 Imaging inflammation
N. Scott Mason, Brian J. Lopresti and Chester A. Mathis

231
233

237

257

268

277

290

299

312

322

336

341
343

350

361

369

380

396

405

407

419

428

434

445



Contents

Section VI Assays in Acute and Chronic Diseases 463

40 Cancer —solid tumors 465
Mary L. Disis and the Immunologic Monitoring Consortium

41 Cancer — hematologic disorders 473
Edward D. Ball and Peter R. Holman

42 Autoimmunity — rheumatoid arthritis 481
Peter C. Taylor

43 Autoimmunity — type 1 diabetes 494
Patrizia Luppi and Massimo Trucco

44 Autoimmunity — systemic lupus erythematosus 505
Sharon Chambers and David A. Isenberg

45 Autoimmunity — multiple sclerosis 515
Beau M. Ances, Nancy J. Newman and Laura J. Balcer

46 Autoimmunity — inflammatory bowel disease 525
Scott E. Plevy and Miguel Reguiero

47 Autoimmunity — endocrine 543
Michael T. Stang and John H. Yim

48 Autoimmunity — vasculitis 560
Jan Willem Cohen Tervaert and Jan Damoiseaux

49 Transplantation 569
Darshana Dadhania, Choli Hartono and Manikkam Suthanthiran

50 Viral responses — HIV-1 578
Bonnie A. Colleton, Paolo Piazza and Charles R. Rinaldo Jr

51 Viral responses — epstein-barr virus 587
David Rowe

52 Viral responses — hepatitis 598
Tatsuya Kanto

53 Dermatology 610
Clemens Esche

54 Arteriosclerosis 620
Beatriz Garcia Alvarez and Manuel Matas Docampo

55 Primary immunodeficiencies 630
Robertson Parkman

56 Asthma and allergy 639

Lanny J. Rosenwasser and Jillian A. Poole

Section VIl New Technologies 647

57 Serum proteomic profiling and analysis 649
Richard Pelikan, Michael T. Lotze, James Lyons-Weiler, David Malehorn and Milos Hauskrecht

58 Imaging cytometry 660
Michael T. Lotze, Lina Lu and D. Lansing Taylor

59 Cancer biometrics 666

Monica C. Panelli and Francesco M. Marincola

60 Genomics and microarrays 697
Minnie Sarwal and Farzad Alemi

61 Image informatics 707
Andres Kriete

Index 713



bha s o

Christopher Gibson (Publishing Director, Elsevier), Victoria Lebedeva (Developmental
Editor, Elsevier), Angus W. Thomson (Editor), Tessa Picknett (Senior Publisher, Elsevier)
and Michael T. Lotze (Editor).



Foreword

THE BEDSIDE IS THE BENCH

Jeffrey A. Bluestone' and Vicki Seyfert-Margolis?

'Director, Immune Tolerance Network, Director and Professor, UCSF Diabetes
Center and the Department of Medicine, University of California, San Francisco,
San Francisco, CA; “Executive Director, Tolerance Assay Group, Immune Tolerance
Network and Assistant Professor, UCSF Diabetes Center and the Department of
Medicine, University of California, San Francisco, San Francisco, CA, USA

A young woman confronted with a diagnosis of systemic
lupus erythematosus (SLE) can expect lifelong complica-
tions arising from the disease itself, as well as the therapies
used to treat this condition. About 50-70 per cent of SLE
patients experience inflammation of the kidneys. As such,
the young woman can expect to be treated with high
doses of corticosteroids, often accompanied by the alky-
lating agent cyclophosphamide. Unfortunately, the pred-
nisone and cyclophosphamide treatment often results in
an initial improvement, but more than 50 per cent of SLE
patients will experience a disease flare again within 2
years. Moreover, serious complications of high-dose cor-
ticosteroid and cytoxan therapy in SLE patients include
osteoporosis, aseptic necrosis, hypertension, diabetes,
opportunistic infection, and cataracts as well as gonadal
failure, hemorrhagic cystitis and cancer. Clearly, safer and
more effective therapies are needed for SLE. Most impor-
tantly, there is no way to predict the flares or remission
using immunological analyses in affected patients.

Practically speaking, treatment of SLE and other
autoimmune diseases remains similar to the therapies
used 10 years ago. However, years of elegant work study-
ing immunity and immune-mediated diseases in animal
models combined with recent advances in human
immunology and genomics offers an unprecedented
opportunity to develop new therapies. There is, arguably,
no more important concern in moving forward in the
development of new immunotherapies than the measure-
ment and quantification of the human immune response.
Indeed, with the observed increase in immune-mediated

disease and an ever-growing stable of immunomodula-
tory agents reaching clinical stages of development, the
need for reliable indicators of the state of the human
immune system has never been greater. The editors of
this guide should therefore be congratulated for assem-
bling a highly relevant, and indeed, very timely portrait of
our current abilities and future prospects in this respect.

Importantly, if perhaps not unexpectedly, we have
come to discover that the human immune system differs
in many significant ways from the preclinical animal mod-
els used as justification for pursuing new therapies in
human studies. A growing body of literature detailing the
many examples of therapies that work well in mice but fail
to generate similar efficacy in humans (Mestas and
Hughes, 2004) underscores the divide between our
respective understanding of mouse and human immunol-
ogy. The scarcity of hard human data on immune mecha-
nisms is truly the Achilles heel of immune-based
therapeutic development. Typically, immune-based dis-
eases are diagnosed by measuring a pathological
process that has already taken place. This means that the
destruction by the immune system is already well under-
way. Effective monitoring and early detection of these
diseases is challenging at many levels, unlike preclinical
efforts which can sample the immune response at the site
of immune attack (e.g. graft, draining lymph node or
inflamed tissue); human sampling is relegated often to the
peripheral blood far away from where the action is and
rarely before the immune response is already damaging
to the target tissue.



Take for example, the case of organ transplantation,
where the key clinical challenges are to combat both
acute and chronic rejection. At present, the gold standard
for diagnosis of organ dysfunction is biopsy, which while
accurate, provides its diagnosis only after significant
organ damage has occurred. Immunological methods
that detect events occurring upstream of the pathology
would provide a welcome window of opportunity for ear-
lier intervention. A related issue in organ transplantation
is that of clinical tolerance induction. New potential
tolerogenic strategies are now entering the clinic, many
with the goal of complete immunosuppressive therapy
withdrawal. Immunosuppressive withdrawal, however, is
more than just the objective of these studies; rather it has
been elevated to the status of an endpoint for these trials.
Until have a clear description of the immunological prop-
erties of tolerance in humans, we are left with only an
operational, rather than mechanistic definition of toler-
ance in humans.

Achieving a therapeutic benefit is the goal of all phase Il
and Ill trials and is currently measured using clinical end-
points. Clinical indicators, as currently measured, often
do not offer objective quantitative markers for assess-
ments of drug actions. Thus clinical endpoints will greatly
benefit from the addition of studies designed to measure
human immunity qualitatively and quantitatively. There is
a pressing need for new surrogate markers for measuring
changes in the immune system.

A case demonstrating the problems associated with
relying on clinical endpoints can be made by looking at
the history of immunologic therapies for HIV infection.
Antiretroviral therapy has effectively reduced the rate of
progression of HIV-infected patients to AIDS to ~2 per cent
per year. Thus, trials of additional therapies require large
patient populations and/or many years of treatment in
order to obtain statistically significant proof of improved
efficacy. Furthermore, studies of early HIV infection are vir-
tually impossible without some alternative marker for dis-
ease progression because of the long time it takes (up to
10 years or more) for many patients to get sick. Similarly, in
the case of cancer, current therapeutic inventions rely on
clinical endpoints such as disease progression and death
to determine efficacy. These endpoints, although a fair
assessment of the clinical efficacy of the therapy, do not
provide insights in the immune manifestations of therapy.
Is the immune system activated by the therapy, is the
tumor resistant to the therapy or does it escape immune
surveillance by mutating target antigens?

But perhaps the clinical settings that most appropri-
ately illustrate the need for new technologies and data
that allow us to characterize the human immune system
are the autoimmune diseases. The diagnosis of specific
autoimmune diseases is often problematic due to over-
lapping pathologies and a lack of clearly distinguishable
clinical features between the various diseases. American
College of Rheumatology (ACR) diagnostic guidelines
rely upon primarily pathologic criteria that, similar to the

diagnosis of allograft rejection, present well into disease
development — features such as clinical and radiological
evidence of tissue damage. The prognostication of spe-
cific autoimmune diseases presents an even greater chal-
lenge, given that the etiology of many of these diseases
remains unclear. In fact, one of the most fundamental
questions in autoimmunity remains unanswered: what are
the immunological characteristics that distinguish a
healthy patient from one with an underlying autoimmune
disorder? At present, there are no reliable laboratory-
based immunologic methods that are capable of discrim-
inating between a rheumatoid arthritis patient from a
healthy control and a multiple sclerosis patient from the
same. This ‘readout’ problem is so severe that in diseases
such as type 1 diabetes, current therapeutic interventions
rely on clinical endpoints such as hemoglobin Alc to
determine efficacy. This metabolic parameter can be
influenced by the rigor of glucose control, diet and envi-
ronmental factors not the quintessential immunology of
autoimmune disease. If we have no measurable descrip-
tion of the immunological hallmarks of the disease itself,
how then can we begin to assess the efficacy of one ther-
apy over another?

Clearly, our potential for success in the clinic is now lim-
ited by our inability to assess the immunological impact
of our interventions. Throughout the field of immunology,
it is therefore imperative that we develop new biological
assays that allow precise and reliable measures of human
immunity. The benefits will be enormous: surrogate mark-
ers for clinical efficacy providing more relevant, accurate
and ethically justified means of assessing new therapeu-
tics; new diagnostic tools that would permit earlier inter-
vention and perhaps even preventative therapies; the
ability to move beyond ‘one size fits all' medicine towards
more individualized therapy; and a wealth of new, direct
knowledge of the human clinical experience that will pave
the way for improved, second generation therapies.
Much of the research elegantly summarized in this book
reflects the growing efforts to identify specialized markers
that can be used in individual disease settings to distin-
guish the patient from normal individuals, the responder
from the non-responders.

Thus, the papers presented within this volume are a
testament to the grand opportunity that lies before us.
They serve not only to highlight the progress already
achieved towards this goal, but present us with a series of
difficult challenges as we move forward. Together they
suggest that we have moved into a new phase of devel-
opment in measuring immunity, one where old
approaches might be best discarded in favor of a new
paradigm for assay development.

In fact, this new paradigm may be best summed up by
the multiple efforts emerging in the academic commu-
nity, with the primary goal to develop robust standardized
assays for measuring human immunity. These efforts
include various workshops, as well as the emergence of
several large clinical trials consortiums such as the



Immune Tolerance Network (ITN) whose philosophy is
‘The bedside is the bench’. These consortiums have cre-
ated organizations with the infrastructure necessary to
become the perfect testing ground for many of the assays
described within this text, performed in a real-world envi-
ronment to produce data and ultimately, new tools of
extraordinary clinical relevance. And with a growing list of
immunologically active agents destined for clinical evalu-
ation, the timing for such a fresh approach is ideal.

Indeed, the emergence of new and improved method-
ologies provides a solid foundation for the development
of new clinically focused immunoassays. High throughput
genomics assays, for example, offer exciting new oppor-
tunities for identifying new biomarkers and many investi-
gators have already taken up this challenge, with more
sure to join them. Federal funding agencies have recog-
nized the import of this approach.

New models are developed, like the ITN, to perform
clinical studies on a much grander scale than has likely
ever been attempted previously. Infrastructures consist-
ing of core facilities, large relational databases and a
combination of mechanistic and discovery efforts will
allow comparison studies across diseases, therapies and
patient populations under highly standardized protocols
and analysis methods in order to answer the simple
question — can we distinguish immunologically the dis-
eased from the normal individual as well as the patient
that has benefited by the immunotherapy?

Although the development of this infrastructure is an
enormous undertaking, emphasis on cooperation and
working together to create a whole that is greater than
the sum of its parts are vital. The time spent in developing
rigorously standardized procedures for each assay and
meticulously performing routine quality assurance testing
will bring enormous benefits in terms of the knowledge

Foreword

gained from this effort: pooling of assay data will be pos-
sible between multiple clinical sites operating within the
same trial to increase the statistical resolution; assay data
can be analyzed in the context of the related clinical infor-
mation in a multiparametric fashion; longitudinal studies
can be carried out with built-in normalization; and as yet
undiscovered assays can be applied to archived speci-
mens for cross-analysis at a later time.

The editors of this book have done a remarkably thor-
ough job of covering all the emerging techniques and
principles of measuring immunity and they should be
congratulated and thanked for what has surely been a
tremendous undertaking. The techniques and concepts
described in the pages of this book will provide the
insights that large networks will apply to the clinical trial
setting. | believe that a volume such as this is just what is
needed to capture the imagination of the immunology
community and may ultimately serve as a fine starting
point towards a new paradigm for direct and coordinated
investigation of the mechanisms inherent in human
immunological diseases.
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Preface

Michael T. Lotze and Angus W. Thomson

An Acte against conjuration Witchcrafte and dealinge with
evill and wicked Spirits. BE it enacted by the King our
Sovraigne Lorde the Lordes Spirituall and Temporall and the
Comons in this p'sent Parliment assembled, and by the
authoritie of the same, That the Statute made in the fifte
yeere of the Raigne of our late Sov'aigne Ladie of the most
famous and happy memorie Queene Elizabeth, intituled An
Acte againste Conjurations Inchantments and witchcraftes,
be from the Feaste of St. Michaell the Archangell nexte
cominge, for and concerninge all Offences to be comitted
after the same Feaste, utterlie repealed. AND for the better
restrayning of saide Offenses, and more severe punishinge
the same, be it further enacted by the authoritie aforesaide,
That if any pson or persons after the saide Feaste of Saint
Michaell the Archangell next comeing, shall use practise or
exercsise any Invocation or Conjuration of any evill and
spirit, or shall consult covenant with entertaine employ
feede or rewarde any evill and wicked Spirit to or for any
intent or pupose; or take any dead man woman or child out
of his her or theire grave or any other place where the dead
body resteth, or the skin, bone or any other parte of any
dead person, to be imployed or used in any manner of
Witchecrafte, Sorcerie, Charme or Inchantment; or shall use
practise or exercise any Witchcrafte Sorcerie, Charme or
Incantment wherebie any pson shall be killed destroyed
wasted consumed pined or lamed in his or her bodie, or any
parte therof ; then that everie such Offendor or Offendors
theire Ayders Abettors and Counsellors, being of the saide
Offences dulie and lawfullie convicted and attainted, shall
suffer pains of deathe as a Felon or Felons, and shall loose
the priviledge and benefit of Cleargie and Sanctuarie ...

Witchcraft Act of 1604 — 1 Jas. |, c. 12

We have come quite a long way in the four centuries since
the Witchcraft Act was passed during the end of the
Elizabethan Age, which limited access to the parts of any
body, dead or alive to be used in any ‘witchcrafte, sor-
cerie, charme, or inchantment’. Clearly many of the prac-
tices employed and recommended by the strong coterie
of authors brought together in this volume would have
offended some Elizabethan audiences in 1604! In the
same year London was just hearing Shakespeare’s
Measure for Measure performed on stage for the first
time and enabling a 26-year-old William Harvey, who dis-
cerned how blood circulates, by admitting him as a candi-
date to the Royal College of Physicians. Considering the
cells and the serologic components circulating within the
blood as migratory biosensors and potential measures of
immune function within the tissues is a modern interpre-
tation provided by the current retinue of clinical immunol-
ogists and pathologists assembled here. A century ago in
1904, Paul Ehrlich published three articles in the New
England Journal of Medicine (then the Boston Medical
and Surgical Journal), detailing his work in immunochem-
istry, the mechanism of immune hemolysis and the side-
chain theory of antibodies, work which subsequently
served as a basis for winning the Nobel Prize along with
Elie Metchinikoff. We have since substantially applied
measures of the serologic response to pathogens and
immunogens but the integration of multiple other assays,
particularly cellular assays championed by Metchinikoff,
many of them only appreciated and developed in the last
decade, into a single readable text has not been previously



carried out. The central goal of Measuring Immunity is to
define which assays of immune function, largely based on
ready and repeated access to the blood compartment,
are helpful in the assessment of a myriad of clinical disor-
ders involving inflammation and immunity, arguably the
central problems of citizens of the modern world. This is
not a methods manual and should not be perceived as
such. Authors were given broad scope and freedom in
integrating and assessing the clinical evidence that poly-
morphisms in genes regulating immune function (Section
), the actual assays themselves (Sections lI-V) and how
they were applied in clinical conditions (Section VI) might
be best illustrated and championed. We are also particu-
larly pleased that new measures and methods, not yet
fully realized, are detailed here in Section VII. The great-
est value from this work, we believe, is the juxtaposition in
one place of the basic science foundations as well as the
approaches currently applied and found valuable in the
disparate and inchoate regions of clinical medicine.

As always the ‘conjurations, inchantments and witch-
craftes’ of our colleagues are what make this volume a
ready sanctuary for those seeking enlightenment. The
dedication and craftsmanship in their work as well as the
exposition here is gratifying to both us and the publish-
ers. Indeed, we recently met with the publishers in
London to discuss this work and those planned for the
future and considered under the Academic Press/Elsevier
banner of ‘Building Insights; Breaking Boundaries', partic-
ularly reflecting on what the role of the ‘Book’ was and
how it might be more useful for us and our colleagues.
Isaac Elsevier first used the Elsevier corporate logo in
1620, just after the Witchcraft Act, as a printer's mark. It
shows an elm, its trunk entwined by the tendrils of a vine.

A solitary man stands beside the tree, which supports a
banner bearing the Latin motto Non Solus (not alone).
Elsevier published books by outstanding scholars of the
day, including Scaliger, Galileo, Erasmus and Descartes.
Indeed the contemporary multiauthor authoritative text
honors that history and provides a suitable reason for
scholarly books. As a given, we believe that there is still
substantial value in books, that they provide an authorita-
tive and tightly edited source of integrated information,
not easily assessed by perusing the modern literature. By
constraining authors to formulate their work in a bounded
space with common goals and deliverables, we enable
them to indeed build new insights and cross boundaries
usually maintained in academic circles, not so different
from a Shakespearian drama, distilling human experience
derived from a changing world.
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Self-defence is nature’s eldest law.
John Dryden

INTRODUCTION

Although class | MHC proteins were first identified over
50 years ago, their function has only been understood in
detail in the past two decades. The three-dimensional
structure of the human class | molecule HLA-A2 repre-
sented a landmark achievement in the field (Bjorkman
et al., 1987a,b). The structure revealed the presence of a
binding cleft suggesting antigen binding capability and
offered tantalizing evidence of the nature of peptides
bound. Shortly thereafter, bacterially produced recombi-
nant class | proteins were re-folded with synthetic pep-
tides which, upon crystallographic analysis, elucidated the
molecular details of peptide binding in the cleft (Garrett
et al.,, 1989). In addition to their importance for under-
standing T-cell recognition, these studies formed the
basis for developing class | MHC tetramers, reagents with
widespread current use in identifying antigen-specific
CD8+ T cells, as will be discussed elsewhere in this
volume.

A further seminal discovery was made by Rammensee
and coworkers and Van Bleek and Nathenson who first
developed methods for extracting peptides from the
class | binding cleft (Van Bleek and Nathenson, 1990; Falk
et al., 1991). These pooled peptides were analyzed by
Edman degradation, resulting in mixed sequences which,
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nonetheless, revealed some very important properties of
class | MHC-binding peptides. The presence of relatively
conserved residues at certain positions of all peptides
bound to a single type of class | molecule was noted.
These were designated anchor residues, based on their
role in stabilizing peptide binding. In a leap of insight,
highly variable positions within the peptide were pro-
posed to potentially interact with T cell receptors (TCR)
and this was later confirmed by crystallographic analyses
(Garboczi et al., 1996). The identities and positions of the
anchor residues when summarized for an individual class |
MHC protein represented its ‘peptide binding motif’.
This concept has been invaluable for prediction of pos-
sible MHC binding peptides within a protein of interest,
since without this information, sets of peptides covering
the entire protein would need to be tested as potential
epitopes. It is now commonplace to use computer-based
algorithms, many available on the world wide web,
to interrogate protein sequences for sequences
corresponding to binding motifs of interest and to base
epitope discovery strategies upon such information
(Papassavas and Stavropoulos-Giokas, 2002, Hebart
et al., 2003; Peters et al., 2003; Saxova et al., 2003).

In this chapter, our current knowledge of class | MHC
biology and how this may impact treatment of diseases
that involve CD8+ T cell responses will be reviewed. In
addition, the importance of the high degree of allelic
polymorphism present in class | MHC heavy chains will be
discussed. How processing of antigens for class | MHC
presentation influences the immune response to be

Copyright © 2005, Elsevier. All rights reserved.



generated will also be explored, with emphasis on the
molecular mechanisms involved.

CLASS 1 GENES WITHIN THE MHC REGION

Genetic and physical mapping analyses by many labora-
tories culminated several years ago in publication of the
complete sequence of the human MHC region (Beck and
Trowsdale, 2000). The presence of dozens of class | loci,
including the well known HLA-A, B and C loci, as well as a
number of other class | genes, both functional and non-
functional, were revealed. Of these, only HLA-A, B and C
have been shown definitively to present peptide antigens
to CD8+ T cells. HLA-C may have as its primary role inter-
action with receptors on NK cells that either inhibit or
activate lytic function (Fan et al., 1996; Snyder et al., 1999).
In contrast, the best known function of HLA-A and -B
molecules is to present peptide antigens to CD8+ T cells.

POLYMORPHISM IN CLASS | MHC
HEAVY CHAINS

Class | HLA alleles were first identified using antibodies
generated in multiparous or transfused individuals and
then later using monoclonal antibodies developed by
immunizing mice with human cells or purified HLA pro-
teins (Parham, 1983). Serological definition resulted in
designation of class molecules such as HLA-A2 or -B7,
with numerical names assigned for each locus roughly in
their order of discovery. Biochemical analyses using iso-
electric focusing revealed additional heterogeneity within
the serologic designations and many specificities were
divided further into subtypes based on differences in
electrophoretic charge (Neefjes et al., 1986). With the
advent of widespread DNA sequencing, definitive analy-
ses were soon possible, leading to a great expansion of
the number of alleles identified at each locus. For exam-
ple, HLA-A2, a specificity defined on the basis of antibody
reactivity, has been subdivided into 15 alleles as defined
by DNA sequencing (Parham et al., 1989). Although some
of these alleles are distinguished by non-coding substitu-
tions, others differ at nucleotides that result in amino acid
differences, some of which demonstrably alter peptide
binding or T-cell recognition.

There are currently identified over 200 alleles at HLA-A
and about 400 at HLA-B, with most of the variation in
amino acid sequence between alleles present in residues
in the peptide binding cleft (Parham et al., 1989). This
strongly supports the hypothesis that sequence diversifi-
cation is driven by the requirement for broad antigen
presentation capability, particularly in pathogen-laden
environments. Examples of class | alleles that are
associated with resistance to certain diseases have been
identified, such as that observed in West Africa, where
HLA-B53 has been associated with resistance to severe
malaria (Hill et al., 1992).

MOLECULARTYPING OF CLASS |
HLA ALLELES

A review of the technical aspects of MHC typing is beyond
the scope of this chapter, but some of the principles will
be discussed briefly. Primer sets are designed and used
for PCR amplification of cDNA to obtain fragments of
class | genes, typically those encoding the a1 and a2
domains, where most of the polymorphism resides. After
the amplified fragments are applied to a membrane,
labeled oligonucleotide probes that can anneal to specific
regions of individual class | genes are used in liquid
hybridization to detect alleles. Alternatively, additional
allele-specific primers are used in a second round of PCR
amplification to generate DNA fragments that allow for
allele assignment. For both approaches, prior knowledge
of class | sequences is necessary and novel or unknown
alleles cannot be identified. In the research laboratory
setting, it is typically more efficient to identify class | alleles
from unknown cells using DNA sequencing of the primary
PCR product, rather than establishing secondary screen-
ing procedures mentioned above. In a clinical testing lab-
oratory, where multiple samples will be routinely analyzed,
the use of secondary screening assays, such as filter
hybridization, is more common. There are a number of
technologies that are being currently developed to reduce
the expense or effort required for molecular HLA testing.
Some of these involve the development of membrane or
bead arrays that allow for automation of these processes
(Guo et al., 1999; Balazs et al., 2001).

CLASS 1 MHC ANTIGEN PROCESSING
PATHWAY

How peptides are generated from protein antigens in the
cytosol for delivery to class | molecules has been studied
intensively in the past decade. At the forefront in
this process is the proteasome, a large organelle with
multiple proteolytic activities. Rock and Goldberg and
their coworkers first demonstrated that proteasome
inhibitors could inhibit class | MHC antigen processing
and presentation to T cells (Michalek et al., 1993;
Goldberg et al., 2002). This was due to blocking genera-
tion of the major supply of peptides required for stabiliza-
tion of class | molecules and the lack of this peptide pool
resulted in their retention in the endoplasmic reticulum
(ER). This phenotype was similar to that seen in mutant
cell lines that lack the proteins TAP (transporter of anti-
genic peptides) or tapasin (DeMars et al., 1985; Salter and
Cresswell, 1986; Ortmann et al., 1997). These latter pro-
teins are required to facilitate peptide transport into the
ER and subsequent class | loading.

The class | biosynthetic pathway can be summarized as
follows (Table 1.1). Class | heavy chains are inserted into
the lumen of the ER and associate cotranslationally with
a second subunit, By,-microglobulin (B,m) and with
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Table 1.1 Antigen processing machinery associated with class | MHC proteins

Accessory Molecular Family Binds to: Binding site on Polymorphic
protein(s) weight (kDa) class | molecule
Calnexin 65 Lectin-type Newly synthesized N-linked glycan No
chaperone heavy (H) chain at asparagine
86in al; also
sites on protein
ER,57 57 Thiolreductase Calnexin-associated Sulfhydryl group No
H chain ina3
Calreticulin 46 Lectin-type H chain-B,m N-linked glycan No
chaperone complex at asparagine
86inal
Tapasin 48 Ig superfamily H chain- Loop in a2 residues No
Bom-calreticulin 128-136, a3
complex residues 219-233
TAP1 72 ABC-transporter H chain-B,m-calreticulin- None (associates with Yes; allelic differences
TAP2 tapasin complex class | complex via in rat, mouse

and human; functional
differences between
allelic forms in rat

tapasin)

calnexin, a molecular chaperone that binds to N-glycans
and protein elements of substrate proteins (Jackson
et al., 1994, Tector and Salter, 1995; Zhang et al., 1995,
Diedrich et al., 2001; Paquet and Williams, 2002). ERp57,
which promotes protein folding through formation and
disruption of disulfide bonds, also associates with the
class | dimer (Radcliffe et al., 2002). As conformational sta-
bility is attained, another N-glycan-recognizing chaper-
one, calreticulin, binds thereby displacing calnexin from
human class | molecules (Sadasivan et al., 1996). At this
stage, class | molecules associate with at least two addi-
tional molecules, tapasin and TAP, which have specific
roles in facilitating peptide loading (Sadasivan et al.,
1996, Zarling et al., 2003). Tapasin binds to class | heavy
chains via residues in the a2 and @3 domains and also
interacts with TAP (Paquet and Williams, 2002). TAP is the
transporter of antigenic peptides that has been shown to
translocate peptides from the cytosol into the ER lumen
(Androlewicz et al., 1994). Class | dimers in the fully consti-
tuted peptide loading complex described above
undergo a conformational change that increases their
receptivity to peptides (Suh et al., 1999; Reits et al., 2000).
The local concentration of peptides imported by TAP is
likely to be relatively high in the vicinity of the complex,
which may explain why most class | molecules are able to
bind appropriate peptides even when the motifs recog-
nized are relatively uncommon.

PROTEOLYTIC PROCESSING OF PROTEINS
BY PROTEASOMES TO GENERATE
CLASS I-BINDING PEPTIDES

The proteasome plays a central role in degradation of
proteins within all cells, including bacteria and all higher
life forms. Thus it is clear that class | MHC molecules

evolved at a much later stage to survey intracellular
peptides derived from proteasome and that class | pre-
sented epitopes are necessarily related to their cleavage
specificity. Proteasomes are highly complex structures,
consisting of more than a dozen individual subunits, and
can be categorized as either regulatory or catalytic in
activity (DeMartino and Slaughter, 1999). These are
arranged in four stacks of seven membered rings to con-
stitute the core or 20S proteasome, which has a central
pore through which protein substrates pass to undergo
cleavage (Figure 1.1). The diameter of the pore is such
that globular proteins would usually need to become
unfolded to allow for threading through the central pas-
sage. An additional protein complex, PA700, binds to
each end of the structure to generate the 26S protea-
some. PA700 consists of ~20 subunits and has the capac-
ity to bind to ubiquinated substrates, which imparts
selectivity for unfolded proteins that have become modi-
fied through recognition by ubiquitin-conjugating
enzymes (Strickland et al., 2000). In several cases,
ubiquination of antigens has been shown to increase their
degradation and presentation by class | MHC molecules,
presumably by this mechanism. An additional regulator of
proteasome activity, consisting of members of the PA28
family, can be upregulated by IFNy, but does not recog-
nize ubiquinated substrates. There is evidence suggest-
ing that PA28 modified proteasome may be able to
generate some epitopes that bind to class | MHC with
high efficiency (Preckel et al., 1999).

Further modifications of the proteasome are also pos-
sible by incorporation of MHC-encoded subunits, such as
LMP-2 and LMP-7, and also the subunit MECL (Griffin
et al., 1998). Expression of these proteins is induced
by IFNy and in the case of LMP-2, also IFNe, and the
subunits replace catalytic subunits of the core protea-
some. These modifications result in generation of
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Figure 1.1 Proteasomes involved in antigen processing can be regulated
by IFNy. In A, the structure of the 20S constitutive proteasome is shown,
with @ subunits dark gray and B subunits in light gray. Addition of the
PA700 complex results in 26S proteasome. In B, subunits X, Y and Z

are replaced by LMP-2 (2), MECL (M) and LMP-7 (7) to generate
immunoproteasome following stimulation by IFNy, which also induces
the PA28 complex. In C, possible combined proteasomes are shown
(figure modified from Fruh and Yang, 1999).

immunoproteasomes, which have properties distinct
from constitutive 26S proteasomes, including increased
cleavage of substrates at sites with certain amino acid
residues, such as positively charged residues lysine or
arginine or hydrophobic residues such as valine,
isoleucine or leucine when activated via PA28y (Fruh and
Yang, 1999). Decreased cleavage capacity after negatively
charged residues such as glutamic or aspartic acids is also
seen. These observations can be interpreted in a satisfy-
ing way by noting that the C-terminal positions of many
class | binding peptides are constrained to be positively
charged or hydrophobic residues, but rarely are nega-
tively charged acidic residues. This suggests that
immunoproteasomes are particularly equipped to gener-
ate the C-terminal end of the potential class | binding
peptides.

AMINOPEPTIDASES IN CLASS I ANTIGEN
PROCESSING

In contrast to constraints at the C-terminus of peptides,
there is no indication that proteasomes of any type are
able to tailor peptides with appropriate amino termini for
binding class | MHC, or that cleavage is precisely con-
trolled to generate the 8-9 amino acid long peptides that
are typically bound to class | molecules. This suggests
that further trimming of the amino terminus might
be required to generate many peptide epitopes. Rock
and co-workers and Shastri and coworkers have identi-
fied aminopeptidases that fulfil such a role in the
ER (ERAP1 or ERAAP, ER-associated aminopeptidase)
(Serwold et al., 2002; York et al., 2002). There is strong
evidence that these latter enzymes are necessary to gen-
erate at least a subset of peptides that can bind efficiently
to class | MHC.

DRIPS AS SOURCE OF CLASS | MHC
BINDING PEPTIDES

Jonathan Yewdell and coworkers several years ago
demonstrated that protein biosynthesis within cells is
far less efficient than had previously been presumed.
By careful measurements using metabolic radiolabeling,
it was shown that a major fraction of newly synthesized
proteins is rapidly degraded, due to defects that prevent
polypeptides from attaining their final conformation,
including mis-translation, mis-folding and truncation
(Schubert et al., 2000). These products, called defective
ribosomal initiation products (DRiPs), have particular
importance for class | MHC antigen processing, since
they are substrates for processing by proteasomes and
subsequent TAP transport. The most convincing evidence
that DRiPs form an important source of class I-bound
peptides derives from experiments measuring the kinet-
ics of presentation with protein antigens of well-
characterized stability. In experiments where protein
synthesis could be tightly regulated temporally, class |
presentation clearly depended on the presence of newly
synthesized antigen and did not require ‘aging’ of intact
protein to allow for its degradation after unfolding
(Princiotta et al., 2003). This demonstrates that the class |
antigen processing pathway can respond more rapidly to
antigenic challenge than was previously believed during
intracellular infections where endogenously synthesized
antigens are presented, as represented in Figure 1.2.

ANOTHER POSSIBILITY: PEPTIDE SPLICING

Although the previous sections have documented several
ways in which potential epitopes are generated, there
may exist still another possibility. Hanada and coworkers
recently showed that a tumor antigen, fibroblast growth
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Figure 1.2 Generation of class | binding peptides either from the DRiPs
(defective ribosomal initiation products) pathway or from the
conventional pathway by which cytosolic proteins that unfold are
degraded. Both pathways involve proteasomal degradation as shown to
generate short peptides that are transported into the ER lumen by TAP.

factor-5, could provide an epitope that binds to HLA-A3
(Hanada et al., 2004). What was unusual about this epi-
tope was that the residues were not contiguous within the
protein sequence, but instead were a patchwork consist-
ing of five residues from one region of the protein and
four residues from a region located more than 20 posi-
tions closer to the C' terminus. Although it must be stated
that this isolated example does not allow an estimate of
how often this type of splicing occurs, it has interesting
implications for antigen processing, particularly in the
area of autoimmunity, where splicing of peptides in the
periphery but not in the thymus could generate unique
autoantigens. So far, novel enzymes capable of splicing
peptides have been identified in some plants, but not in
animal cells.

AN ADDITIONAL INTRACELLULAR SITE FOR
CLASS I ANTIGEN PROCESSING AND
LOADING IN DENDRITIC CELLS

There is intense interest in how dendritic cells process and
present exogenous antigens via class | molecules, as dis-
cussed elsewhere in this book. This process is called cross-
presentation and is critical for generation of CD8+ T cell
responses in infectious diseases and cancer. Particulate
antigens are typically quite efficient at inducing cross-
presentation, suggesting that dendritic cells might have
unique pathways for inducing their loading into class |
MHC (Kovacsovics-Bankowski and Rock, 1995). There have
now been several reports demonstrating that components
of the ER, including class | MHC dimers and the associated
processing components, TAP, tapasin, calreticulin, ERp57
and also ERAP, are present within latex bead-containing
phagosomes (Garin et al., 2001; Ackerman et al., 2003,
Guermonprez et al., 2003). This suggests that phago-
somes are fully competent for processing antigens from
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particulates for class | loading. The additional presence of
SEC61 in the phagosome would allow for export of anti-
gen out of the phagosome and into the cytosol where pro-
cessing by proteasomes could occur, followed by import
by TAP back into the phagosome. If the export and import
processes are tightly coupled or linked by peptide carriers
that allow for the continued association of antigen with an
individual vesicle, processing of such antigens could take
place entirely within the phagosome. It is also possible
that exported antigen would be processed and then deliv-
ered to other sites within the ER where nascent class |
complexes are present. A final possibility, which might be
important for some epitopes, involves processing entirely
within the phagosome by lysosomal hydrolases, without
any contribution from proteasomes. This may explain TAP-
independent presentation of some epitopes from particu-
lates. How efficient and/or epitope-dependent each of
these processes might be has not been established.

ALLELIC POLYMORPHISMS IN ANTIGEN
PROCESSING ASSOCIATED MOLECULES

Given the large number of components needed for gen-
eration or loading of peptides into class | MHC mole-
cules, heterogeneity in some or all of these components
could presumably impact the process of antigen presen-
tation in major ways. As will be discussed below, allelic
polymorphism plays a relatively small role here, while
regulation of expression and its dysregulation under
some disease conditions appears more important in this
regard.

Calnexin, calreticulin and ERp57 all are important for
the folding of proteins in addition to class | MHC and thus
allelic polymorphisms in these genes might affect a num-
ber of cellular processes in addition to antigen presenta-
tion. The same logic would apply to subunits of the
proteasome, which plays a critical role in degradation of
many cellular proteins. There have not been reports of
allelic polymorphism in these proteins that impact the
function of class | MHC. In contrast, tapasin and TAP func-
tion solely within the class | pathway. Allelic polymor-
phism within TAP has been identified. A particularly
striking example was first reported in rats, where cimA
and cimB, representing two allelic forms of TAP, were
shown to differ dramatically in ability to transport pep-
tides across membranes (Powis et al., 1996). This resulted
in very different sets of peptides bound to the class | mol-
ecule RT-1A. In mice and humans, however, the allelic
forms of TAP that have been identified differ in fairly
minor ways and there is little evidence that this impacts
peptide transport in a significant way (Heemels et al.,
1993; Schumacher et al., 1994). TAP-1 polymorphism may
play a bigger role than TAP-2 in this regard (Quadri and
Singal, 1998). Although there have been a few conflicting
reports, it is generally accepted that human and mouse
TAP do not select peptides for transport based upon their



sequence or amino acid composition to a great extent.
However, there are constraints on peptide length as
indicated by a preference for peptides between 7 and
15 amino acids (Androlewicz et al., 1994).

REGULATION OF CLASS | MHC ANTIGEN
PROCESSING COMPONENTS

In contrast to allelic polymorphism, alterations in expres-
sion of many of the individual components mentioned
above can dramatically impact antigen processing and
T-cell recognition. The normal regulation of the class |
antigen processing components has been studied to
some extent, but there is clearly much work left to be
done here, particularly in cell types such as dendritic cells
that are of critical importance.

The promoter regions of class | genes and many associ-
ated processing components contain type | interferon
(IFN) responsive elements and also IFNy responsive ele-
ments. This can explain the observed upregulation of class
I MHC in many different cell types following treatment
with these IFN (Sugita et al., 1987). Upregulation of class |
MHC would help to promote CD8+ T-cell-mediated
immune responses during viral or other intracellular infec-
tions that have been shown to trigger IFNa production.

A less well understood process of class | MHC regula-
tion is seen in dendritic cells during their maturation.
Increases in surface class | MHC levels during maturation
have been reported, although most groups find that this is
somewhat variable and not always very large in magni-
tude. There are striking changes in TAP and proteasome
subunits however, and, interestingly, these occur with
maturation induced by toll-like receptor (TLR) ligands that
are not known to cause a strong IFN response ( Li et al.,
2001; Gil-Torregrosa et al., 2004). The significance of these
alterations is not well understood, but they presumably
are important for processing of antigens that have been
internalized. Thus the timing of the changes in expression
of antigen processing components is likely to be critical
and it will be important to understand the signaling
pathways involved, as well as defining what may be novel
regulatory elements in the promoters of genes involved in
antigen processing that allow their upregulation in
response to maturational stimuli.

DYSREGULATION OF CLASS | MHC ANTIGEN
PROCESSING COMPONENTS

While an extensive review of this topic is beyond the scope
of this chapter, it is well recognized that pathogens have
developed strategies to subvert the immune response that
include disruption of the class | MHC processing machin-
ery. Herpes viruses in particular have a number of different
proteins that can interact with class | heavy chains in the ER,
resulting in their retention or degradation, in inhibition of

TAP function (ICP 47) or in altered antigen proteolysis
(Jugovic et al., 1998; Petersen et al., 2003). Since the anti-
gen processing machinery is highly interdependent, loss of
one component often results in a global defect in class |
MHC expression in infected cells.

In tumors that lose expression of class | MHC as a result
of immune selective pressure, many of the same princi-
ples are observed. Loss of one or more of the antigen
processing components can result in an overall decrease
in class | levels (Kamarashev et al., 2001). Selective loss of
individual alleles at class | loci has also been observed
however, and the mechanism responsible for this is not
always clear. In many tumors, downregulation of TAP or
B,m has been observed, while in others mutations in indi-
vidual class | heavy chain genes have been reported. Loss
of class | expression is often reversible and apparently
due to transient selective pressure exerted by the immune
response (Giorda et al., 2003).

FUTURE DIRECTIONS FOR CLASS | MHC
RESEARCH AND CLINICAL APPLICATIONS

Towards better epitope prediction

The use of algorithms to predict MHC-binding peptides
within antigens of interest is now routine and allows for
more efficient experimental design (Papassavas and
Stavropoulos-Giokas, 2002; Hebart et al., 2003; Peters et al.,
2003; Saxova et al., 2003). However, typically only about
20-30 per cent of predicted binding peptides can be con-
firmed using experimental assays to measure binding. This
may be due to the rudimentary state of early class | binding
motifs, since more refined motifs incorporating secondary
anchor positions have been developed for some class |
molecules and shown to have greater predictive value. It
will be also be necessary to determine whether splicing to
generate peptide epitopes occurs frequently enough to
warrant consideration in designing improved predictive
algorithms. It has become apparent that affinity of peptide
binding to class | MHC does not correlate with the likeli-
hood that the peptide is an epitope and, in fact, there may
be an optimal affinity of binding that characterizes agonist
peptides. Some predictive algorithms incorporate this con-
cept, but there does not seem to be general agreement
upon how best to use affinity measurements of peptide
binding to increase the overall success rate. Proteasomal
cleavage sites have also been incorporated into some
algorithms to increase the likelihood that predicted epi-
topes could be generated inside cells during antigen pro-
cessing, as referenced above. Finally, it should be noted
that peptide binding algorithms do not directly identify T
cell epitopes, only predict MHC binding and this clearly
remains a major obstacle to epitope mapping studies. The
ability truly to predict epitopes would represent a quantum
leap in the field, but it is unclear at this stage how this might
be accomplished.



Detection of epitopes on the surface of
antigen presenting cells

T cells have been used traditionally to detect the pres-
ence of processed antigen on the surface of cells and are
very sensitive to small numbers of copies of an epitope.
They usually do not allow for direct measurement of anti-
gen processing efficiency however, since their stimulation
depends upon factors in addition to MHC-antigen com-
plex, including co-stimulation and cytokine production,
during T cell priming at least. It would be desirable to
quantitate the number of copies of epitopes presented
on antigen presenting cells (APCs) in many situations and
this has been accomplished using a monoclonal antibody
that recognizes the OVA-derived SIINFEKL epitope
bound to H-2K® (Porgador et al., 1997). The production of
other such antibodies has been very difficult and the lack
of reagents for important epitope-class | complexes in
humans imposes a bottleneck for experiments related to
vaccine design and immune evasion, where direct quanti-
tation of antigen processing efficiency would be desir-
able. The development of additional such reagents
through the use of synthetic antibody libraries may speed
their design and production.

Subunit vaccine design

An important vaccine strategy for generation of CD8+ T
cell responses against intracellular pathogens or tumors
involves the use of genetic vectors that induce antigen
expression in dendritic cells. Both viral (e.g. adenovirus,
retrovirus) and bacterial (e.g. Salmonella, Listeria) vehicles
have been used with some success by incorporation of
cDNA encoding the antigen of interest (Darji et al., 2003;
Nakamura et al., 2003; Russmann et al., 2003; Jaffray et al.,
2004; Patterson et al., 2004; Worgall et al., 2004). Given our
current understanding of class | antigen processing, it will
be important to evaluate the potential of novel methods
for antigen delivery, for example those that accentuate
DRIiP formation, as a way of promoting antigen presenta-
tion. These may provide superior means for stimulating
CD8+ T cells if they promote epitope formation beyond
that seen with processing of full length protein antigen.

Can antigen processing pathways in dendritic cells
suggest strategies for improved vaccine development?

It is clear that dendritic cells (DC) have numerous adapta-
tions that enhance their ability to stimulate both CD4 and
CD8T cell responses. What is less clear is how class | anti-
gen processing is regulated in DC. Maturation induced
by TLR ligands or cytokine mixes increases the antigen
processing machinery within these cells and certainly they
become more potent APC under these conditions (Gil-
Torregrosa et al., 2004). However, it is difficult to separate
these effects from those that accompany maturation such
as increases in co-stimulation or cytokine production.
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Since dendritic cells are now known to have specialized
phagocytic compartments containing the class | antigen
processing machinery (Ackerman et al., 2003), new stra-
tegies for vaccine delivery might take advantage of these
observations, once we obtain a more complete under-
standing of the biology of the system.
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It is most urgent that the skin homograft problem should be
settled once for all — not merely because it is of immediate
practical importance, but also because some surgeons still
use homografts, apparently with the hope ‘that a natural
law will be suspended in their favour.

(Medawar, 1943)

INTRODUCTION

Major histocompatibility complex class Il molecules (MHCII)
serve to bind antigenic peptides and engage CD4 T cell
receptors in order to initiate an immune response. MHCl| is
both polygenic and polymorphic. In the mouse, two genes
— |-E and I-A = code for MHCII and in the human, three
genes — HLA-DP, -DQ, and -DR — are present. For each copy
of each gene, any of a large number (>200 in some cases)
of alleles can be expressed which results in the polymorphic
nature of MHCII. Alleles differ from one another by up to 20
amino acids and, as such, are the most highly polymorphic
genes known. Polymorphisms, most of which are on the
exposed surfaces including the peptide-binding groove,
account for critical diversity within the population and are
the cause for restriction (Janeway et al., 2001).

Early studies of tissue transplantation and immunization
by P. Gorer led toward the formation of the concept of
MHC antigens. He transferred tumors between strains of
mice, noting absence of growth in allogeneic mice,
growth followed by regression in hybrid animals, or unre-
stricted growth in syngeneic animals (Gorer, 1937).
P. Medawar greatly assisted in the previously abysmal
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success rate of human skin grafts, noting that nearly all ini-
tially appeared to ‘take’, then several weeks later almost as
many began a process of ‘melting away’. He proposed a
theory of active, transferable immunity, noting that the
recipient had to have the same genetic makeup as
the donor (Medawar, 1943). Immune response (Ir) gene
defects provided clues to the antigen presentation func-
tion of MHC molecules; since inbred mice express only
one MHC molecule from each locus, there are many
peptides they cannot present and they therefore have Ir
defects (Janeway et al., 2001). McDevitt and colleagues
established that the Ir gene products were responsible for
the variations in responsiveness to synthetic peptides and
eventually came to the conclusion that they were one and
the same as the la or MHCII antigens (McDevitt, 2000).
MHC restriction was discovered by Zinkernagel and
Doherty and for this insight they received the Nobel Prize
in Physiology or Medicine in 1996. Their studies showed
that CTLs could kill cells of the same haplotype infected
with virus, but not cells of a different haplotype, though
also infected with virus (Zinkernagel and Doherty, 1997).
These and countless other scientists provide the founda-
tion upon which current MHCII studies are based, with
applications in areas as diverse as immunity to pathogens,
autoimmune disease and tumor immunology.

REGULATION OF MHCII EXPRESSION

Constitutive expression of MHC class Il molecules
(MHCII) is limited to cells specialized for the function

Copyright © 2005, Elsevier. All rights reserved.
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of antigen presentation to CD4 T lymphocytes. These
so-called "antigen presenting cells’ typically include den-
dritic cells (DCs), B lymphocytes, macrophages and cer-
tain populations of epithelial cells, particularly at sites of
inflammation. Macrophages also express MHCII at a low
level until induced by interferon-vy. This cytokine can also
induce MHCIl expression in certain otherwise non-
expressing cell types. Both constitutive and regulated
expression of MHCII requires activity of the transcrip-
tional transactivator CIITA (Steimle et al., 1994).

Levels of MHCII expression in antigen presenting cells
are also regulated in a temporal fashion. In B cells, initia-
tion of MHCII expression coincides with an early stage of
B cell development; i.e. shortly after commitment to the B
lymphocytic lineage. Expression is highest in the mature,
active B cell and declines as differentiation to the plasma
cell stage occurs (Boss, 1997). Dendritic cells, the most
potent antigen presenting cell type, exist in distinct
functional and phenotypic stages referred to as immature
and mature. In DCs, de novo synthesis of MHCII occurs at
a high level early on even while the cell is in the immature
stage, is transiently accelerated following maturational
stimulation by inflammatory factors (Cella et al., 1997), but
is turned off some time after the DC matures (Landmann
et al., 2001). From a functional standpoint, MHCII surface
arrival in DCs is developmentally regulated at the level
of intracellular transport. The immature DC is optimized
for antigen accumulation and therefore has no need for
surface expression of MHCII; as a result, its MHCII mole-
cules are primarily accumulated in lysosomes where they
reside together with endocytosed antigen. It is the role of
the mature DC to present antigen to naive T cells; as
such, it transports its MHCII to the cell surface (Pierre
et al., 1997).

INTRACELLULAR EVENTS

Assembly and transport

MHCII is composed of two type | transmembrane glyco-
proteins, a and B, which are assembled into a complex
together with a third glycoprotein known as invariant
chain (li) following synthesis in the endoplasmic reticulum
(ER) (Figure 2.1). As its name implies, li is non-polymor-
phic but is able to associate with highly polymorphic
alpha and beta subunits of MHCII. It can be expressed in
alternatively spliced forms commonly referred to as p31
and p41. In humans, alternatively translated forms known
as p35 and p43 have 16 amino acid N-terminal extensions
added to p31 and p41, respectively. li is a type Il trans-
membrane protein which trimerizes prior to association
with the MHCII subunits. Each of the li forms can be incor-
porated into trimers, though the p31 (and p35) form pre-
dominates. A portion of li known as CLIP (for class
ll-associated invariant chain peptide) mediates the asso-
ciation between li and each MHCII dimer by binding in

the MHCII peptide binding groove (Cresswell, 1994). The
resulting nonameric complex, comprised of three i
chains, each with an associated MHCIl @ 8 dimer (Roche
et al., 1991), is transported from the Golgi directly to the
endocytic pathway, apparently by means of a dileucine
signal in the cytoplasmic tail of li (Bakke and Dobberstein,
1990; Pieters et al., 1993; Odorizzi et al., 1994).

Thus, li serves several functions: it occludes the peptide
binding groove in the ER such that peptides do not prema-
turely bind, it stabilizes the nonameric complex and it medi-
ates transport from the Golgi to the endocytic pathway.
Though the general mechanism for MHCII transport to late
endosomes and lysosomes follows the pathway outlined
above, allelic differences exist which result in variation of
the dependence of MHCII transport on invariant chain. In
particular, I-A® & B8 dimers in mice cannot assemble properly
without invariant chain, whereas k and d haplotypes assem-
ble and traffic appropriately (Bikoff et al., 1991).

Once in the endocytic pathway, MHCII transport varies
slightly in different cell types. Localization of MHCII in B
cells by electron microscopy (Peters et al., 1991), subcellular
fractionation (Amigorena et al., 1994; Tulp et al., 1994)
and immunofluorescence studies (Salamero et al., 1990;
Benaroch et al., 1995) has identified compartments all
along the endocytic pathway, from early endosomes to
lysosomes and possibly in specialized structures termed
ClIV (Amigorena et al., 1994). In general, however, MHCII
in B cells accumulates in organelles that are otherwise
indistinguishable from their counterparts in cells that are
not antigen presenting cells (Pierre et al., 1996; Kleijmeer
et al, 1997). MHCII is also found to recycle from the
plasma membrane through recycling endosomes in these
cells (Pinet et al., 1995). Similarly, in macrophages, MHCII
was co-localized with internalized heat-killed Listeria
monocytogenes (Harding and Geuze, 1992). DCs are able
to control MHCII transport in a highly synchronous nature
not seen in the other cell types. The immature DC accu-
mulates the majority of its MHCII molecules in lysosomes.
Only following stimulation with inflammatory stimuli are
these molecules mobilized en masse to the cell surface
(Cellaetal., 1997; Pierre et al., 1997; Turley et al., 2000).

While some of these studies have simply localized accu-
mulated pools of MHCII in different cell types, some also
attempted to identify the more relevant compartment in
which peptide loading occurs by biochemical detection of
the SDS-stable dimer, a MHCIl conformation that is
thought to be indicative of an antigenic peptide-loaded
form (Tulp et al., 1994; Amigorena et al., 1995). Other stud-
ies have made use of antibodies that more directly recog-
nize the peptide loaded form of MHCII (Inaba et al., 2000).

Recent investigations in DCs have analyzed the trans-
port of MHCII from its site of storage in lysosomes to the
cell surface. These studies have shown that transport
occurs from lysosomes directly to the plasma membrane
(Turley et al., 2000; Chow et al., 2002) and is mediated by
compartments of a tubular morphology (Kleijmeer et al.,
2001; Boes et al., 2002; Chow et al., 2002).
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Figure 2.1 In dendritic cells, MHCII transport and function is regulated according to maturation state.

Not only have studies of MHCII transport been useful
for the basic understanding of MHCII antigen presenta-
tion, they have also been applicable towards designing
strategies for effective loading of antigen for the purpose
of generating a specific immune response. These strat-
egies include engineering antigens expressed within anti-
gen presenting cells that contain targeting signals similar
to those of lysosomal membrane proteins or invariant
chain, so that the antigen is assured of entering the same
compartment containing MHCIl (Koch et al., 2000).
Similar strategies include targeting antigen to specific
receptors for increasing the efficiency of endocytosis and
subsquent encounter between MHCIlI and antigen
(Mahnke et al., 2000; Hawiger, 2001).

Such attempts to selectively enhance antigen process-
ing are applicable specifically in recent efforts involving
the use of dendritic cells for cancer immunotherapy.
Dendritic cells have been singled out as a potential
cancer vaccine agent since their potency of antigen pres-
entation and interaction with a number of immune cell
types make them central to focusing the character of an
immune response (Nestle et al., 2001). Protocols for the
use of DCs in cancer immunotherapy involve expanding
DCs either ex vivo or in vivo and loading them with antigen
either by endogenous (self-expressed) or exogenous
(external administration) means (Guermonprez et al.,
2002). Clinical trials using DCs in cancer patients have
sought to treat tumors as wide ranging as melanoma,

lymphoma, myeloma and those in prostate and renal
cancer (Zitvogel et al., 2000).

Characteristics of peptides that bind MHCII molecules

Initial understanding of the characteristics of MHCII-
binding peptides came from studies which eluted these
peptides from affinity purified MHCII molecules of B cell
lines. Results showed that the peptides were longer
(13-17 amino acids) than those that had been similarly
isolated from MHCI (9-11 amino acids). The cleavage
ends did not reveal a pattern indicative of a specific pro-
tease responsible for generating the peptide. The iden-
tity of the peptides confirmed that MHCII is responsible
for presenting exogenous peptides since they were all
derived from proteins which were accessible to the endo-
cytic pathway. Interestingly, a prominently isolated pep-
tide was one derived from an MHCIl molecule. This
finding made mechanistic sense since there would obvi-
ously be MHCII derivatives in the MHCII peptide loading
compartment within the cell and it also had important
implications for presentation of self-peptides.

The studies also implied that the peptide binding
groove was less conformationally restrictive than MHCI
since the length of the peptides indicated that their ends
would protrude from the MHCII molecule and, also con-
trary to MHCI, there appeared to be less rigid patterns in
the peptide sequences that indicated pockets within the
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MHCII molecule that would bind specific types of amino
acids (Rudensky et al., 1991, 1992).

Further understanding of the interaction between pep-
tides and MHCII came from solving crystal structures of the
molecules. In these analyses, binding pockets were identi-
fied which mediated the sequestering of peptide anchor
residues as well as high affinity binding between peptides
and MHCII molecules. As a result, allele-specific peptide
sequence motifs were identified which explained the ten-
dency of certain peptide epitopes to associate with spe-
cific MHCII molecules (Fremont et al., 1996, 1998, 2002).

Peptide generation

The generation of peptides has been elucidated in stud-
ies on the proteases involved in antigen processing.
Those expressed in antigen presenting cells include the
cysteine proteases cathepsins B, H, L, S, F, Z,V, O, C and
possibly K. Aspartic proteases expressed in antigen pre-
senting cells include cathepsins D and E and asparaginy!
endopeptidase (Watts, 2001). The variety of proteases
available is consistent with the diversity of peptides found
to bind MHCII molecules. Even so, few protease process-
ing sites on native proteins have been identified which
explain the generation of a particular epitope. Cathepsin D
has been shown to be necessary for the processing of
exogenous glutamate decarboxylase, a target autoanti-
gen in diabetes mellitus (Lich et al., 2000). Cathepsin S is
required for li (more about this below) (Riese et al., 1996)
and type |l collagen processing (Nakagawa et al., 1999).
Asparaginyl endopeptidase (AEP) was found to be neces-
sary for the initiation of processing of tetanus toxin
antigen (Antoniou et al., 2000). Despite these examples,
in the vast majority of cases it is likely that there is consid-
erable redundancy and plasticity in terms of the
proteases that can produce antigenic epitopes.

In addition to the cleaving between amino acids which
is necessary for the generation of peptides, some anti-
gens require disulfide bond reduction for unfolding
before the proteases will have access to cleavage sites.
GILT, an IFNy-inducible lysosomal thiol reductase, is
present in MHCII containing compartments and seems to
be involved in antigen processing (Arunachalam et al.,
2000; Phan et al., 2000; Maric et al., 2001).

Since invariant chain occludes the peptide binding
groove of MHCII, it must be cleaved and removed in
order for efficient loading of peptide antigens to occur.
The cleavage has been shown to occur in a stepwise fash-
ion involving a series of proteases. Cleavage of the intact
protein to a 22/23 kDa fragment (p22/p23) is not inhibited
by leupeptin, a cysteine protease inhibitor, and may be
mediated by AEP or other proteases providing redundant
activity (Manoury et al., 2003). The formation of a 10 kDa
amino-terminal li fragment (p10) from p22/p23 is
leupeptin-sensitive but the proteases involved are not yet
fully understood. The formation of CLIP from p10 involves
the activity of cathepsin S in antigen presenting cells such

as B cells and DCs and cathepsin L in cortical thymic
epithelial cells in mice (Nakagawa et al., 1998). In humans,
cathepsin S may perform this function even in thymic
epithelium (Bania et al., 2003). Removal of CLIP and
exchange for an antigenic peptide is mediated by an
MHC related molecule, HLA-DM (H2-M in mice) and is
modulated by the activity of HLA-DO (Denzin and
Cresswell, 1995; Denzin et al., 1997).

Exquisite timing of these processes has been shown to
be developmentally regulated in DCs at a number of dif-
ferent levels. Using antibodies that detect the MHCII-
peptide conformation, investigators have shown that
complex formation does not occur until an inflammatory
stimulus has been detected by the cell (Inaba et al., 2000).
This regulation may be due in part to the control of |i
cleavage in developing DCs. The activity of cathepsin S
has been shown to be altered by levels of cystatin C, a
natural inhibitor of cathepsin S, which varies depending
on the maturation state of the DC (Pierre and Mellman,
1998). More recently, developmentally controlled acidifi-
cation of lysosomes has been shown to occur in DCs
(Trombetta et al., 2003), a finding which has important
implications for the overall digestive capacity of the lyso-
somal compartment and for the activity of proteases and
other enzymes involved in antigen processing, as many of
them act optimally only at low pH.

Conventionally, MHCII antigen processing and peptide
loading has been assumed to happen in stepwise order:
protein antigens are first cleaved into peptides of appro-
priate lengths followed by binding to MHCII. However, an
alternative view supports the hypothesis that MHCII binds
longer peptides or native (or unfolded) protein forms and
then proteases trim away that which is not protected by
the MHCII molecule (Sercarz and Maverakis, 2003).
Detection of longer forms of antigens bound to MHCII
provide some support for this model (Castellino et al.,
1998) as do studies on the competition of binding of over-
lapping peptide sequences to their respective MHCII
alleles (Deng et al., 1993). Theories based on fragmentary
or anectdotal evidence will not suffice however, and fur-
ther studies will be required to clarify this most funda-
mental of problems in antigen processing.

MHCII-peptide binding

Binding of peptides to the MHCII antigen-binding groove
has been characterized as of relatively low affinity (low
uM), due to slow association rates. Once they are formed,
however, these complexes are very stable (Busch and
Rothbard, 1990). Peptides compete for antigen presenta-
tion and the consequences for immunity are significant:
presentation of particular epitopes is associated with
autoimmune disease; blocking via competition is one
strategy for treatment of certain autoimmune pathology
(Adorini and Nagy, 1990). Indeed, the incidence and
severity of EAE, a mouse model of MS, has been greatly
decreased using this approach (Smilek et al., 1991).



Exosomes

Though not the main pathway by which MHCII is trans-
ported out of the cell, another possibly biologically and
clinically relevant process is the release of exosomes.
Exosomes are small vesicles released into the extracellu-
lar space when multivesicular bodies (i.e. late endosomes
and lysosomes) derived from the endocytic pathway fuse
with the plasma membrane. The release of exosomes has
been shown to occur in many cell types, but only in MHCII
expressing cells do the exosomes carry MHCII on their
surface (Raposo et al., 1996). The exosomes express
MHCII due to a poorly understood process by which
MHCII is concentrated on the internal vesicles of multi-
vesicular bodies (Kleijmeer et al., 2001). Exosomes have
been found to contain not only MHCII but also other
immunostimulatory molecules and therefore have been
purported to be capable of stimulating an immune
response. Some reports show this immunostimulatory
capacity to be indirect (requiring the presence of certain
cell types) and some direct (Zitvogel et al., 1998). Recent
efforts have sought to use exosomes as immunotherapy
for cancer (Thery et al., 2002; Chaput et al., 2003).

SURFACE EXPRESSION AND FUNCTION

Interaction of T cell receptors with peptide-MHCII

Once peptide-loaded MHCII arrives at the cell surface, it
is then able to accomplish the function for which APCs
were named. Early interactions between T cells and APCs,
mediated by adhesion molecules such as LFA-1 with
ICAM-1 and -3, and CD2 with LFA-3, allow the prolonged
cell contact necessary for the T cell to scan for the TCR
ligand in the form of MHCIl-peptide complexes (Hauss
et al., 1995; Inaba and Steinman, 1987). The presence of
abundant large adhesion and signaling molecules (whose
extracellular domains span 45 nm) on the surface of both
T cell and APC is assumed to impede interaction of the
smaller (<10 nm) TCR and MHCII molecules (Shaw and
Dustin, 1997). The affinity of TCR-MHClI-peptide interac-
tions is low, in the low micromolar range, with a slow asso-
ciation rate; additionally, the off-rate for this
receptor-ligand pair is high, all combining to make for
exceptionally challenging binding. Notwithstanding
these significant barriers to TCR/MHClI-peptide binding
and further the odds of the TCR encountering a rare
MHCIl-peptide complex, when these molecules do inter-
act, the TCR is aligned diagonally over the peptide and
binding groove, with TCR « over the a2 domain of MHCII
and the amino terminus of the peptide and the CDR3
loops of TCR a and B meeting over the central amino
acids of the peptide (Janeway et al., 2001). Upon
MHCII/TCR interaction, signaling through the TCR com-
plex delivers a stop signal to migrating lymphocytes and
triggers an increase in avidity of LFA-1/ICAM-1 interac-
tions (Dustin and Springer, 1989; Dustin et al., 1997), as

well as many other downstream events. TCR binding to
MHCII may also have an effect on TCR conformation,
and/or cause a more ordered state of TCRs and their
binding sites. Many studies have shown the necessity of
cross-linking, oligomerizing, or dimerizing the TCR for full
activation; T cell stimulation by antibodies that cannot
cross-link the TCR can result in T cell inactivation (Lake
etal., 1999). How this TCR clustering is mediated in physi-
ological interactions with APCs such as DC will be
discussed below.

MHCII coreceptor interactions

CD4 binds invariant sites on the 82 domain of MHCII,
allowing for simultaneous TCR/MHCII interactions
(Janeway et al., 2001). Binding appears to occur after
TCR/MHCII oligomerization and functions to amplify the
dose response of the T cell 10-100 fold; it may also stabi-
lize clusters of TCR/ligand (Hampl et al., 1997; Reich et al.,
1997; Krummel et al., 2000). Clustering of MHCII is not
mediated by CD4 (Wulfing et al., 2002).

MHCII surface distribution

MHCII surface distribution may affect the efficiency with
which the APC is able to stimulate T cells and several
studies have shown higher-order interactions of MHCII
molecules. MHCII molecules have been observed to clus-
ter with each other and with MHC-I by scanning force
microscopy and EM (Setum et al., 1993; Jenei et al., 1997).
'Superdimers’ of MHCII were observed in the original
three-dimensional crystal structure of human MHCII
(Brown et al., 1993) and, although it is not clear whether
this represented an artifact of the crystallization condi-
tions, some further evidence for dimers of dimers in B
lymphocytes has been presented, although evidence for
function is lacking (Schafer and Pierce, 1994; Roucard
et al., 1996; Cherry et al., 1998). A fraction of MHC-II has
been observed to be localized to glycolipid rafts and, at
low antigen concentration, rafts have been shown to be
important for antigen presentation in B lymphocyte lines
(Anderson et al., 2000; Hiltbold et al., 2003). Several
reports have demonstrated association of MHCII mole-
cules with members of the tetraspanin family, possibly
serving to connect them to each other or to other mole-
cules important for antigen presentation (Schick and Levy,
1993; Angelisova et al., 1994; Rubinstein et al., 1996;
Szollosi et al., 1996, Kropshofer et al., 2002). Coordinated
interactions with specific tetraspanins at intercellular or
plasma membrane locations have been proposed to be
involved in MHCII distribution and function (Engering
and Pieters, 2001). In developing DCs MHClI is present in
a punctuate distribution, to some extent colocalizing with
the costimulatory molecule CD86 (Turley et al., 2000);
possibly these domains are important for improving the
strength of T cell stimulation.
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MHCII rearrangements upon T cell interaction

Studies of the immunological synapse (IS) showed mod-
erate enrichment of endogenous MHCII at the contact
zone of antigen-specific B cell/T cell conjugates at low
antigen dose, with accumulations in the center of the
synapse, as expected by virtue of its interaction with the
TCR (which also clusters there) (Monks et al., 1998;
Hiltbold et al., 2003). In MHClII-transfected fibroblasts,
invariant chain knockout DCs and B lymphoma cells, simi-
lar MHCII clustering was seen (Chmielowski et al., 2002,
Wetzel et al., 2002; Wulfing et al., 2002). Several of these
studies addressed the presence of non-specific MHCI
complexes in the IS, finding predominantly the specific
complexes remaining in the central supramolecular activi-
tion cluster (c-SMAC) over time in naive T cell conjugates.
In one study, tubules containing MHCII expressed as a
knock-in were directed toward sites of T cell contact
(Boes et al., 2002).

These and other findings challenge the notion that
MHCII is the passive player in MHC/TCR interactions.
Rather, the APC (notably the DC) appears to play a role in
pre-clustering its MHCII molecules and targeting them to
sites of T cell contact (rather than being dragged there by
TCR interactions).

MHCII signaling

Signaling through MHCII molecules leads to effects as
diverse as proliferation, activation/maturation, chemokine
secretion and induction of cell death. An MHCII ligand,
LAG (lymphocyte-activating gene)-3, has recently been
identified and is produced by activated T cells or NK cells,
resulting in maturation and chemokine secretion (Triebel,
2003); as such, it is probably not critical in the initiation of
primary immune responses (Al-Daccak et al., 2004). In DCs,
MHCII ligation has different effects, depending upon the
stage of the cells: in immature DCs it results in Syk (a pro-
tein tyrosine kinase) activation and maturation (Andreae
et al., 2003), while in mature DCs it induces caspase-inde-
pendent cell death probably mediated by PKCS, which
could serve to limit the extent of the immune response
(Bertho et al., 2002). Tyrosine phosphorylation downstream
of MHCII signaling results in IgM production in B cells
(Tabata et al., 2000) and MHCII signals have also been
shown to result in death in B cell lines. Thus MHCII signals
can activate either the tyrosine kinase pathways linked to
cytokine production, differentiation and maturation, or the
PKC pathway leading to cell death (Al-Daccak et al., 2004).

Since MHCII molecules have only short cytoplasmic
tails with no known signaling motifs, some of their down-
stream effects are thought to be mediated by associated
molecules. Examples of signal transducers include HLA-
DR-induced CD20 activation of Lyn in B cells and HLA-
DR/B2 integrin complex involvement in the death
pathway (Al-Daccak et al., 2004). MHCII raft localization
has also been proposed to facilitate signaling, though

many signaling activities have been found to be inde-
pendent of rafts (Huby et al., 2001; Bouillon et al., 2003;
Al-Daccak et al., 2004).

MHCII polymorphisms appear to play roles in signaling,
as DR ligation stimulates monocyte IL-18 secretion, while
DQ and DP induce IL-10 production (Al-Daccak et al.,
2004).

Surface peptide loading and recycling

Surface-expressed MHCIl can be loaded with exog-
enously applied peptide at the plasma membrane.
Although many can be directly exchanged, selected
peptides require an internalization step (Roosnek et al.,
1988; Busch and Rothbard, 1990; Davidson et al., 1991;
Watts, 1997; Pathak and Blum, 2000). MHCIl molecules
can recycle through endocytic compartments, a process
that requires the a and B chain cytoplasmic tails.
Presentation of some T cell epitopes does not require
extensive processing and thus could be accomplished in
early endosomes (Watts, 1997).

ALTERNATIVE ANTIGEN PRESENTATION
PATHWAYS

As described in this section, MHCII is classically thought
to be specialized for presenting antigens from exog-
enous sources. MHC class |, on the other hand, is respon-
sible for presenting endogenous antigens. In some
circumstances, however, MHCIlI is able to present
endogenous antigens and, likewise, exogenous antigens
can be presented on MHC class |. The former situation is
known as the endogenous pathway of antigen presention
by MHCII (Lechler et al., 1996). This process has been
shown to occur for the priming of CD4+ T cells with cyto-
toxic activity towards measles virus-infected cells.
Moreover, in some studies analyzing peptides eluted
from MHCII, peptides derived from cytosolic proteins
were identified. These observations may simply reflect
the internalization of proteins released from dead cells,
but they also raise the possibility of an alternative path-
way of MHCII presentation in which endogenous proteins
either reach the endocytic pathway or are anomalously
loaded onto MHCII during its synthesis in the ER (Lechler
et al., 1996).

A much better characterized and more likely
physiologically relevant alternative antigen processing
pathway is commonly known as cross-presentation,
whereby exogenous antigens are presented on MHC |
molecules (Belz et al., 2002). Such a process would be
deemed necessary under conditions in which MHC class |
restricted activation of CD8+ T cells occurs by profes-
sional antigen presenting cells that have not themselves
been virally infected. Indeed, DCs have been shown to be
particularly adept at cross-presentation and, as another
example, are capable of presenting tumor antigens



derived from endocytosed tumor cells on MHC |
(Mellman and Steinman, 2001). In cross-presentation, the
internalized antigen reaches the MHC | pathway by gain-
ing access to the cytosol from an endocytic compartment.
It then follows the conventional MHC | antigen process-
ing pathway in which degradation is carried out by the
proteasome, peptides are transported through the TAP
transporters into the ER for loading onto MHC | and pep-
tide-MHC | complexes traffic through the normal secretory
pathway to the cell surface (Mellman and Steinman, 2001).

It has also been proposed that cross-presentation can
occur within endocytic vesicles such as phagosomes
(Ackerman et al, 2003; Guermonprez et al., 2003,
Houde et al., 2003). In macrophages (which do not effi-
ciently cross-present) and dendritic cells (which do) certain
phagosomes may contain TAP and possibly other ER com-
ponents that could work together to load exogenous anti-
gen onto MHCI in a fashion that avoids a cytosolic
intermediate and translocation into the ER. Although a
fascinating possibility, it is controversial since the origin or
function of ER components in phagosomes remains
uncertain.

T CELL SELECTION

During thymocyte development, MHCII on thymic corti-
cal epithelium mediates engagement of the T-cell recep-
tor (TCR) on CD4+ cells thereby promoting selection.
Negative selection, or the elimination of thymocytes,
occurs when a high affinity interaction occurs between
MHCll-peptide and the TCR and prevents the T cell
repertoire from containing self-reactive, possibly autoim-
munity-promoting cells. Positive selection, or stimulation
through the TCR allowing for survival, occurs when a
moderate to low affinity interaction occurs allowing thy-
mocytes which recognize self-MHCI| to live. Death by
neglect occurs when a thymocyte is not at all reactive to a
given MHCll-peptide complex. The resulting T cell reper-
toire contains cells, in principle therefore, which are
restricted to recognizing self-MHCII but not self-peptide
complexed to self-MHCII (Fink and Bevan, 1995).

TRANSPLANTATION

Since self is defined during the process of selection as
described above, transplantation of tissues between
individuals is complicated in outbred populations. Host T
cells recognize the MHC molecules of the allograft (often
on donor DCs, but also on endothelial cells) as foreign
causing rejection often mediated by CTL cytotoxicity.
Donor DCs can migrate to draining lymph nodes,
where their surface MHC molecules activate an allo
response ('direct’ recognition) (Gould and Auchincloss,
1999), or alternatively host APCs can migrate into the
graft and endocytose and present alloantigens, again

activating host T cells (‘indirect’ recognition). Donor T
cells (if not depleted) recognize the MHC molecules of
the host as foreign and mediate graft versus host disease
(Kuby, 1997). These pathologies can only be completely
avoided when donor and recipient are identical at MHC
and minor histocompatibility antigen loci, which is only
the case in monozygotic twins. Some differences can be
tolerated through the use of immunosuppressive drugs,
although outcomes are better the more closely matched
donor and recipient are. Liver allografts provide an inter-
esting exception: in this case HLA compatibility is not
definitively associated with long-term survival (Dausset
and Rapaport, 1996). Hepatic grafts are often tolerogenic,
the mechanism of which is under study, but is hypothesized
to be the high number of passenger leukocytes, the most
important of which are thought to be dendritic cells (Starzl
et al.,, 2003); donor stem cells may also play a role (Starzl
et al., 2000). This, along with pregnancy, points to mecha-
nisms allowing host tolerance of a donated organ or fetus
with HLA discrepancy (Dausset and Rapaport, 1996).

DISEASE ASSOCIATIONS

Disease linkage studies utilizing gene probes allow rapid,
definite detection of genetic identification and have
proven to be a great improvement over the cellular or
serotyping methods of the past. Many diseases have
apparent MHC linkage, but these may be overestimated
due to linkage disequilibrium, whereby HLA genes are
linked to non-MHC genes. In some cases the cause of the
disease is the gene to which the HLA gene is linked,
which can be on the same haplotype, but unrelated to
MHCII (Nepom and Erlich, 1991). In most if not all cases,
many other factors besides MHCII haplotype play roles;
even in individuals with the highest disease association,
pathology is not 100 per cent penetrant.

Autoimmune diseases

MHCII polymorphisms control whether key antigenic
determinants will be presented, in development (influ-
encing central tolerance) and later in life (affecting activa-
tion of self-reactive T cell clones). Genes affecting the
transcriptional regulation of HLA genes may also play a
role; polymorphisms in promoter elements can lead to
altered MHCII expression levels, a factor in immune
responses including autoimmunity. One model proposes
that MHCIl molecules compete for binding of specific
peptides and if the susceptibility gene outcompetes
other MHCII molecules, based on affinities and relative
abundance, disease may ensue (Nepom and Erlich, 1991).

Type | diabetes

Insulin-dependent diabetes mellitus (IDDM) is a very well-
studied example of a disease with HLA-linked genetic
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influence. In man, HLA-DQ0302, DQS8, DR4, DR3, and to a
lesser extent DR1 and DR8 are susceptible, while
DQO0602, DR2 and DR5, DRé are dominantly negatively
associated. The mechanism for protection is unknown,
but possibly certain haplotypes more efficiently delete
self-reactive T cells in development, or, as alluded to
above, outcompete the susceptibility allele for peptide
binding. The NOD mouse I-A% confers susceptibility, but
I-E9” is protective. These associations are complex; for
example, DR3/DR4 heterozygotes are at the highest risk,
but different combinations appear to be synergistic with
regard to disease risk (Nepom and Erlich, 1991). Some
alleles conferring protection in Caucasians, but not peo-
ple of Asian descent, contain an Asp at position 57 of the
B chain (as opposed to a Ser in other alleles), which forms
an interdimer salt bridge, thought to impart the observed
high degree of SDS stability (McFarland and Beeson,
2002). Whether this increased stability is involved in pro-
tection is controversial, but many patients with IDDM also
have an Asp at this position, as do both the susceptible
and the non-diabetes prone strain of rat (Nepom and
Erlich, 1991).

Rheumatoid arthritis

Rheumatoid arthritis (RA) has also been extensively studied;
65-80 per cent of RA patients are HLA-DR4, especially sub-
types Dw4 and Dw14. The DR4 negative patients are usually
DR1, with a Dw14-like epitope, pointing to this region as
generally immunologically significant. The pauciarticular
form of juvenile RA shows synergistic risk with several alleles
(DR5, 6, 8 and DPw2) (Nepom and Erlich, 1991).

Other diseases

Two more diseases should be mentioned. Celiac disease,
marked by inflammation and malabsorption in the small
intestine, has been linked to HLA-DR3 and DR7.
Pemphigus vulgaris is caused by the presence of autoanti-
bodies in the epidermis and is associated with DR4, Dw10
and DR6, Dw9, possibly representing independent path-
ways to this disease (Nepom and Erlich, 1991).

Other pathology and disease resistance

Atopy is described as inappropriate IgE production in
response to particular allergens, predisposing a strong
Th2 response. For example, ragweed allergy is associated
with DRB1*1501. In West Africa, HLA-B53 is associated
with recovery from a potentially lethal malaria (Janeway
et al., 2001).

CONCLUDING REMARKS

In recent years, it has become widely appreciated
that most of the action in initiating and promulgating

MHCII-dependent immune responses depends on the
activities of dendritic cells. Their ability to process and
present a wide range of antigens to even immunologically
naive T cells is exceptional if not unique. As a result, all
considerations of how MHCIl-restricted presentation
works in health and disease must take into account the
participation of dendritic cells at one stage or another.
Indeed, the fact that dendritic cells are increasingly associ-
ated with maintaining peripheral tolerance to self antigens
strongly suggests that they are also somehow responsible
for breakdowns in regulation of the immune response
resulting in autoimmune or chronic inflammatory disorders.
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There is no need to be a doctor or scientist to wonder why
the human body is capable of resisting so many harmful
agents in the course of everyday life... Disease does not
strike everyone indifferently. For some individuals who go
down at the attack, there are others who have immunity to a
greater or lesser extent... Whenever the organism enjoys
immunity, the introduction of infectious microbes is fol-
lowed by the accumulation of mobile cells, of white corpus-
cles of the blood in particular which absorb the microbes
and destroy them ... We thus have the right to hope that for
the future, medicine will find more than one way to bring
phagocytosis into play for the benefit of health.

llya Mechnikov Nobel Lecture, December 11, 1908,
From Nobel Lectures, Physiology or Medicine 1901-1921,
Elsevier Publishing Company, Amsterdam.

INTRODUCTION

Over 100 years ago the Russian scientist, llya Mechnikov
recognized the importance of the human cellular immune
system at fighting off invading microorganisms, but he
also noted that there was great individual heterogeneity
in the response. Now, 50 years after the discovery of
the structure of DNA and in the year of the completion
of the sequencing of the human genome, we are poised
to begin to truly understand the heterogeneity of the
immune response at the molecular level. Mechnikov also
recognized that leukocytes were capable of ‘sensing the
chemical composition of the surrounding medium’ and
that 'this form of sensitiveness is a condition indispensable
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to a state of immunity and to the disappearance of
microorganisms’ (Mechnikov, 1905). We now call these
small molecules that influence leukocytes, cytokines.
Among these proteins are molecular distress signals
that control the development and activation of the
humoral and cellular arms of the immune system. They
act by binding to sensitive receptors on the cell surface
that activate intracellular signaling pathways resulting in a
variety of cell responses such as locomotion, proliferation
and modulation of gene expression. With regard to loco-
motion, a human leukocyte like a neutrophil (PMN) can
sense a cytokine concentration difference of less than 2
per cent across its length (Zigmond, 1977). This small dif-
ference in concentration gradient then causes the PMN
to stick to the area of inflamed endothelium where the
cytokine signal originated. Resisting the force of blood
flow, the PMN then crawls between two blood vessel lin-
ing endothelial cells thereby exiting the circulation. Once
in the subendothelial space, the PMN may completely
envelope (phagocytose) the invading pathogen and kill
the invader. Further release of cytokines by the PMN and
surrounding cells may cause the immune response to
evolve over time, bringing more or different types of
effector cells from the circulation to the site of injury or
infection. With some infectious agents, processing of the
pathogen leads to stimulation of an adaptive immune
response and creation of the specific memory cells that
provide long-term protection against future attacks
(Figure 3.1). However, the system must be carefully con-
trolled because too little immune response will allow the
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Figure 3.1 Inflammatory cytokines cause the vascular endothelium to
express adhesion molecules and chemokines that result in the
recruitment of leukocytes from the circulation to sites of injury where
they become activated for host defense or tissue repair.

pathogen to overwhelm the host and too much response
will damage uninfected tissue creating long-term disabil-
ity or even death for the host. Misrecognition of host mol-
ecules as pathogens or a failure to limit the response after
a true challenge can result in dysregulation of the system
and autoimmune diseases.

Thus, there is a constant struggle of the immune system
to recognize and destroy true invaders and ignore benign
or beneficial colonization of microorganisms as well as self
molecules. In evolutionary terms there is also a constant
potential of pathogens to exploit host defenses. Like in
modern warfare, for every new weapon developed there is
a countermeasure. Viruses have evolved to take over the
host cellular protein manufacturing machinery and patho-
genic bacteria, parasites and fungi have evolved mecha-
nisms to protect themselves from being phagocytosed and
killed by the immune response. Since cytokine receptors
are key molecules in controlling the immune response,
they are a favorite target of opportunity in the evolution of
pathogens. Through molecular mimicry, some pathogens
have developed both binding proteins to block the action
of cytokines to silence the alarm and molecules that
behave like cytokines or mimic their receptors to control
the immune response (McFadden and Murphy, 2000;
McDermott and Murphy, 2000; Liston and McColl, 2003). In
some cases, as we shall see below, pathogens have
exploited human cytokine receptors to gain entry into
immune system cells. When and how this panoply of
countermeasures is deployed is specific to each pathogen.
However, it is this constant struggle between man and
pathogen and between protective controlled response
and autoimmunity that has created rapid evolution of the
immune system. By studying a variety of immune system
proteins, it has been estimated that the immune system is
evolving at about three times the rate of other host pro-
teins (Murphy, 1993). On a molecular level, natural selec-
tion is manifested as frequent polymorphisms or mutations
in the genes encoding cytokines and cytokine receptors.
These genetic variants occur both in the regulatory regions
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to affect the amount or timing of cytokine/cytokine receptor
expression and in the protein coding regions to affect
cytokine/cytokine receptor function.

This chapter will review a few major examples of cytokine
receptor heterogeneity that alter disease susceptibility in
man. These findings have provided important insights into
disease pathogenesis and have pointed to new therapeu-
tic targets. In some cases the discovery of these inflamma-
tory pathways has already led to the development of novel
therapeutics currently finding their niche in modern medi-
cine. Ultimately if we can improve our ability to recognize
the key molecules that control the immune system and find
ways to safely regulate their expression or function, we will
be able to ameliorate many diseases. Also by measuring
levels of key biomarkers or finding the genotypes that
control those levels, we may be able to predict who is
susceptible to a particular disease and offer preventive
therapies with fewer side effects to a more refined popula-
tion where the benefits will outweigh the risks.

CHEMOKINE RECEPTORS

One class of cytokine receptor is the chemotactic cytokine
or chemokine receptor. Chemokines are 8-12 kDa pro-
teins that can be secreted from or displayed on the cell
surface of almost all somatic cells (Dong et al., 2003). They
can bind to and activate specific receptors on the surface
of leukocytes. Most chemokines also have the ability to
bind to glycosoaminoglycans and this aids in their ability
to coat endothelial surfaces and be presented to leuko-
cytes that are moving through the circulation or lymphat-
ics. In addition to inflammatory roles, chemokines are also
integrally involved in the development and maintenance
of the human immune system by helping immature
hematopoietic cells move from the bone marrow to the
thymus, spleen, lymph nodes and secondary lymphoid
tissues. Chemokines are also important in stimulating the
chemotaxis of antigen presenting cells like dendritic cells
to the lymph nodes and in shaping the quality of the
immune response to pathogens.

More than 40 human chemokines and 18 signaling
receptors have been discovered to date and a systematic
classification of both has been endorsed by the IUIS/WHO
Subcommittee on Chemokine Nomenclature that simpli-
fies the naming of these molecules (2003). The human
chemokines are classified structurally by the number and
position of four conserved cysteines into four subfamilies:
CC, CXC, CX3C and XC (where X indicates any amino acid
in the first three subfamilies so that none, one, or three
residues separate the first two cysteines respectively; XC
chemokines lack both the first and third cysteines). Human
chemokines of a particular structural subfamily generally
bind only to that subfamily of receptor, although there are
numerous exceptions in the pathogen encoded chemokine
receptor binding proteins. For example, vMIP-Il encoded
by human herpesvirus 8, the causative agent of Kaposi's



sarcoma, is capable of binding to a variety of both CC and
CXC receptors to act as a chemokine antagonist (Kledal
etal., 1997). In the human system, there is also considerable
overlap in binding of a particular chemokine to multiple
receptors and in most cases each receptor can signal in
response to more than one chemokine. This has created a
certain redundancy in the system but, nonetheless, the loss
of a particular member can create specific susceptibilities
which, in some cases, can be lethal as demonstrated by
animal models (Gao et al., 1997; Zou et al., 1998).

The Duffy antigen and Plasmodium vivax infection

In the 1970s, Miller and coworkers discovered that
individuals who did not express the Duffy blood group
antigen, a phenotype nearly universal in West Africans,
were resistant to malaria caused by the parasite
Plasmodium vivax (Miller et al., 1976). The Duffy antigen
was subsequently identified as a non-signaling chemokine
binding protein that facilitates an initial binding of the
parasite to red blood cells (RBCs) (Horuk et al., 1993). The
Duffy negative phenotype was found to be due in most
cases to a single nucleotide polymorphism (SNP) in the
promoter region of the gene that blocks expression only
in (RBCs) (Tournamille et al., 1995). Presumably this SNP
has been selected for by improving the genetic fitness of
the individuals who lack RBC Duffy expression and are
thereby less susceptible to P, vivax malaria. Thus, the par-
asite has exploited Duffy to infect RBCs, and this in turn
appears to have provided strong selection pressure for
fixation of an allele that is no longer expressed in RBCs.

Chemokine receptors and HIV

In the mid 1990s, several key discoveries resulted in a
better understanding of the pathogenesis of HIV infec-
tion. It was well known that CD4 was necessary for cell
entry but it was not sufficient since different HIV-1 strains
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were restricted to a subset of CD4+ cells. A functional
cloning strategy was used to identify the chemokine
receptor CXCR4 as a coreceptor able to complement
CD4 for T cell line infection (Feng et al., 1996). The discov-
ery that the same chemokines that bind to the chemokine
receptor CCR5 could suppress HIV infection of monocytes
resulted in identification of CCR5 as an HIV coreceptor
(Cocchi et al., 1995; Alkhatib et al., 1996; Choe et al., 1996;
Deng et al., 1996; Doranz et al., 1996; Dragic et al., 1996).
This led to replacement of previous cytotropism- and
cytopathicity-based classification schemes for HIV by a
more precise molecular classification scheme, whereby
HIV strains are defined as X4, R5 or R5X4 (those that are
capable of using CXCR4, CCR5 or both for cell entry)
(Berger et al., 1998). Since then, it has become apparent
that a variety of chemokine and related receptors can serve
as HIV coreceptors in transfected cells in vitro; but for most
their significance in vivo is not yet clear (Table 3.1).

Further crystallographic and antibody blocking studies
have revealed that the HIV envelope protein, gp120 first
binds to CD4 and that subsequent binding to a
chemokine receptor results in another HIV envelope pro-
tein, gp41, springing forward to spear the host cell mem-
brane causing membrane fusion of the virus with the host
cell (Moore and Doms, 2003). Thus binding of gp120 to
the chemokine receptor and CD4 acts as a molecular
trigger to allow HIV to gain entry into cells. Animal and
in vitro studies have revealed that the coreceptor expres-
sion levels are critically important to the efficiency of HIV
entry (Picchio et al., 1997; Wu et al., 1997; Naif et al., 1998).

Analagous to the inactivating polymorphism in Duffy
described above, the discovery of CCR5A32 proved the
importance of functional CCR5 to HIV disease. The
CCR5A32 mutant allele results from a 32 base pair
deletion in the open reading frame. This results in a non-
functional truncated receptor that is not expressed on the
cell surface and thus cannot function as an HIV corecep-
tor. In addition, the CCR5A32 gene product appears to

Table 3.1 HIV coreceptors that permit infection of CD4+ cell lines in vitro

Coreceptor Ligands Isolate usage References

CCR2 MCP-1, MCP-2, MCP-3 + (Doranz et al., 1996)

CCR3 Eotaxin, eotaxin-2, MCP-3, ++ (Doranz et al., 1996; Choe et al., 1996)
MCP-4, RANTES

CCR5 MIP-1a/B, RANTES, MCP-2 ++++ (Alkhatib et al., 1996; Deng et al., 1996; Dragic et al., 1996)

CCR8 1-309 ++ (Rucker et al., 1997)

CCR9 TECK + (Choe et al., 1998)

CXCR4 SDF-1 +++ (Feng et al., 1996)

CXCR6 Bonzo ligand + (Liao et al., 1997; Deng et al., 1997)

CX3CR1 Fractalkine + (Combadiere et al., 1998)

APJ Apelin + (Choe et al., 1998; Edinger et al., 1998b)

ChemR23 Chemerin + (Samson et al., 1998)

GPR1 ? + (Edinger et al., 1998a)

GPR15/Bob ? + (Edinger et al., 1998a)

RDC1 ? + (Shimizu et al., 2000)




interfere with normal CCR5 and CXCR4 receptor function
through homo/heterodimerization (Benkirane et al., 1997;
Mellado et al., 1999). The homozygous CCR5A32 geno-
type is found at much lower than expected frequency
among HIV+ individuals, and heterozygotes exhibit slowed
progression to AIDS (Liu et al., 1996, Samson et al., 1996;
Dean et al., 1996; Huang et al., 1996; Zimmerman et al.,
1997).

The CCR5A32 mutation is found at an allele frequency
of 10 per cent in North American Caucasians, but is
absent in other races. In Europe there is a higher allele
frequency in the north which declines steadily as one
moves south and by comparison to adjacent genetic
markers the mutation is estimated to have arisen approxi-
mately 1000 years ago (Libert et al., 1998; Stephens et al.,
1998). In a possible example of convergent evolution, two
other rarer human mutations that cause a truncated form
of the receptor have also been identified, CCR5m303 and
CCR5-894(-) (Ansari-Lari et al., 1997; Quillent et al., 1998).
Likewise a more evolutionarily ancient 24 base pair dele-
tion of CCR5 that interferes with function has been found
in sooty mangabey monkeys (Palacios et al., 1998; Chen
et al., 1998). Since HIV is a relatively recent human afflic-
tion, it is not thought to be the factor responsible for fixa-
tion of the CCR5A32 allele at such high levels so quickly.
Therefore speculation has focused on another ancestral
epidemic in which CCR5 function was important. The
finding that myxoma virus, a poxvirus of rabbits, can
cause CCR5 signaling that affects its replication, has
fueled speculation that CCR5 may also be a virulence fac-
tor for variola and that CCR5A32 may have been selected
for by smallpox epidemics (Lalani et al., 1999, Masters
et al., 2001). Individuals lacking CCR5 have no known health
problems (Nguyen et al., 1999). Likewise, CCR5 -/- mice are
normal, unless stressed. However, if human CCR5A32
homozygotes like CCR5 -/- mice are more susceptible to
listeria, cryptococcus, cerebral malaria or other infections,
this may provide a balancing positive selection pressure
to retain CCR5 (Zhou et al., 1998; Huffnagle et al., 1999;
Belnoue et al., 2003).

The CCR5 promoter is highly polymorphic, which could
account for the wide variation in CCR5 expression that
has been reported and at least one of these polymor-
phisms (59029-A, also called 303A, and —2459A) or the
haplotype it is found on (P1 or HHE) has been associated
with increased rate of progression to AIDS in multiple
studies (McDermott et al.,, 1998; Martin et al., 1998;
Gonzalez et al., 1999; Clegg et al., 2000; Ometto et al.,
2001; Singh et al., 2003) and is associated with increased
production of CCR5 in an in vitro promoter assay and
increased CCR5 expression and HIV infectability of
macrophages (McDermott et al., 1998; Salkowitz et al.,
2003). A chemokine ligand for CCR5 called RANTES has
two common promoter SNPs called RANTES-403A and
-28G that have been associated with both the risk of HIV
transmission and progression (Liu et al., 1999, McDermott
et al., 2000a; Gonzalez et al., 2001).
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Genetic studies have also implicated other chemokine
receptors in HIV pathogenesis. These include a common
SNP in the CCR2 gene called CCR2-64! associated with
slower progression to AIDS (Smith et al., 1997; Kostrikis
etal., 1998; Mummidi et al., 1998; Easterbrook et al., 1999;
Mangano et al., 2000); however, the mechanism of how
this polymorphism affects progression is unknown.
A SNP in the promoter of the gene for the chemokine lig-
and of CCR2, MCP-1-2578G, has also been associated
with decreased risk of HIV transmission, but increased risk
of HIV progression and AIDS dementia (Gonzalez et al.,
2002). The findings of altered HIV progression in SDF1-3'a
and CX3CR1 M280 homozygotes by Winkler et al. (1998)
and Faure et al. (2000) have not been confirmed by other
studies (Winkler et al., 1998; Faure et al., 2000; McDermott
et al., 2000b; loannidis et al., 2001).

Chemokine receptor polymorphisms may also affect
response to antiretroviral therapy by influencing corecep-
tor availability or function. In particular, a number of stud-
ies have found that CCR5A32 heterozygotes are more
likely to respond fully to antiretroviral therapy (Valdez
et al., 1999; O'Brien et al., 2000; Guerin et al., 2000;
Kasten et al., 2000); however, this has not been seen in
several other studies (Brumme et al., 2001; Wit et al,,
2002). A study has found that the effect of the currently
approved drug Enfuvirtide (T-20) in vitro is dependent on
HIV coreceptor levels suggesting that this new agent may
also be influenced by chemokine receptor levels in
clinical practice (Reeves et al., 2002). Another study has
found that in HIV patients treated with the cytokine IL-2,
there was a more robust increase in CD4+ cells in the
CCR5A32 heterozygotes (Clegg et al., 2003). Taken
together, these findings indicate that host genetic testing
may have prognostic significance in the treatment of HIV
similar to that now being done in clinical practice to
genotype HIV itself. In addition, the finding that HIV core-
ceptors are essential for viral entry has led to the develop-
ment of a whole new class of cytokine receptor blocking
agents to inhibit fusion and viral entry (Este, 2003; Moore
and Doms, 2003). Most of these target the chemokine
receptors CCR5 and CXCR4. While none has yet been
approved, several orally bioavailable small molecule
inhibitors are in clinical testing.

Chemokine receptors and atherosclerosis

Atherosclerosis, the underlying mechanism of peripheral
vascular disease, coronary artery disease and strokes, is
increasingly being understood to be an inflammatory dis-
ease of the arteries. Leukocytes, primarily monocytes and
lymphocytes, migrate into the vessel wall at sites of vascu-
lar injury and lipid deposition. Activated, lipid laden,
monocyte-derived macrophages called foam cells are
believed to play a key role in lesions by secreting
cytokines like vascular endothelial growth factor (VEGF)
that stimulate the growth of other cell types such as
smooth muscle. At least three chemokine receptors



(CXCR2, CCR2 and CX3CR1) have been implicated in
playing a proinflammatory role in atherosclerosis in sus-
ceptible animal models such as LDLR or apo-E deficient
mice. Genetic targeting of these receptors has resulted in
less atherosclerosis in  susceptible mouse models
(Boisvert et al., 1998; Boring et al., 1998; Gu et al., 1998;
Lesnik et al., 2003; Combadiere et al., 2003). Human
genetic association studies have further supported CCR2
and CX3CR1 playing a significant role in disease
(McDermott et al., 2001, 2003; Moatti et al., 2001; Szalai
et al.,, 2001; Ortlepp et al., 2003). Clinical trials with
chemokine receptor blocking agents have not been
reported; however, in a primate model, an antibody that
blocks CCR2 was able to prevent neo-intimal hyperplasia
(restenosis) following vascular stenting and another
directed against CX3CR1 was able to block cardiac
transplant rejection (Horvath et al., 2000; Robinson et al.,

2000).

TUMOR NECROSIS FACTOR RECEPTORS

The first of the tumor necrosis factor (TNF) receptors was
cloned in 1990 (Loetscher et al., 1990; Schall et al., 1990),
but in the past two decades the TNF receptor superfamily
has grown to 30 members (see http://www.gene.ucl.
ac.uk/nomenclature/genefamily/tnftop.html). Both the
ligands and receptors share structural similarities and the
mature ligands all form trimers (Hehlgans and Mannel,
2002). This review will focus on TNF and the TNF recep-
tors themselves because of space considerations
although this family includes a variety of very interesting
receptors such as the costimulatory receptor that plays a
critical role in antibody isotype class switching, CD40
(TNFRSF5), a herpes virus entry mediator, HVEM
(TNFRSF14), and a receptor important for lymphocyte
apoptosis, FAS (TNFRSF6).

TNF is synthesized as a membrane-bound protein that
can be cleaved by a specific metalloproteinase called
TACE (for TNF-a converting enzyme) to form a soluble
protein that is also biologically active (Black et al., 1997).
TNF acts by binding to two different membrane bound
receptors termed TNFRSF1A and TNFRSF1B which can
also both be cleaved from the cell surface to form non-
signaling TNF binding (decoy) receptors. TNFRSF1A is
expressed on many cell types and mediates both apopto-
sis by activation of caspases thru death domain signaling
and nuclear factor kappa B (NFkB) activation of proin-
flammatory cytokine transcription; whereas, TNFRSF1B is
primarily expressed on leukocytes and endothelial cells
and acts to stimulate transcription thru NFkB but lacks a
death domain (Smith et al., 1990; Grell et al., 1995). In
addition to having a membrane bound and soluble
cleaved form, the TNFRSF1B gene also has an intracellu-
lar isoform resulting from alternative splicing termed
icp75TNFR that can also activate NFkB in an autocrine
manner in cells that make TNF (Seitz et al., 2001). In a final
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complexity, both of the TNF receptors can also bind
trimers of a closely related family member called lympho-
toxin-a either secreted by activated lymphocytes or cell-
surface bound with lymphotoxin-g (McDermott, 2001).
TNFRSF1A knockout mice are less susceptible to endo-
toxin induced shock, TNF induced skin necrosis, experi-
mental autoimmune encephalitis (EAE) and graft versus
host disease, but demonstrate greatly increased mortality
to L. monocytogenes, T. gondii and M. tuberculosis
(Pfeffer et al., 1993; Flynn et al., 1995; Amar et al., 1995;
Speiser et al., 1997; Deckert-Schluter et al., 1998;
Suvannavejh et al., 2000). TNFRSF1B knockout mice on
the other hand are more susceptible to EAE and hyper-
sensitivity pneumonitis, show reduced CD8+ T cell acti-
vation and less Fas/Fas ligand induced apoptosis
(Peschon et al., 1998; Teh et al., 2000; Kim and Teh, 2001),
but are protected from cerebral malaria (Lucas et al.,
1997). A transgenic TNF producing mouse develops
arthritis which is diminished by removing either TNF
receptor (Keffer et al., 1991; Alexopoulou et al., 1997).

TNF receptors and human disease

The development of TNF inhibitors has been a very active
area of drug development in the past decade. The above
animal studies and the recognition that TNF and its recep-
tors were markedly upregulated in rheumatoid arthritis
(RA) in the inflamed synovium led to the hypothesis that
TNF receptor signaling played a pathogenic role
(Feldmann et al., 1996). In the USA three inhibitors of TNF
have been approved for treatment of RA. The first of these
to show clinical efficacy was infliximab (Remicade), a
chimeric (mouse/human) monoclonal anti-TNF antibody
(Knight et al., 1993). The second is etanercept (Enbrel)
which is a TNFRSF1B dimer linked to the Fc portion of
human IgG (Mohler et al., 1993). Lenercept, a similar dimer
of TNFRSF1A linked to Fc showed promise in animal mod-
els but was not as effective in human clinical trials possibly
due to its immunogenicity and is no longer in develop-
ment (Taylor, 2003). The third agent, adalimumab (Humira),
is a fully human anti-TNF monoclonal antibody (Bain and
Brazil, 2003). A variety of other antibodies directed against
TNF and a PEGylated TNF receptor are in development
(Taylor, 2003). Infliximab has also been approved for the
treatment of Crohn’s disease, an inflammatory disease of
the gastrointestinal tract, based on efficacy in a multicen-
ter, double-blinded and placebo controlled study (Targan
et al., 1997).

Since these agents are not small molecules they require
parenteral administration and maintenance of an effect
requires continued treatment. With repeated injections,
anti-therapeutic molecule antibodies may develop that
limit the efficacy of further therapy and/or cause injection
reactions. In addition, all approved therapies have been
associated with reactivation of latent M. tuberculosis
infection, lupus-like autoimmune disease and a poten-
tially increased risk of lymphoma (Palladino et al., 2003).



Case reports of opportunistic infections occurring in
those on anti-TNF therapy such as listeriosis, histoplas-
mosis and pneumocystis have also been published
(Sfikakis and Kollias, 2003). This points to the key role that
TNF plays in host defense against intracellular bacteria
and in lymphocyte apoptosis. Oral bioavailability and
greater efficacy with fewer side effects are goals in the fur-
ther development of these inhibitors.

A rare hereditary periodic fever syndrome named TRAPS
for TNF receptor-associated periodic syndrome has been
found to result from functional mutations in the TNFRSF1A
receptor (McDermott et al., 1999; Aksentijevich et al., 2001).
This syndrome is characterized by recurrent attacks of fever,
abdominal, muscle and joint pains, and skin and eye inflam-
mation that last for more than a week. Attacks respond to
corticosteroid therapy and etanercept. In about 25 per cent
of cases systemic amyloidosis, which can result in renal
failure, is also seen in affected family members (Drenth and
van der Meer, 2001). Several of the TNFRSF1A mutations
(C52F, T50M and C33Y) that cause TRAPS appear to reduce
receptor cleavage and thus demonstrate the normal
immune system downmodulatory effect of the soluble form
of the receptor which no longer signals but can still bind
free TNF (McDermott, 2001).

A variety of common TNF (- 308A, - 238A) and TNFRSF1B
(M196R) polymorphisms have been identified, but associ-
ations with disease have been inconsistent (Baugh and
Bucala, 2001). A recent study, yet to be confirmed, has
found an association between TNFRSF1B haplotype as
determined by four common SNPs and femoral neck
bone mineral density (Spotila et al., 2003). Since TNF has
previously been shown to be involved in osteoclast differ-
entiation and migration, this provides additional biologi-
cal evidence that TNF receptor heterogeneity may be
important in osteoporosis.

INTERFERON RECEPTORS

Interferons (IFN) are cytokines critical to host defense
against intracellular bacteria and viruses. They were
named because of their capability of interfering with viral
replication (Nagano and Kojima, 1954; lIsaacs and
Lindenmann, 1957). They act by regulating the transcrip-
tion of many inflammatory genes. The type | interferon
genes (IFNa, IFNB, and IFNw are clustered on chromo-
some 9p22 and signal through a receptor which is het-
erodimeric with IFNaRa and IFNaRB chains encoded by
genes clustered on chromosome 21922 (Fountain et al.,
1992; Diaz et al., 1996). Mice deficient in either IFNa or
the type | interferon receptors fail to control the replica-
tion of many viruses and exhibit increased mortality
(Muller et al., 1994; van den Broek et al., 1995; Weck et al.,
1997). Presumably to reduce the host inflammatory
response, poxviruses such as vaccinia secrete a soluble
type | IFN receptor that binds IFNa (Symons et al., 1995).
Humans with mutations resulting in non-functional type |
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interferon receptor have not been found to date possibly
because of the strong selection against these mutations
or lethality in fetal development/infancy. IFNa/ribavirin
combination therapy is now the standard of care for treat-
ing chronic hepatitis C infection and IFNa is also widely
used in chronic myelogenous leukemia (Lipman and
Cotler, 2003; Druker et al., 2001). Clinical trials are cur-
rently studying the efficacy of PEGylated IFNa/lamivu-
dine combination therapy to treat chronic hepatitis B and
IFNB is widely used in multiple sclerosis (Chofflon, 2000).

Type Il IFN, IFNvy is encoded by a single gene on chro-
mosome 12g14 and its receptor is heterodimeric with
IFNYR1 and IFNyR2 chains encoded on chromosome
6924 and 21922 respectively. IFNy-deficient and IFN-yR
deficient mice have demonstrated deficiency of host
defense against the intracellular bacteria L. monocyto-
genes, mycobacteria like M. tuberculosis, M. avium, and
M. bovis, the parasite T. gondii and some viruses such as
vaccinia, Theiler's and yHV 68 (Kamijo et al., 1993; Dalton
etal., 1993; Huang et al.,, 1993; Muller et al., 1994; van den
Broek et al., 1995; Yap and Sher, 1999). In humans various
rare functional defects in both IFNyR1 and IFNyR2 have
been identified (Dorman and Holland, 2000; Ottenhoff
et al., 2003). Phenotypically these result in severe recur-
rent infections with non-tuberculous mycobacteria, sal-
monella and various viruses. Detection of one of these
mutations in several different unrelated families who have
affected family members has identified a so-called muta-
tional hotspot present in IFNyR1 at basepair 818 where a
4bp deletion results in accumulation of non-signaling
IFNvy binding receptors on the cell surface (Jouanguy
et al., 1999). A second hotspot associated with a 4bp
deletion at basepair 561 has recently been found in the
IFNYR1 (Rosenzweig et al., 2002). Each of these mutations
that interfere with receptor function appears to be quite
rare in the general population, however. A more common
polymorphism of the IFNyR2 gene (Argb64Glin) has been
associated with the autoimmune disease, systemic lupus
erythematosus when found in combination with a poly-
morphism in IFNyR1 (G88A) in a Japanese cohort but this
has yet to be confirmed (Nakashima et al., 1999). An
intronic dinucleotide repeat microsatellite (CA), of the
gene encoding IFNyR1 has been reported to be associ-
ated with risk of tuberculosis but another study was
unable to replicate this (Fraser et al., 2003; Newport et al.,
2003).

IFNY is used therapeutically to prevent infections in the
rare genetic immunodeficiency, chronic granulomatous
disease based on an international, double-blinded,
placebo-controlled trial performed by The International
Chronic Granulomatous Disease Cooperative Study Group
(ICGDC, 1991). It is also used in the rare genetic bone dis-
ease, osteopetrosis where it increases bone resorption and
decreases infections and anemia (Key et al., 1995). IFNvy
potently reduces collagen synthesis and thus may have
use in autoimmune diseases where fibrosis is a major
problem like progressive systemic sclerosis (scleroderma)



or idiopathic pulmonary fibrosis (Freundlich et al., 1992,
Grassegger et al.,, 1998; Ziesche et al., 1999). IFNy may
have a role in the treatment of the parasitic disease, vis-
ceral leishmaniasis, where several small studies have shown
a beneficial role using combination IFNvy/antimonial treat-
ment (Badaro and Johnson, 1993; Sundar et al., 1997).
Finally, IFNy may have a therapeutic role in the treatment of
the mycobacterial diseases caused by M. leprae, M. avium
complex, and M. tuberculosis when used in combination
with anti-mycobacterials (Squires et al., 1989; Sampaio
etal., 1992; Holland et al., 1994; Chatte et al., 1995; Condos
etal., 1997).

CONCLUSION

Since the pioneering work of Edward Jenner and Louis
Pasteur on early vaccines, medicine has sought to control
and direct the immune response to protect against
pathogens. Cytokine receptors are a clear pharmaceuti-
cal target that are already being utilized for therapeutic
intervention in a variety of infectious, inflammatory and
malignant diseases. Because of their cell surface location
and structural properties many of these receptors are very
amenable to specific blockade by orally active com-
pounds, i.e. they are very druggable. Many of the
cytokine receptors also exhibit mutations or polymor-
phisms that may affect the response to or complications
from such therapies. As genotyping and DNA sequencing
become less expensive, it may be possible to determine
each individual’s genomic profile to identify propensity to
various diseases and likely reactions to treatments allow-
ing custom-tailored therapy and personalized medicine.
In addition, cytokine or cytokine receptor based biomark-
ers like TNF/TNF receptor levels may help to monitor the
response to treatment. However, the sheer complexity of
the cytokine network and the delicate balancing needed
to optimize the immune response for each individual will
continue to challenge investigators for the next century if
not longer.
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Oh wad some power the giftie gie us to see oursels as ithers
see us! It wad frae monie a blunder free us, an’ foolish notion.

To a Louse, Robert Burns (1786)

INTRODUCTION

The degree to which antigens induce an immune response
varies markedly between individuals. Much of this variation
is determined by the combination of antigen presenting
molecules, both class | and class [| MHC, that the individual
is expressing and the range of T-cell receptor structures that
have accumulated. Together, these determine whether and
how well that individual’s immune system will see any given
antigen and it will be apparent that the random nature of
T cell and B cell receptor construction means that even
monozygotic twins will show variation in this respect, or at
least have this potential. These aspects of the immune sys-
tem have formed the backbone of the science of immuno-
genetics and continue to do so. Immunology, and
particularly immunogenetics, continues to be an expanding
field. First, as sequence differences are discovered in pro-
moters and coding regions of immunologically relevant
genes — such as cytokines and their receptors — the breadth
of immune variation between individuals has become
apparent. Second, as genome scans of autoimmune, infec-
tious and malignant diseases define loci of patho-
genic importance, specific genomic regions automatically
become of interest in immunogenetics, even though they
may not contain any ‘obviously’ immunological candidate
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genes. Third, although normal variation in the immune
system can be important in disease development in the
presence of contributing factors, certain rare mutations can
themselves be fundamental in causing disease. Such varia-
tions may be associated with susceptibility to certain dis-
eases or contribute to severity and progression. In addition,
the same disease may have different contributing actions in
one ethnic group compared with another and, of course,
certain polymorphisms may exist only in one ethnic group
(or be absent from that group).

CYTOKINES, CHEMOKINES AND IMMUNE
RECEPTORS REGULATE IMMUNITY

Over the last 10 years then, it has become obvious that
aspects of the immune system other than the MHC also
show genetic variation. These variations have been noted
in the whole range of immunologically important mole-
cules, from adhesion molecules and other cell-surface
structures to cytokines and other soluble signals. Thus, the
science of immunogenetics has moved into a new ‘post-
HLA' phase and it is clear that the vast variation of the
immune system must impact on all theatres of immunolog-
ical activity, from the daily response to minor environmen-
tal antigens, through infectious and autoimmune diseases
to malignancy and man-made immunological insults, such
as vaccination and transplantation. The importance of
cytokines to the immune system cannot be understated:
they are soluble immuno-modulatory proteins which are

Copyright © 2005, Elsevier. All rights reserved.



active on a vast array of target cells, generally, but not
wholly, within the immune and hematopoietic systems.
Their actions are mediated through highly specific cell-
surface receptors and usually result in gene activation with
subsequent mitotic, activation, suppression or differentia-
tion effects. Often they act in concert or in complex inter-
active loops, which can be positive or negative and,
furthermore, these effects may differ with the target cell.
It is small wonder then, that cytokines and particularly
inflammatory cytokines, have received the lion's share of
attention and much of our work has focused on these
molecules.

Cytokines are produced by a wide range of cell types
and have often been broadly classified as ‘monokines’
(produces by cells of the monocyte lineage) or ‘lym-
phokines’ (produced by cells of the lymphocye lineages).
This simplistic classification has been variously replaced
(e.g. Th1 and Th2 cytokines), but any classification belies
the highly complex network in which cytokines always
seem to work. For example, they may induce or repress
their own expression as well as that of other cytokines. In
addition, many are pleiotropic, affecting several cell types
and there is a poorly understood functional redundancy
between individual cytokines which, nonetheless, can
have individual functions. These properties of cytokines
continue to complicate efforts to analyze both the func-
tion of individual cytokines and the influence of cytokine
gene polymorphisms on gene expression and disease.

As will be seen by the tables presented in this chapter
(Bidwell et al., 1999, 2001; Haukim et al., 2002), a signifi-
cant amount of work has been conducted in the field of
cytokine genetics. There are below several examples of
cytokine genetic studies in human disease. Broadly
speaking, however, the rationale for studying cytokine
gene polymorphisms is as follows:

e to improve our understanding of the origin and mecha-
nism of human disease

e to identify novel diagnostic markers of susceptibility,
severity and outcome

e to identify novel therapeutic targets and suitable
patients for immunomodulatory treatments

e to identify novel intervention strategies, (enhanced
vaccination, for example).

Such examples are predicated upon the assumption that
cytokine levels do vary between individuals, so it is worth-
while to ask if this is the case and if, being so, diseases are
affected. The question of whether a person's genetic
makeup or living environment contributes more to their
risk of disease has been an important one for some time.
In 1988 Sorensen and colleagues (Sorensen et al., 19898)
demonstrated clearly that adopted individuals carried a
risk of death from infectious causes that was equivalent to
that of their natural, rather than adoptive parents. In so
doing they established unequivocally that premature
death in adults from infectious causes had a strong
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genetic background. This is seen in the context of the
wide genetic variation known to exist in the immune sys-
tem, manifested in the mundane including individuals
with few upper respiratory infections and those who have
them frequently. Recently, the expansion of the known
receptors for exogenous pathogens, including viruses,
parasites and bacteria interacting with toll-like receptors,
to at least 11 (Zhang et al., 2004), suggests that analysis of
polymorphisms in these genes will be informative (see
Chapter 6).

INFECTIOUS DISEASES

Tumor necrosis factor (TNF) and most recently interleukin
10 (IL-10), have received particular attention in infectious
disease. A range of experiments in murine models,
together with studies on human material in vitro, demon-
strate that variations in IL-10 production can profoundly
alter response to, and outcome from, infectious disease.
In the mouse, experimental diminution or removal of
IL-10 has been achieved by the administration of mono-
clonal antibodies which neutralize IL-10, or by geneticaly
knocking out the IL-10 gene. The complementary aug-
mentation of IL-10 levels has been accomplished by
injecting recombinant IL-10 or by using IL-10 transgenic
mice. Such experiments are designed to explore the
extremes of IL-10 levels (i.e. none, or receptor-saturating)
and are therefore models for trends in immune responses
that might be expected to result from natural, genetically
defined differences in cytokine levels. In these contexts, a
range of bacterial and other infections have been stud-
ied. Typical results include studies on Lysteria monocyto-
genes which demonstrated that withdrawing IL-10 by
antibody neutralization (Wagner et al., 1994) or by genetic
knockout (Dai et al., 1997) led to marked increase in dis-
ease resistance and improved outcome while increasing
the amount of IL-10 present during an infection, either by
rIL-10 administration (Kelly and Bancroft, 1996) or in IL-10
transgenic animals (Groux et al., 1999), led to worse dis-
ease and poorer outcome. Similar results exist for experi-
mental infection with Streptococcus pneumoniae with
high levels of IL-10 supporting increased disease devel-
opment in mice and IL-10 absence allowing the mice to
resist infection (van der Poll et al., 1996). IL-10 also affects
responses to mycobacterial infections (Murray et al.,
1997). Although responses to viruses have been less fre-
quently studied, vaccinia virus replication was dramati-
cally impaired in IL-10 knock-out animals (van den Broek
et al., 2000) and herpes simplex associated skin patho-
logy is ameliorated by application of IL-10 topically
(Tumpey et al., 1994). A more complete summary of these
experiments is described in the review of Moore et al.
(2001), but in general, these experiments suggest that
bacterial infections are worse in the context of high IL-10
levels and less severe in a relative absence of IL-10, while
the opposite may be true of viral infections.
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Similar work has been done for TNF. TNF is considered
to be an important mediator of protection from parasitic,
bacterial and viral infection (Vassalli, 1992). Once again
using Lysteria monocytogenes as a model organism, it has
been shown that withdrawing TNF with neutralizing mono-
clonal antibodies is extremely detrimental (Havell, 1989).
However, the effects of high or low TNF are not clear cut
and appear to vary with the infection — for example,
withdrawing TNF protects from endotoxemic death
(Buetler et al., 1985) while elevated TNF levels are associ-
ated with a much poorer outcome in human malaria
(Kwiatowski et al., 1990). Conversly, TNF knock-out mice
are completely susceptible to mycobacterial infections,
developing uncontrolled, fatal infections (Jacobs et al,
2000). These experimental studies come together to show
clearly that levels of both IL-10 and TNF are important in
determining the course and outcome of infectious disease.

Even as recently as 1995, genetic studies had demon-
strated that markers existed which could be related to dif-
ferential TNF levels (e.g. Pociot et al., 1992) and many
studies had also looked closely at IL-1; these have been
extensively reviewed elsewhere and will not be discussed
in detail here. No such markers existed for IL-10 and
indeed it was not widely accepted that cytokines in gen-
eral would display genetically defined intra-individual dif-
ferences. Clearly, however, a wealth of experimental
evidence supported the concept that differences in sus-
ceptibility to and severity of diseases might well have
their roots in genetically defined differences in the ability
to produce important cytokines. Parallel studies in human
infection supported this concept. These are perhaps best
demonstrated by the elegant studies of Westendorp
et al. (1997a, 1997b; van Dissel et al., 1998). They showed
that low TNF production was associated with a 10-fold
risk of fatal outcome from meningococcal meningitis,
while high IL-10 levels were associated with a 20-fold risk
of fatality. Despite the recognized ability of TNF to induce
IL-10 levels from monocytes and IL-10 to downregulate
TNF, these two factors were independent, that is the lev-
els of one cytokine were not dependent upon those of
the other. These studies complemented earlier reports of
high IL-10 levels being associated with fatal bacterial
infections in man. Recently, it has been shown to affect
macrophage responses during mycobacterial infections
(Murray et al., 1997). Furthermore, the severity to which
meningitis progresses is associated with serum IL-10 lev-
els, such that high serum IL-10 was observed in patients
with a poor or fatal outcome, while patients who had mild
disease and a good prognosis had lower serum IL-10 lev-
els (e.g. Lehmann et al., 1995).

Recent studies have demonstrated clearly that levels of
TNF and IL-10 vary between individuals in this way and that
highly informative genetic markers exist with which to
examine the heritable basis of this. In the TNF locus, a com-
plex pattern of microsatellite alleles and single nucleotide
polymorphism (SNP) alleles form a system which demon-
strates that three families of haplotypes exist, associated

with TNF secretion (Weissensteiner and Lanchbury, 1997).
Notwithstanding the relationship between the TNF locus
and the class | and class Il MHC alleles (Gallagher et al.,
1997), TNF genetics are not merely a subset of the greater
MHC. TNF secretion following LPS stimulation has been
shown clearly to vary independently of the MHC (Pociot
et al., 1992) and it can be demonstrated that disease associ-
ations which involve the TNF locus are independent of
(although complementary to) the MHC (Rood et al., 2000;
Caballero et al.,, 2000). While many studies examine the
SNP alleles (Wilson et al., 1995; Majetschak et al., 1999,
Negoro et al., 1999), in fact, microsatellite alleles or
combinations thereof, may provide more accurate infor-
mation. Thus, the TNFd4 microsatellite allele
(Weissensteiner and Lanchbury, 1997) and the TNFa2
microsatellite allele (Pociot et al., 1992) offer excellent reso-
lution of the bewildering array of SNP allelic possibilities.
Indeed, the TNFa2d4 haplotype has been associated with a
range of chronic inflammatory disorders against disparate
MHC backgrounds (Plevy et al., 1996; Mattey et al., 1999).

While much work has concentrated on TNF and IL-10,
other studies have demonstrated functional genetic varia-
tion in other cytokines. The range of genetic markers in
human cytokine genes is very large and these have been
used to study functional or disease associations, but only in
single populations (Bidwell et al., 1999, 2001, Mullighan
et al.,, 1999). Some of the better studies are on genes with
relevance to infection. For example, a promoter polymor-
phism in the IL-6 gene defines high or low producers in
both resting and stimulated conditions (Fishman et al.,
1998). In addition, chemokines and their receptors
(Gonzalez et al., 2001; Paxton et al., 2001) have also been
studied recently and proven to be both polymorphic and
informative. These studies have been accompanied by a
very small number of reports which specifically address the
question of ethnic variation within the distribution of poly-
morphic elements in cytokine (and related) genes. These
studies have shown that the geographic/ethnic distribution
of alleles in a number of genes does in fact vary (Cox et al.,
2001; Gonzalez et al., 2001; Padyukov et al., 2000). Thus,
early studies which concentrated on demonstrating individ-
ual differences in cytokine production, or the association of
higher (or lower) cytokine production with disease have in
more recent years developed to confirm these differences
and indicate their genetic origins.

CYTOKINE POLYMORPHISMS IN THE
UNDERSTANDING OF HUMAN DISEASE

The influence of cytokine gene polymorphisms on gene
expression and disease has largely been addressed as two
separate subjects and only a few studies have integrated
the two. Two excellent examples come in atopy/ asthma.
A number of SNPs exist in the IL-13 promoter (Pantelidis
et al., 2000), at least one of which (C-T at -1055; van der
Pouw Kraan et al., 1999) affects the binding of a specific



transcription factor to the IL-13 promoter, altering its func-
tion such that the TT genotype is associated with
increased levels of IL-13 production in allergic asthma
patients (Ahmed et al., 2000; Liu et al., 2000; Howard et al.,
2001). Asthma provides an additional example of where
functional cytokine genetics studies have been fruitful in
man and mouse (Webb et al., 2004). In the promoter of
RANTES, lies a G-A SNP at position -403. The -403.A allele
is associated with increased susceptibility to both atopy
and asthma, with homozygosity for -403.A being associ-
ated with a 6.5-fold increase in prevalence of responsive
airway obstruction (Fryer et al., 2000). In a parallel study, it
was shown to produce/destroy a GATA site and in the
presence of the GATA site not only was RANTES promoter
activity increased in transfection studies but the extra
GATA site was strongly associated with atopy in general,
supporting the previous asthma study (Nickel et al., 2000).
The RANTES gene locus is also associated with rates of
HIV progression (Paxton et al., 2001). TARC, a chemokine,
is associated with atopic dermatitis, but not the polymor-
phisms which have been identified (Morita et al., 2004).
One of the most interesting series of studies in human
cytokine genetics has involved the autoimmune disease
systemic lupus erythematosus (SLE) and the cytokine IL-10.
One of the earliest observations following the discovery of
IL-10 was that it appeared to be over-produced in SLE.
While many symptoms can come together to provide a
diagnosis of SLE, it is usually held to be a disease charac-
terized by autoantibody production. IL-10 is recognized to
stimulate the proliferation of human B cells and their
secretion of all classes of immunoglobulin (Rousset et al.,
1992). 1L-10 was originally defined as a cytokine able to
alter the balance of murine Th1/Th2 activity, in favor of the
Th2-type response (Fiorentino et al., 1991) and it has sev-
eral properties which would appear to encourage lupus
autoimmunity. One critical aspect of this is its ability to
diminish macrophage activation and antigen presenta-
tion, thereby directly and indirectly inhibiting T cell func-
tion (Enk, 1993; de Waal Malefyt, 1993). In particular, IL-10
can function as a negative autocrine regulator of TNF pro-
duction (Wanidworanun and Strober, 1993). IL-10 may also
promote inflammatory responses through its potent stim-
ulation of Bcell proliferation and differentiation (Rousset
etal., 1992). Raised IL-10 levels have been reported in sev-
eral autoimmune states (Llorente et al., 1994), originating
from both B cells and monocytes. Also, in vitro studies
have shown that hypergammaglobulinemia in SLE is IL-10
dependent (Llorente et al., 1995) and it has been reported
to protect B cells from apoptosis (Levy et al., 1994). In
addition, the ability of IL-10 to induce anergy in T cells
(Taga et al., 1993) may relieve some elements of the nor-
mal control over B cell function, if suppression is reduced.
(It may be of interest that, conversely, IL-10 can function as
a growth factor for gamma/delta-positive human T cells
(Pawelec et al., 1995). Increased IL-10 production may
therefore contribute to SLE by direct effects on B cell
autoantibody production and survival and it is of interest
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that a recent study has suggested that the region of IL-10:
IFNy secreting cells in SLE is an indicator of disease
severity (Hagiwara et al., 1996). Administration of anti-IL-10
antibodies slows the development of murine autoimmu-
nity (Ishida et al., 1994). This may well be through a mecha-
nism which prevents the activation to autoreactivity of Ly-1
(i.e. CD5) positive B cells (Ishida et al., 1992), themselves
thought to be a major source of B cell-derived IL-10
(O'Garra et al., 1992). In addition, the lingering question of
whether lupus is a TNF-deficiency disorder is supported
by anecdotal reports that rheumatoid arthritis patients
receiving anti-TNF therapy may, in exceptional circum-
stances, develop autoantibody specificities characteristic
of lupus; there have also been reports that experimental
lupus can be treated in some respects by the administra-
tion of TNF. Thus, the well-characterized ability of IL-10 to
directly downregulate TNF production (Wanidworanun
and Strober, 1993) is also implicated as a mechanism by
which high levels of IL-10 could be permissive for lupus
development.

IL-10 secretion levels do vary between indivduals and
this can be associated with disease outcome. Most dra-
matically, this has been shown in studies on meningitis
patients (Westendorp et al., 1997a), where individuals
with genetically high IL-10 secretion fared very poorly in
comparison to those patients with low IL-10 secretion.
Increased levels of IL-10 in mononuclear cells from lupus
patients has been demonstrated in a number of studies
(Llorente et al., 1993, 1994: Houssiau et al., 1995;
Al-Janadi et al., 1996; Hagiwara et al., 1996). Indeed, unaf-
fected primary and secondary family members of lupus
patients produce over five times as much IL-10 than do
control subjects (Llorente et al., 1997). Taken together,
these findings are consistent with high production of
IL-10 functioning as one of a limited number of primary
genetic defects which are permissive for lupus, but it also
clearly demonstrates that high IL-10 secretion is not in
itself causative of this condition. Certainly, all of the
molecular abnormalities that have been described in
lupus patients could not be directly the consequence of
alleles in the gene of the gene product being assayed.
The most parsimonious model is that most of the
cytokine abnormalities are secondary, meaning that the
observed abnormality is the result of something else that
is causing them. A few, however, represent intrinsic
abnormalities that predispose to lupus and ‘cause’ the
others. IL-10 level is a good candidate for such an intrinsic
abnormality. Having been found in family members sug-
gests that it would also have been found in the lupus
patients before disease onset and part of the milieu
which governs the immune response to the putative
‘lupus causing’ environmental factor toward lupus
autoimmunity.

The region immediately upstream of the human IL-10
gene is highly polymorphic, with two dinucleotide
repeats and many single base substitutions. The interest
in this gene is such that several groups of workers have
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investigated these polymorphic elements independently.
The two microsatellites were described first in the litera-
ture by Eskdale and co-workers (Eskdale and Gallagher,
1995; Eskdale et al., 1996), while Fabio Cominelli's group
first described the -1082 A/G substitution marker (Tountas
and Cominelli, 1996). The two additional single base sub-
stitutions were first described by Turner and colleagues
(1997) and independently characterized by Eskdale et al.
(Eskdale et al., 1997a); Turner et al. also independently
identified the Cominelli A/G SNP, now often referred to
as 'IL10 -1082'. One of these microsatellite loci (IL10.G)
has shown an altered distribution of allele frequencies
in lupus patients in comparison to controls (Eskdale
et al., 1997b), with evidence that associations between
microsatellite alleles and the class of autoantibody pres-
ent also exist. While this latter observation remains to be
verified, several groups have followed and confirmed the
basic association between the IL10.G microsatellite and
the presence of SLE (Mehrian et al., 1998; D'Alfonso et al.,
2000). A follow-up study in SLE families, which would have
the potential to reveal linkage, is still awaited, but it is of
interest that one recent study also finds association
between this microsatellite and Sjogren’s syndome, which
shares many lupus-like features with SLE (Hulkkonen
et al., 2001). Polymorphisms of the IL-18 gene in
Japanese patients with primary and secondary Sjogren’s
syndrome (Muraki et al., 2004) have also been observed,
perhaps reflecting the multigenic nature of these disor-
ders. SNPs studied in IL-10 have also proved informative
in lupus (Lazarus et al., 1997; Mok et al., 1998; Gibson
et al,. 2001) and further more distal markers continue to
be discovered (Kube et al., 2001). The intrinsic susceptibil-
ity to atherosclerotic disease as manifested by renovascu-
lar disease also appears to be dependent on IL-10 low
producer genotype, more frequent in patients with renal
artery stenosis (George et al., 2004).

Thus, there is ample evidence that an enormous
genetic variation occurs in human cytokine genes, but
only a small proportion of the studies carried out have
demonstrated a functional role for these markers. A simi-
lar small proportion of the disease association studies
carried out have been confirmed in independent, repli-
cate populations and in only a few cases have disease-
associated SNPs also been shown to exert a functional
effect — so far! This should encourage us, rather than dis-
courage us, to continue as a research community to use
and investigate these markers and to consider cytokine
genes as highly informative reservoirs of genetic variation
in the immune system.

But these exciting developments in the understanding
of cytokine genetics should be interepreted with a note of
caution, to prevent us from being seduced into thinking
that only markers within individual cytokine genes can
control differences in inter-individual cytokine secretion.
This is not so. Other elements which can influence
the expression of cytokine (and other?) genes should not
be forgotten. For example, the rigor with which

Fishman et al. (1998) approached the measurement of IL-6
production in their control subjects, demonstrates the
importance of the natural metabolic variation which
occurs daily. This supported earlier studies, for example
that of Petrovsky and Harrison (1997a) who showed that
the LPS induction of IL-10 and IFN-gamma varied
throughout the day, observing that the IFN-gamma/IL-10
ratio peaked early in the morning and concluding that
both cortisol and melatonin could regulate diurnal
immune variation. Much has been made of the require-
ment for caution when interpreting genetic data from the
TNF cluster without due consideration of the MHC and
linkage disequilibrium; MHC effects on cytokines off chro-
mosome 6 have not been so well documented. The evi-
dence has begun to emerge, however, to define the
relevant factors. A study in 1997 (Petrovsky and Harrison,
1997b) demonstrated that secreted levels of IFN-gamma
varied markedly with class-Il alleles, in an MLR. DR1, DR2
and DR6 were associated with high IFN-gamma secretion
while DR3, DR4 and DR7 were associated with lower IFN-
gamma production. Similar conclusions were drawn for
those DQ alleles in linkage disequilibrium with the DR
alleles noted above. This pattern was reversed for TNF
secretion (i.e. DR3 was high TNF and so on), mirroring
earlier work by Pociot et al. (1992) who demonstrated a
DR-based hierarchy of TNF secretion which was of
greater magnitude than the TNF-allele results for which
they are more usually remembered. Similar data are avail-
able for other aspects of the immune system, for example
antibody production (Mineta et al., 1996) and response to
vaccination (Wang et al., 2004). In this regard, DR3 has
received the greatest attention. T cell activation varies in
DR3-positive individuals, perhaps because of diminished
CD69 expression (Candore et al., 1995), as do cytokines
themselves (Caruso et al., 1996) particularly in regard to
autoimmune DR3-positive subjects (Lio et al., 1997).
Apoptosis may differ because these individuals have
diminished expression of CD95/FAS (Stassi et al., 1997)
and indeed lower total lymphocyte counts have been
described in association with B8-DR3 (Caruso et al., 1997).
Extent of colitis may vary based on polymorphisms in
chemokine genes such as macrophage migration
inhibitory factor (Nohara et al., 2004), suggesting that
natural variants in diseases may themselves be driven by
such polymorphisms, confounding low powered analyses
even in relatively homogeneous people such as the
Japanese. Little insight to the mechanism of the various
effects of class Il on immune function was available until
recently, when it was demonstrated that different class Il
molecules varied in the efficiency with which they trans-
duce signals from CD4 across the cell membrane, and
that this variation is carried with the intracellular portion
of the class Il molecule (Fleury et al., 1995). As if this were
not confusing enough, the age of the donors themselves
has been shown to affect T cell activation (Lio et al., 1996)
through various mechanisms. In conclusion, the genetic
effect seen to be acting on cytokine production and
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Gene Polymorphism First author, year'
GM-CSF codon 117 C-T Tagiev, 1995
GM-CSF-Ra nt1148 G—A Wagner, 1994
GM-CSF-Ra nt199 C—»G Wagner, 1994
GM-CSF-Ra nt428 A—G Wagner, 1994
GM-CSF-Ra nt640 A—G Wagner, 1994
GM-CSF-Ra nt824 C—T Wagner, 1994
GM-CSF-RB nt1306 C—T (Serd26) Freeburn, 1996
Freeburn, 1998
GM-CSF-RB nt1835 C—»A Freeburn, 1996
GM-CSF-RB nt1968 G—>T Freeburn, 1996
GM-CSF-RB nt1972 G—>A Freeburn, 1996
GM-CSF-RB nt1982 G—>A Freeburn, 1996
GM-CSF-RB nt2427 G—>A Freeburn, 1996
GM-CSF-RB nt301 C—T (Cys?1) Freeburn, 1998
GM-CSF-RB nt773 G—=C (Glu249Glu) Freeburn, 1998
GM-CSF-RB nt962 G—A (Asp312Asn) Freeburn, 1998
IFNy Exon 4, 5199 AT Iwasaki, 2001
IFNy Exon 4, 5272 A—G Iwasaki, 2001
IFNy Intron 3, 2459 A—G Iwasaki, 2001
IFNy Intron 3, 2671 T—C Iwasaki, 2001
IFNy Intron 3, 3177 T-=C Iwasaki, 2001
IFNy Intron 3, 3273 G>A Iwasaki, 2001
IFNaR —18G—=A Muldoon, 2001
IFNaR —408C—T Muldoon, 2001
IFNa Dinucleotide repeat Kwiatkowski,
1992
IFNa (IFNA10)  nt1265 A—C Golovleva, 1996
IFNa (IFNA10) nt991 (60*) T—>A Cys20Stop Golovleva, 1996
(Sau3A ) Miterski, 1999
IFNa (IFNA17)  nt1101 (170*%) A—C Golovleva, 1996
unconfirmed
Miterski, 1999
IFNa (IFNA17)  nt1453 C—T Golovleva, 1996
IFNa (IFNA17) nt1482 (551*) T—=G Golovleva, 1996
lle184Arg (Ssp | RFLP) Miterski, 1999
IFNa (IFNA17)  nt171insA (Nla Il RFLP) Miterski, 1999
IFNa (IFNA2) nt1068 G—A Golovleva, 1996
unconfirmed
Miterski, 1999
IFNa (IFNA2) nt1101 G—A Golovleva, 1996
unconfirmed
Miterski, 1999
IFNaR Hindlll RFLP Vielh, 1990
IFNB 3" Mspl RFLP Riggin, 1982
IFNB nt153 C—T Miterski, 1999
IFNy —333C—>T Giedraitis, 1999
IFNy Intron 1, (CA) repeat Gray, 1983; Ruiz-
Linares, 1993
IFNYRI Tagl RFLP Hauptschein, 1992
IL-10 —1082 G—A Tounas, 1996
Turner, 1997
IL-10 —1255C—>T D’Alfonso, 2000
IL-10 —1349 A—G D'Alfonso, 2000
IL-10 —2013 A—G D’'Alfonso, 2000
IL-10 —2050 G—>A Gibson, 2001
IL-10 —2100 C—>A Gibson, 2001
IL-10 —2739 A—G D’'Alfonso, 2000
IL-10 —2763 C>A Gibson, 2001
IL-10 —2769 A—>G D'Alfonso, 2000
IL-10 —2776 A—G Gibson, 2001
IL-10 —2849 G—A Gibson, 2001
IL-10 3’ flanking region, +117 Donger, 2001
after stop codon C—T
IL-10 —3533 A>T D’Alfonso, 2000
IL-10 —3575T—A Gibson, 2001

Gene Polymorphism First author, year'
IL-10 —3715 A—=T Gibson, 2001
IL-10 5" distal (CA) repeat (IL10.R) Eskdale, 1996
IL-10 5" proximal (CA) repeat Eskdale, 1995
(IL10.G)
IL-10 —5402 C—»G Kube, 2001
IL-10 —-592 C>A Eskdale, 1997
Turner, 1997
IL-10 —6208 G—C Kube, 2001
IL-10 —657 A—=G D’Alfonso, 2000
IL-10 —6752 A>T Kube, 2001
IL-10 —7400 (3 bp deletion) Kube, 2001
IL-10 —-819C—>T Eskdale, 1997
Turner, 1997
IL-10 —851 A—G D’'Alfonso, 2000
IL-10 —8531 G—A Kube, 2001
IL-10 —8571 C—T Kube, 2001
IL-10 Exon 1, +78 G—>A Donger, 2001
(Gly15—Arg)
IL-10 Intron 3, +19 C—>T Donger, 2001
IL-10 Intron 3, +953 T—=C Donger, 2001
IL-11 5" dinucleotide repeat Bellingham, 1998
IL-12 (p35) —-916C—>T Pravica, 2000
IL-12 (p35) —916 C—>T Pravica, 2000
IL-12 (p40) —-1287G—>T Pravica, 2000
IL-12 (p40) —1287 G—>T Pravica, 2000
IL-12 (p40) Exon7, +16117 G—C Huang, 2000
IL-12 (p40) Exon 8, +16974 A—C Huang, 2000
IL-12 (p40) Intron 1, +3696 A—G Huang, 2000
IL-12 (p40) Intron 1, +3757 T—=C Huang, 2000
IL-12 (p40) Intron 1, +4572, TG insertion Huang, 2000
IL-12 (p40) Intron 1, +4793 C—»G Huang, 2000
IL-12 (p40) Intron 2, +8798 TAA repeat Huang, 2000
IL-12 (p40) Intron 2, +8930 A—G Huang, 2000
IL-12 (p40) Intron 2, +8944 A—G Huang, 2000
IL-12 (p40) Intron 3, +9910 G—A Huang, 2000
IL-12 (p40) Intron 4, +11244 A>T Huang, 2000
IL-12 (p40) Intron 4, +11563 AT repeat Huang, 2000
IL-12 (p40) Intron 7, +16521 A—=C Huang, 2000
IL-12 (p40) nt1188 (5'UTR) A—»C Hall, 2000
IL-13 —1055C—>T van der Pouw
Kraan, 1999
Laundy, 2000
IL-13 3'UTR, +2525G A Graves, 2000
IL-13 3'UTR, +2749 Graves, 2000
IL-13 3'UTR, +2580 C A Graves, 2000
IL-13 3'-UTR, nt2043 G—A Pantelidis, 2000
IL-13 3'-UTR, nt2579 C—A Pantelidis, 2000
IL-13 5" promoter, =1512 A C Graves, 2000
IL-13 additional GlIn residue, McKenzie, 1993
position 98
IL-13 Exon 4, +2044 G A Graves, 2000
IL-13 Intron 1, nt543 G—C Pantelidis, 2000
IL-13 Intron 3, +1923C T Graves, 2000
IL-13 Intron 3, nt1922 C—T Pantelidis, 2000
IL-13 nt 4257, G>A Liu, 2000
IL-13Ra nt1050 C—>T Ahmed, 2000
IL-13Ra +1050 C—>T Ahmed, 2000
IL-16 —295T—=C Nakayama, 2000
IL-18 +113T->G Giedraitis, 2001
IL-18 +127 C—>T Giedraitis, 2001
IL-18 —137 G—=C Giederaitis, 2001
IL-18 —607 C—A Giedraitis, 2001
IL-18 —656 G>T Giedraitis, 2001
IL-1Ra +2016 T-=C Kornman, 1998
IL-1Ra Intron 2 86bp VNTR Tarlow, 1993
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Gene Polymorphism First author, year' Gene Polymorphism First author, year'
IL-1Ra nt11100 T»C (MspA1l) Guasch, 1996 IL-4R nt1216 T—C Deichmann, 1997
IL-1Ra nt1731 G>A Langdahl, 2000 IL-4R nt1218 C—T Deichmann, 1997
IL-1Ra nt1821 GSA Langdahl, 2000 IL-4R nt1224 T—=C Deichmann, 1997
IL-1Ra nt1868 A—G Langdahl, 2000 IL-4R nt1232 C>T Deichmann, 1997
IL-1Ra nt1887 G—C Langdahl, 2000 IL-4R nt148 A—G Deichmann, 1997
IL-1Ra nt1934 T—=C Langdahl, 2000 IL-4R nt1902 G—A (R576Q) Hershey, 1997
IL-1Ra nt8006 T—C (Mspl) Guasch, 1996 IL-4R nt2281 T—C Deichmann, 1997
IL-1Ra nt8061 C—T (Mwol) Guasch, 1996 IL-4R nt426 C—T Deichmann, 1997
IL-1Ra nt9589 A—T (Sspl) Guasch, 1996 IL-4R nt747 C—=G Deichmann, 1997
IL-1RI 2 Pstl RFLPs Bergholdt, 1995 IL-4R nt864 T—C Deichmann, 1997
IL-1RI Exon 1C, +140 A>T Sitara, 1999 IL-4Rae —1914 T—C Hackstein, 2001
IL-1RI Exon 1C, +52 C—A (BsrB 1) Sitara, 2000 |L-4Ra —3223C—>T Hackstein, 2001
IL-1RI Exon 1C, +97 G—A (Sty I) Sitara, 2000 IL-4Ra —890 T—C Hackstein, 2001
IL-1RI Intron 1A, +1622 (of Bergholdt, 2000 |L-4Ra CAAAA repeat (5-7) Hackstein, 2001
AF302042) G—A (Hinf ) |IL-4Ra Exon 11, +1654 Lozano, 2001
IL-1RI Intron 1A, +701 (of Bergholdt, 2000 G—A (V554—l)
AF302042) G—A (Pst ) IL-4Rae nt1124 A—C (E375A) Deichmann, 1997
IL-1RI Intron 1B, +52 (of AF146426) Sitara, 1999 Deichmann, 1999
A—G (Msp ) IL-4Ra nt1216 T—C (C406R) Deichmann, 1997
IL-1RI Intron 1C, +1498 (of Bergholdt, 2000 Deichmann, 1999
AF302043) T=C (Alu l) |L-4Ra nt148 A—G (150V) Deichmann, 1997
IL-1RI Intron 1C, +976 (of Bergholdt, 2000 Deichmann, 1999
AF302043) T—C (BstF5 1) IL-4Rae nt1682 T—C (S478P) Deichmann, 1997
IL-1e (TTA) repeat Zuliani, 1990 (previously S503P) Deichmann, 1999
IL-1a +4345T—G Kornman, 1998 Kruse, 1999
IL-1a —889 Kornman, 1998 IL-4Rae nt1902 G—A (R551Q) Hershey, 1997
IL-1e Dinucleotide repeat Todd, 1991 (previously R576Q) Deichmann, 1999
Epplen, 1994 IL-4Ra nt2281 T—C (S761P) Deichmann, 1997
IL-1a Intron 6, 46bp VNTR Bailly, 1993 Deichmann, 1999
IL-18 +3953 (nt5887) C—T (Tagl) Pociot, 1992 IL-5Ra —80 G—A (Maelll) Kollintza, 1998
IL-18 —35T—C (Alul) Guasch, 1996 Kollintza, 1998
IL-18 —511 G—A (Aval) di Giovine, 1992 IL-5Ra Dinucleotide repeat Epplen, 1994
IL-18 nt3263 C—T Langdahl, 2000 IL-6 (CA)N repeat Tsukamoto, 1998
IL-18 nt5810 A—T (BsoFl) Guasch, 1996 IL-6 —174 G—C (Nlalll) Olomolaiye, 1997
IL-2 +166 John, 1998 Olomolaiye, 1998
IL-2 —330 John, 1998 Fishman, 1998
IL-2 Allele A: 122bp dinucleotide Khani-Hanjani, IL-6 3' (AT)-rich minisatellite Bowcock, 1989
repeat 2001 Murray, 1997
IL-2 Dinucleotide repeat Epplen, 1994 IL-6 5' (AT)-tract (5 alleles) Fishman, 1998
IL-2 exon 1nt742 T-G Denny, 1997 IL-6 —572G-C Terry, 2000
IL-2R Allele 0: 165 bp dinucleotide Khani-Hanjani, IL-6 —597 G—>A Terry, 2000
repeat 2001 IL-6 Bglll RFLP Fugger, 1989
IL-2R Allele 2: 169 bp dinucleotide Khani-Hanjani, Blankenstein, 1989
repeat 2001 IL-6 Mspl RFLP Fugger, 1989
IL-2R Allele 9: 147 bp dinucleotide Khani-Hanjani, IL-6 nt565 G—A (Fokl) Fishman, 1998
repeat 2001 IL-6 Xbal RFLP Linker-Israeli, 1996
|IL-2Ra Tagl RFLP Cottrell, 1994 IL-6R (CA)n repeat Tsukamoto, 1998
IL-2RB Dinucleotide repeat Brewster, 1991 IL-8 Hindlll RFLP Fey, 1993
IL-3 +131 C>T Jeong, 1998 IL-9 Dinucleotide repeat Polymeropoulos,
IL-3 +5C—>T Jeong, 1998 1991
IL-3 —16 C>T Jeong, 1998 LTa (TNFB) AspHI RFLP Ferencik, 1992
IL-3 —-211 C—A Jeong, 1998 LTa (TNFB) Intron 1, Ncol RFLP Messer, 1991
IL-3 Bglll RFLP Jaquet, 1989 (Thr26Asn)
IL-3 Enhancer nt232 Jeong, 1998 (TNFB*1 = Asn26; Rink, 1996
IL-3 Enhancer nt236 Jeong, 1998 TNFB*2 = Thr26)
IL-3 Enhancer nt283 Jeong, 1998 RANTES —109 T—=C Azzawi, 2001
IL-4 +33C—>T Suzuki, 1999 RANTES —28C—G al Sharif, 1999
IL-4 —34C—>T Takabayashi, 1999 RANTES —403 A—G Hajeer, 1999
IL-4 —524 C—T Borish, 1994 TGFa Tagl RFLP Hayward, 1987
IL-4 —590 C—T (BsmFl) Walley, 1996 TGFB1 —509 Cambien, 1996
IL-4 intron 2 dinucleotide repeat Marsh, 1994 Awad, 1998
IL-4 Intron 2, 70bp VNTR Mout, 1991 TGFB —800 Cambien, 1996
IL-4 Intron 3, (GT) repeat Mout, 1991 Awad, 1998
IL-4R nt1124 A—C Deichmann, 1997 TGB1 —988 Cambien, 1996
IL-4R nt1167 G->T Deichmann, 1997 TGFB1 nt713-8delC Langdahl, 1997
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First author, year'

Gene Polymorphism First author, year' Gene Polymorphism
TGFB1 nt72 unspecified Awad, 1998 TNFRSF1B (p75) exon 10, nt1690 C—T
TGFB1 nt788 C—T Langdahl, 1997 TNFRSF1B (p75) exon 6, M196R
TGFB1 nt869 (Leu10Pro) Cambien, 1996 TNFRSF1B (p75) exon 6, nt676 C—T

Awad, 1998 TNFa +70 G>A
TGFB1 nt?15 (Arg25Pro) Cambien, 1996 TNFa TNFa

Awad, 1998 TNFa —163 G—>A
TGFB1 R124S Stewart, 1999 TNFa —238 G—A
TGFB2 4 RFLPs, SSCPs Nishimura, 1993 TNFa —308 G—A
TGFB2 5'UTR (4 bp insertion-ACCA) Alansari, 2001 (TNF1 = G; TNF2 = A)
TGFB2 Exon 1 (SNP G—A) Alansari, 2001 TNFa —376 G-A
TNFRSF1A (p55) —383 A—C (Bglll) Pitts, 1998 TNFa —574
TNFRSF1A (p55) nt36 A—G (MspAT1 ) Pitts, 1998 TNFa —856 (*— 857)
TNFRSF1A (p55) Intron 1, 11-allele Eskdale, 2000

polymorphic microsatellite TNFa —862 (*— 863)
marker

TNFRSF1B (p75) 3'-UTR SSCP '5/6' Kaufman, 1994 TNF TNFa, b, c,d, e
TNFRSF1B (p75) 3'-UTR SSCP '7/8' Kaufman, 1994 microsatellites
TNFRSF1B (p75) exon 10, nt1663 A—G Pantelidis, 1999
TNFRSF1B (p75) exon 10, nt1668 T—G Pantelidis, 1999

Pantelidis, 1999
Komata, 1999
Pantelidis, 1999
Brinkman, 1997
TNFa
Brinkman, 1997
D’Alfonso, 1994
Wilson, 1993
Wilson, 1997
Brinkman, 1997
Uglialoro, 1998
Uglialoro, 1998
*Higuchi, 1998

Uglialoro, 1998
*Higuchi, 1998
Nedospasov, 1991
Udalova, 1993

" Full references are provided in the appropriate Genes and Immunity reviews and

Table 4.2 In vitro expression studies in various cytokine polymorphisms

supplements (references 1-3) and in the references found here.

Gene Polymorphism and allele (or haplotype) Expression First author, year'
IFNy (CA)n intron 1 (all alleles) No effect Cartwright, 1999
IFNy (CA)n intron 1 (allele 2) Increased Pravica, 1999
IL-10 —1082 A, =819 C, =592 C Decreased Turner, 1997
IL-10 —1082 A, =819 T, =592 A Decreased Turner, 1997
IL-10 —-1082 G, =819 C, =592 C Increased Turner, 1997
IL-10 —1082 A, =819 T, =592 A Decreased Crawley, 1999
IL-10 —-1082 G, —819 C, =592 C Increased Crawley, 1999; Maurer, 2000
IL-10 R2,G14 Increased Eskdale, 1998
IL-10 R3 Decreased Eskdale, 1998
IL-10 R3,G7 Decreased Eskdale, 1998
IL-13 —1055T Increased van der Pouw Kraan, 1999
IL-18 —607 homozygous for C, =137 homozygous for G Increased (not statistically significant)  Giedraitis, 2001
IL-1Ra intron 2 86bp VNTR (allele 2) Decreased Tountas, 1999
IL-1Ra Intron 2 86bp VNTR, (allele 2) Increased Tarlow, 1993; Danis, 1995; Hurme, 1998
IL-1a Intron 6, 46bp VNTR Related To VNTR allele Bailly, 1993
Bailly, 1993
IL-18 +3953 (nt5887) T Increased Pociot, 1992
IL-4Ra 3223C—>T Reduced sIL-4R Hackstein, 2001
IL-6 —174 G Increased Fishman, 1998
IL-6 3" (AT)-rich minisatellite (790, 792, 808 and 820bp alleles) Increased Linker-Israeli, 1999
IL-6 —597A, —572G, -373A8/T12, —174G haplotype Decreased Terry, 2000
IL-6 —597G, —572G, -373A9/T11, —174G haplotype Increased Terry, 2000
IL-6 IL-6 —174 G—=C (Nlalll) Increased in neonates, not in adults Kilpinen, 2001
LT Intron 1, Ncol RFLP No effect on LT secretion Pociot, 1993
LT Intron 1, Ncol RFLP: TNFB*1 (Asn26) Increased Messer, 1991
LT Intron 1, Ncol RFLP: TNFB*2 (Thr26) Decreased Messer, 1991
LT + TNFa Intron 1, Ncol RFLP: TNFB*1 (Asn26), TNFaé Decreased Pociot, 1993
LT + TNFa Intron 1, Ncol RFLP: TNFB*2 (Thr26), TNFa2 Increased Pociot, 1993
TGFB1 nt?15 (Arg25) Increased Awad, 1998; Awad, 1998
TNFa +489, —308, —1031, —863, —857 No difference Kaijzel, 2001
TNFa +70 G>A No effect Uglialoro, 1998
TNFa —1031 Increased Higuchi, 1998
TNFa —238A Increased Grove, 1997
TNFa —238 G>A No effect Pociot, 1995; Huizinga, 1997;
Kaijzel, 1998; Uglialoro, 1998
TNFa —238, allele 2 Decreased Kaluza, 2000
TNFa —244, —238 Increase (in certain cell lines) Bayley, 2001
TNFa —308 No effect Pociot, 1993; Turner, 1995;

Huizinga, 1997; Uglialoro, 1998
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Gene Polymorphism and allele (or haplotype) Expression First author, year'

TNFa —308 (TNF2) Increased Huang, 1999; Kroeger, 2000;
Maurer, 1999

TNFa —308 (TNF2) Increased Wilson, 1997; Galbraith, 1998

TNFa —308 (TNF2) No effect Sotgiu, 1999

TNFa —308, — 376 No effect Bayley, 2001

TNFa —376 G>A No effect Huizinga, 1997; Kaijzel, 1998

TNFa —-509 T Increased Luedecking, 2000

TNFa —574 No effect Uglialoro, 1998

TNFa —856 (*—857) Increased Higuchi, 1998

TNFa —856 (*—857) No effect Uglialoro, 1998

TNFa —857T Increased Hohjoh, 2001

TNFa —862 (*—863) Increased Higuchi, 1998

TNFa —862 (*—863) No effect Uglialoro, 1998

TNFa —863 A Decreased (31%) Skoog, 1999

TNFa —863 A Increased Hohjoh, 2001

TNF a No effect on LT secretion Pociot, 1993

TNF a2 Decreased Derkx, 1995

TNF c No effect on LT secretion Pociot, 1993

TNF d3 Increased Turner, 1995
TNF al3 Decreased Obayashi, 1999
TNF a2 and a9 Increased Obayashi, 1999

" Full references are provided in the appropriate Genes and Immunity reviews and supplements (references 1-3) and in the references found here.

Table 4.3 In vivo disease association studies with cytokine polymorphisms

Cytokine and polymorphism Disease Association First author, year'
EPO-R nt5964 C—G Primary familial and congenital polycythemia Yes Kralovics, 1998
FGF1-a (GT)n 5-UTR Early-onset pauciarticular juvenile chronic arthritis No Epplen, 1995
FGF1-a (GT)n 5'-UTR Multiple sclerosis No Epplen, 1997
GM-CSF-RB nt1306 C—T (Serd26) Acute myeloid leukemia No Freeburn, 1998
GM-CSF-RB nt301 C—T (Cys91) Acute myeloid leukemia No Freeburn, 1998
GM-CSF-RB nt773 G—C (Glu249Glu) Acute myeloid leukemia No Freeburn, 1998
GM-CSF-RB nt9262 G—A (Asp312Asn) Acute myeloid leukemia No Freeburn, 1998
IFNa (CA)n intron 1 Early-onset pauciarticular juvenile chronic arthritis No Epplen, 1995

IFNa (GT)n allele 02 Multiple sclerosis Yes (protection) Miterski, 1999

IFNa (GT)n allele 07

IFNa (IFNA10) nt991 (60%) T — A
Cys20Stop (Sau3A 1)

IFNa (IFNA17) nt1482 (551%) T— G
lle184Arg (Ssp | RFLP)

IFNa (IFNA17) nt171insA (Nla Il RFLP)

IFNB nt153 C—>T

IFNy CA(13) intron A microsatellite

IFNy (CA)n intron 1

IFNy (CA)n intron 1

IFN7y (CA)n intron 1

IFN7y (CA)n intron 1

(CA)n intron 1
(CA)n intron 1
IFNy (CA)n Intron 1
(CA)n intron 1
(CA)n intron 1

A)n intron 1
A)n Intron 1
A)n Intron 1
A)n intron 1

Multiple sclerosis
Multiple sclerosis

Multiple sclerosis

Multiple sclerosis
Multiple sclerosis
Rheumatoid arthritis
Atopic asthma
Graft-versus-host disease
Graves' disease

Hay fever

Insulin-dependent diabetes mellitus
Insulin-dependent diabetes mellitus
Insulin-dependent diabetes mellitus
Lung allograft fibrosis

Multiple sclerosis

Multiple sclerosis

Multiple sclerosis

Rejection of renal transplant
Systemic lupus erythematosus

Yes (susceptibility)
No

No
Yes (susceptibility)

No
No

Yes (Japanese children)
Yes (increased severity)
Yes (increased frequency
of allele 5; decreased
frequency of allele 2)
Yes (in conjunction with

TNF widtype)
No
Yes
Yes
Yes
No

No
No (Europeans)
No
No

Miterski, 1999
Miterski, 1999

Miterski, 1999

Miterski, 1999
Miterski, 1999
Pokorny, 2001
Nakao, 2001
Cavet, 2001
Siegmund, 1998

Nieters, 2001

Pociot, 1997
Awata, 1994
Jahromi, 2000
Awad, 1998
Epplen, 1997

Wansen, 1997

He, 1998
Dai, 2001
Goris, 1999
Pelletier, 2000
Lee, 2001
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Cytokine and polymorphism

Disease

Association

First author, year'

IFNy (CA)n Intron 1 (126 bp repeat)

IFNy (CA)n Intron 1 and IL-10 --1082
G-A

IFNy —333C—>T

IFNy-R1 (Val14Met)

IFNy-R1 (Val14Met), IFNy-R2
GlIné4/Argéd

IFNy-R1 Met14/Val14 genotype and
IFNy-R2 GIn64/GInb4 genotype

IFNy—R Val14Met

IL-10 (IL10.G

IL-10 (IL10.G

IL-10 (IL10.G

IL-10 (IL10.G

IL-10 (IL10.G

IL-10 (IL10.G

IL-10 (IL10.G)
IL-10 (IL10.G10 and G12)
IL-10 (IL10.G12-G15)

IL-10 (IL10.G12-G15)

IL-10 (R2-G-C-C)
IL-10 (IL10.R)
IL-10 (IL10.R)
IL-10 +571 C—A
IL-10 —1082
IL-10 —1082
IL-10 —1082
IL-10 —1082
IL-10 —1082
IL-10 —1082
IL-10 —1082
IL-10 —1082

IL-10 —1082 A
IL-10 —1082 A
IL-10 —1082 A

IL-10 —1082 A

IL-10 —1082 A

IL-10 —1082 A

IL-10 —1082 G

IL-10 —1082 G

IL-10 —1082 G

IL-10 —1082 G/A

IL-10 —1082, —819, —592 haplotype
IL-10 —1082, —819, —592 haplotype

IL-10 —1082, —819, —592 haplotype
IL-10 —1082, —819, —592 haplotype

IL-10 —1082A, —592A
IL-10 —1082A, —819C, —592C

haplotype

IL-10 —1082A, —819C, —592C
haplotype

IL-10 —1082A, —819T, —592A
haplotype

IL-10 —1082A, —819T, —592A
haplotype

Rheumatoid arthritis
Renal transplant rejection

Multiple sclerosis
Systemic lupus erythematosus
Atopic asthma

Systemic lupus erythematosus

Systemic lupus erythematosus

Chronic graft-versus-host disease

Early-onset periodontal disease

Inflammatory bowel disease and ulcerative colitis
Multiple sclerosis

Psoriasis

Systemic lupus erythematosus

UVB-induced immunosuppression

Reactive arthritis

Graft-versus-host disease in allogeneic bone
marrow transplantation

HLA-identical bone marrow

Unrelated bone marrow transplantation
Rheumatoid arthritis

Systemic lupus erythematosus

Asthma (elevated IgE)

Acute rejection in orthotopic liver transplantation
Asthma severity

End-stage liver disease

Multiple sclerosis

Psoriasis

Rheumatoid arthritis

Rheumatoid arthritis

Type | autoimmune hepatitis

Epstein-Barr virus infection

Joint destruction

Recurrence of hepatitis C in liver transplant
recipients

Recurrent spontaneous abortions

Cutaneous malignant melanoma

Renal transplant rejection

Inflammatory bowel disease

Rejection of renal transplant

Ulcerative colitis

Renal transplantation outcome

Chronic cutaneous lupus erythematosus

Multiple sclerosis

Rejection of pediatric heart transplant
Rheumatoid arthritis and Felty's syndrome
Inflammatory bowel disease

Primary sclerosing cholangitis

Rheumatoid arthritis (IgA RF+ve, IgG RF—ve)

Coronary artery disease and myocardial Infarction

EBV infection

Yes (susceptibility and
severity)
Yes

No
Yes
No (Japanese children)

Yes (development)

Yes
Yes
No
No
No
Yes
Yes

No
Yes (protective)
Yes

Yes (increased graft-
versus-host disease)

Yes (increased mortality)
Yes

No

Yes

No

Yes

No

No

No

No

No

No

Yes (susceptibility)
Yes
Yes

No
Yes
No
Yes (decreased frequency)
Yes
Yes (decreased frequency)
Yes
No
No

Yes (high IL-10 production
is protective)

No

No

No

Yes

No

Yes (protective)

Khani-Hanjani, 2000
Asderakis, 1998

Giedraitis, 1999
Tanaka, 1999
Nakao, 2001

Nakashima, 1999

Tanaka, 1999
Takahashi, 2000
Hennig, 2000
Parkes, 1998
He, 1998
Asadullah, 2001
Eskdale, 1997
Mehrian, 1998
Allen, 1998
Kaluza, 2001
Middleton, 1998

Cavet, 1999

Keen, 2004
Eskdale, 1998
Eskdale, 1997
Hobbs, 1998
Bathgate, 2000
Lim, 1998
Bathgate, 2000
Maurer, 2000
Reich, 1999
Hajeer, 1998
Cantagrel, 1999
Cookson, 1999
Czaja, 1999
Helminen, 1999
Huizinga, 2000
Tambur, 2001

Karhukorpi, 2001
Howell, 2001
Marshall, 2000
Tagore, 1999
Pelletier, 2000
Tagore, 1999
Poole, 2001

van der Linden, 2000

Pickard, 1999
Maurer, 2000
Awad, 2001
Coakley, 1998
Klein, 2000
Donaldson, 2000
Hajeer, 1998
Koch, 2001

Helminen, 2001




Table 4.3 (Continued)

Grant Gallagher, Joyce Eskdale and Jeff L Bidwell

Cytokine and polymorphism

Disease

Association

First author, year'

IL-10 —1082A, —819T, —592A
haplotype

IL-10 —1082A, —819T, —592A
haplotype

IL-10 —1082A, —819T, —592A
haplotype

IL-10 —1082G, —819C, —592C
haplotype

IL-10 —1082G, —819C, —592C
haplotype, also occurs in combination
with [L-10 —1082A, -819T, —592A
haplotype

IL-10 1082 G-allele

IL-10 —592

IL-10 —592

IL-10 =592 C—>A
IL-10 =627 C>A
IL-10 =627 C—A
IL-10 =627, =1117
IL-10 —819

IL-10 Exon 1, +78 G—A (Gly15—Arg)
IL-10 Intron 3, +19 C—T
IL-10 Intron 3, +953 T—C
IL-10 3’ flanking region, +117 after
stop codon C—T

IL-12 (p40) 3'UTR nt1188 A—C

IL-13 —1055 C—>T

IL-13, nt 4257 G—A
IL-13Ra 1050 C—T

IL-13R130Q

IL-18 —607, —137
IL-18 =607, =137
IL-1R1 Pst I-A

IL-1Ra (240 bp allele)

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

IL-1Ra intron 2 86bp VNTR

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

Juvenile rheumatoid arthritis

Response of chronic hepatitis C to IFNa therapy

Systemic lupus erythematosus nephritis (Chinese)

Systemic lupus erythematosus

Primary Sjogren’s syndrome

Mortality in acute renal failure
Primary biliary cirrhosis
Type | autoimmune hepatitis

Sudden infant death syndrome
Advanced liver disease
Primary sclerosing cholangitis
Inflammatory bowel diseases
Type | autoimmune hepatitis

Myocardial infarction

Rheumatoid arthritis, multiple sclerosis
Asthma

Atopic dermatitis
Atopic asthma

Asthma

Multiple sclerosis

Type | diabetes mellitus

Insulin-dependent diabetes mellitus
Bone loss in inflammatory bowel disease
Acute myeloid leukemia (secondary)
Acute myocardial infarction

Alcoholic hepatic fibrosis (Japanese)
Alopecia areata

Bone loss (early postmenopausal)

Corneal melting in systemic vasculitis

EBV seronegativity

Graft-versus-host disease

Graves' disease

Graves' disease and Graves' ophthalmopathy

Helicobacter pylori

Henoch-Schonlein nephritis
Inflammatory bowel disease
Inflammatory bowel disease

Insulin-dependent diabetes mellitus
Insulin-dependent diabetes mellitus

Insulin-dependent diabetes mellitus, Non-insulin-

dependent diabetes mellitus nephropathy
Lichen sclerosis
Malaria (Plasmodium falciparum): severity

Yes (involvement
of >4 joints)
Yes (improved response)

Yes
Yes (Ro+)

Yes (susceptibility)

Yes
No
No

Yes
Yes
Yes
No
No

No
Yes

Yes

No (Japanese population)

No

No

Yes (association with
CTLA-4)

No

Yes (protective)

No

No

Yes

Yes (severity)

Yes

No

Weak

Yes (protective)
Yes

No

No (susceptibility)
Yes
No

Yes
No
Yes

Yes

Yes
No

Crawley, 1999

Edwards-Smith,
1999
Mok, 1998

Lazarus, 1997

Hulkkonen, 2001

Jaber, 2004
Zappala, 1998
Cookson, 1999
Czaja, 1999
Summers, 2000
Grove, 2000
Mitchell, 2001
Aithal, 2001
Cookson, 1999
Czaja, 1999
Donger, 2001

Hall, 2000
van der Pouw
Kraan, 1999
Liu, 2000
Ahmed, 2000
Leung, 2001
Giedraitis, 2001
Ide, 2004

Kristiansen, 2000
Schulte, 2000
Langabeer, 1998
lacoviello, 2000
Takamatsu, 1998
Tarlow, 1994
Cork, 1995
Keen, 1998
McKibbin, 2000
Hurme, 1998
Cullup, 2001
Blakemore, 1995
Muhlberg, 1998
Cuddihy, 1996
Hamajima, 2001
Liu, 1997
Hacker, 1997
Hacker, 1998
Mansfield, 1994
Bioque, 1996
Louis, 1996
Kristiansen, 2000
Pociot, 1994
Blakemore, 1996

Clay, 1994
Bellamy, 1998




Table 4.3 (Continued)

Genetic Diversity at Human Cytokine Loci in Health and Disease

Cytokine and polymorphism Disease Association First author, year'
IL-1Ra intron 2 86bp VNTR Multiple sclerosis No Huang, 1996
Epplen, 1997
Semana, 1997
Wansen, 1997
IL-1Ra intron 2 86bp VNTR Multiple sclerosis No Feakes, 2000
IL-1Ra intron 2 86bp VNTR Multiple sclerosis Yes Crusius, 1995
de la Concha,
1997
IL-1Ra intron 2 86bp VNTR Myasthenia gravis No Huang, 1996
IL-1Ra intron 2 86bp VNTR Osteoporosis No Bajnok, 2000
IL-1Ra intron 2 86bp VNTR Perinuclear ANCA Yes Papo, 1999
(A1/A2 genotype) Ulcerative colitis
IL-1Ra intron 2 86bp VNTR Polymyositis and dermatomyositis No Son, 2000
IL-1Ra intron 2 86bp VNTR Rheumatoid arthritis No Cantagrel, 1999
IL-1Ra intron 2 86bp VNTR Rheumatoid arthritis No Perrier, 1998
IL-1Ra intron 2 86bp VNTR Single vessel coronary disease Yes Francis, 1999
IL-1Ra intron 2 86bp VNTR Sjégren’s syndrome Yes Perrier, 1998
IL-1Ra intron 2 86bp VNTR Spondylarthropathies No Djouadi, 2001
IL-1Ra intron 2 86bp VNTR Systemic lupus erythematosus No Danis, 1995
IL-1Ra intron 2 86bp VNTR Systemic lupus erythematosus Yes Blakemore, 1994
Suzuki, 1997
IL-1Ra intron 2 86bp VNTR Type | autoimmune hepatitis No Cookson, 1999
Czaja, 1999
IL-1Ra intron 2 86bp VNTR Ulcerative colitis No Bouma, 1999
IL-1Ra intron 2 86bp VNTR & IL- Myasthenia gravis Yes Huang, 1998

18 + 3953 exon 5
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2
IL-1Ra intron 2 86bp VNTR

(A1/A2/A3 alleles)
IL-1Ra intron 2 86bp VNTR

(ATA1/A3 alleles)

IL-1Ra intron 2 86bp VNTR

(ATA1/A3 alleles)

IL-1Ra intron 2 86bp VNTR

(ATA1/A3 alleles)

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

A1 allele)
A1 allele)
A1 allele)
A1 allele)

A2 allele
A2 allele
A2 allele
A2 allele
A2 allele
A2 allele

- L L L2

IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR
IL-1Ra intron 2 86bp VNTR

A2 allele
A2 allele
A2 allele
A2 allele
A2 allele
A2 allele

NN = I

IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)

IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)

IL-1Ra intron 2 86bp VNTR (A2 allele)
IL-1Ra intron 2 86bp VNTR (A2 allele)

Alcoholism

Juvenile idiopathic inflammatory myopathies
Multiple sclerosis

Primary biliary cirrhosis

HCV-induced cirrhosis

Corneal melting in vasculitis

Multiple myeloma
Osteoporosis
Osteoporotic fractures

CD4 count in HIV

Chronic obstructive pulmonary disease
Early-onset sporadic Alzheimer’s disease
Gastric cancer

Gastric cancer from H. pylori

Idiopathic recurrent miscarriage

IgA nephropathy

Ischemic heart disease
Juvenile idiopathic arthritis
Multivessel coronary disease
Nephropathia epidemica
Polymyalgia rheumatica

Primary sclerosing cholangitis
Severe sepsis

Single-vessel coronary disease
Stenosis after angioplasty
Systemic lupus erythematosus

Tuberculin (Mantoux) reactivity
Ulcerative colitis

Ulcerative colitis
Ureaplasma urealyticum vaginal colonization

Yes (Spanish)

Yes (Caucasians)
Yes

Yes (homozygotes)
Yes (low impact)
No

No
Yes
Yes

No
No
Yes
Yes
Yes
Yes

Yes

No

Yes

No

Yes (protective)

Yes (with susceptibility, not
severity)

No

Yes

Yes

Yes (protective)

Yes (in LD with HLA DR17,
DQ2)

Yes (reduced)

No (Spaniards)

Yes
Yes (negative association)

Pastor, 2000
Rider, 2000
Sciacca, 1999
Arkwright, 2001
Bahr, 2003
McKibbin, 2000

Zheng, 2000
Langdahl, 2000
Langdahl, 2000

Witkin, 2001
Ishii, 2000
Rebeck, 2000
Machado, 2001
El-Omar, 2001
Tempfer, 2001,
Unfried, 2001
Shu, 2000
Manzoli, 1999
Vencovsky, 2001
Francis, 1999
Makela, 2001
Boiardi, 2000

Donaldson, 2000
Fang, 1999
Francis, 1999
Francis, 2001
Tjernstrom, 1999

Wilkinson, 1999
Gonzalez
Sarmiento, 1999
Tountas, 1999
Jeremias, 1999




Table 4.3 (Continued)
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Cytokine and polymorphism Disease Association First author, year'
IL-1Ra intron 2 86bp VNTR (A2 allele) Vulvar vestibulitis Yes Jeremias, 2000
IL-1Ra intron 2 86bp VNTR (A2 allele) Vulvar vestibulitis Yes Jeremias, 2000
IL-1Ra intron 2 86bp VNTR (A2 allele) Decline in lung function Yes Joos, 2001

and IL-18 C511T haplotype
IL-1Ra intron 2 86bp VNTR (A2 allele) Early-onset Yes (combined genotypes Parkhill, 2000

and IL-18 +3953 (allele 2)

IL-1Ra intron 2 86bp VNTR (A2 allele)
and IL-18 +3953 (allele 2)

IL-1Ra intron 2 86bp VNTR (A3 allele)

IL-1Ra intron 2 86bp VNTR A2(-)/
IL-18 + 3953 A1(+)

IL-1Ra nt8061 C—T (Mwol)

IL-1Ra, +2018 (allele 2)

IL-1Ra, +2018 (allele 2)

IL-1Ra, +2018 (allele 2)

IL-1RI

IL-1RI RFLP-A

IL-1a (CA)n intron 5

IL-1a (CA)n intron 5

IL-1a (CA)n intron 5

IL-1a (CA)n intron 5

IL-1a —889

IL-1a —889

IL-1a —889

IL-1a —889

IL-1a —889

IL-1a —889

IL-1a —889

IL-1ae —889 (T allele)
IL-1ae —889 (T allele)
IL-1a —889 T—C

IL-1Tex intron 6

IL-1a +4845, IL-18 +3953
IL-1e +4845, IL-18 +3953

IL-1B

IL-18
IL-18 +IL-1Ra

IL-18 +3953 (nt5887) C—T
IL-18 +3953 (nt5887) C—T (Taq)
IL-18 +3953 (nt5887) C—T (Taq)

IL-18 +3953 (nt5887) C—T (Taq)

nt5887
nt5887
nt5887
nt5887
nt5887
nt5887
nt5887
nt5887

IL-18 +3953
IL-18 +3953
IL-18 +3953
IL-18 +3953
IL-18 +3953
IL-18 +3953
IL-18 +3953
IL-18 +3953

C—T (Taqg!
C—T (Taq!
C—T (Taqg!
C—T (Taqg!
C—T (Taqg!
C—T (Taqg!
C—T (Taq!
C—T (Taq!

~ e~~~ o~~~ —~

IL-18 +3953 (nt5887) C—T (Taql)
IL-18 +3953 (nt5887) C—T (Taql):
allele 1,1 (homozygous)
IL-18 +3953 (nt5887) C—T (Taql): T allele
IL-18 +3953 (nt5887) C—T (Tagl): T allele
IL-18 +3953 (nt5887) C—T (Tagl): T allele
IL-18 +3953 (nt5887) C—T (Tag|): T allele
IL-18 +3953 (nt5887) C—T (Tag|): T allele

periodontitis
Multiple sclerosis

Juvenile idiopathic inflammatory myopathies
Tuberculous pleurisy

Ulcerative colitis

Fibrosing alveolitis

Pouchitis following ileal pouch-anal anastomosis
Restenosis after coronary stenting
Insulin-dependent diabetes mellitus

Insulin-dependent diabetes mellitus

Early-onset pauciarticular juvenile chronic arthritis

Juvenile chronic arthritis

Multiple sclerosis

Rheumatoid arthritis

Alzheimer’s disease

Early-onset Alzheimer's disease

Juvenile chronic arthritis

Juvenile rheumatoid arthritis

Multiple sclerosis

Periodontal disease

Single and multivessel coronary disease

Alzheimer’s disease

Systemic sclerosis

H. pyloriinfection

Rheumatoid arthritis

Periodontitis

Severity of periodontitis and antibody response to
microbiota

Periodontitis

Non-small cell lung cancer
Inflammatory bowel disease

Multiple sclerosis
Adult periodontitis
Alopecia areata

Alzheimer’s disease

Inflammatory bowel disease

Pancreatic cancer

Polymyalgia rheumatica

Severe sepsis

Silicosis

Single and multivessel coronary disease
Spondylarthropathies

Type | autoimmune hepatitis

Wegener's granulomatosis
Primary biliary cirrhosis

Idiopathic recurrent miscarriage

Inflammatory bowel disease

Insulin-dependent diabetes mellitus
Insulin-dependent diabetes mellitus
Insulin-dependent diabetes mellitus (DR3-/DR4-)

increase risk for smokers)

Yes (progression)

Yes (African-Americans)

Yes

Yes
Yes
Yes
Yes (protective)
Yes

Yes
No
No
No
No
Yes
Yes
No
Yes
No
Yes
No
Yes
Yes
No
No
Yes
Yes

Yes

Yes
Yes

No
Yes

Yes (in combination with

KM loci)

Yes (in conjunction with a T, T

genotype in ACT gene)
Yes (white South Africans)
Yes (shortened survival)

No
No
No
No
No
No

No
Yes

No
No
No
No
Yes

Schrijver, 1999

Rider, 2000
Wilkinson, 1999

Stokkers, 1998
Whyte, 2000
Carter, 2001
Kastrati, 2000
Pociot, 1994
Metcalfe, 1996
Bergholdt, 1995
Epplen, 1995
Donn, 1999
Epplen, 1997
Gomolka, 1995
Du, 2000
Grimaldi, 2000
Donn, 1999
McDowell, 1995
Ferri, 2000
Shirodaria, 2000
Francis, 1999
Nicoll, 2000
Hutyrova, 2004
Hamajima, 2001
Bailly, 1995
McDevitt, 2000
Papapanou, 2001

Kornman, 1997
Kornman, 1998
Zienolddiny, 2004
Bioque, 1995
Heresbach, 1997
Kantarci, 2000
Galbraith, 1999
Galbraith, 1999

Licastro, 2000

Mwantembe, 2001
Barber, 2000
Boiardi, 2000
Fang, 1999
Yucesoy, 2001
Francis, 1999
Djouadi, 2001
Cookson, 1999
Czaja, 1999
Huang, 2000
Arkwright, 2001

Hefler, 2001
Hacker, 1998
Lanng, 1993
Kristiansen, 2000
Pociot, 1992




Table 4.3 (Continued)

Genetic Diversity at Human Cytokine Loci in Health and Disease

Cytokine and polymorphism

Disease

Association

First author, year'

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Taql):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Taql):

T allele, IL-TRN VNTR

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele and IL-1a +4845

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-1B +3953 (nt5887) C—T (Taq|):

T allele

IL-18 +3953 (nt5887) C—T (Taql):

T allele

IL-18 +3953 (nt5887) C—T (Tagl):

T allele

IL-1B +3953 (nt5887) C—T (Taq|):

T allele

IL-18 =511 C—>T

IL-18 =511 C—T

IL-18 =511 C>T

IL-18 =511 C—>T

IL-18 =511 G—A (Aval) and
+3953 (nt5887) C—T (Taql)

IL-18 =511 G—A (Aval) and
+3953 (nt5887) C—T (Taql)

IL-18 =511 G—A (Aval), +3953

(nt5887) C—T (Taql), +3877 G—A

IL-18 =511 GoA
IL-18 =511 GoA

IL-18 =511 GoA
IL-18 =511 GoA
IL-18 =511 GoA (Aval)
IL-18 =511 G—A (Aval)
IL-18 =511 G—A (Aval)

IL-18 =511 G—A (Aval)
IL-18 =511 G—A (Aval)

IL-18 =511 G—A (Aval)
IL-18 =511 G—A (Aval)

IL-18 =511 G—A (Aval
IL-18 =511 G—A (Aval
IL-18 =511 G—A (Aval
(

)
)
)
IL-18 =511 G—A (Aval)

Insulin-dependent diabetes mellitus

(with nephropathy)

Joint destruction in rheumatoid arthritis

Localized juvenile periodontitis

Low-grade squamous intraepithelial lesions

Multiple myeloma

Multiple sclerosis
Myasthenia gravis

Peptic ulcer disease
Periodontitis

Periodontitis

Periodontitis

Primary sclerosing cholangitis
Rheumatoid arthritis
Ulcerative colitis

Ulcerative colitis

Wegener's granulomatosis
Gastric cancer

Gastric cancer

Multiple sclerosis

Temporal lobe epilepsy
Alcoholic liver disease
Inflammatory bowel disease

Osteoporotic fractures

Brain alterations in schizophrenics
Early onset of Parkinson’s disease

Localization related epilepsy

Low bone mass in inflammatory bowel disease
Chronic obstructive pulmonary disease

EBV seronegativity
Hippocampal sclerosis

Insulin-dependent diabetes mellitus

Meningococcal disease
Nephropathia epidemica
Parkinson’s disease

Polymyalgia rheumatica
Rheumatoid arthritis

Single and multivessel coronary disease
Temporal lobe epilepsy with hippocampal

Yes

Yes (increased)

No (African-Americans)
Yes

No

No

Yes

Yes (severity)

No (in population of
Chinese heritage)
Yes

Yes
No

Yes (predictive of
erosive disease)
No

Yes
No

No

Yes

No

No

Yes (in Japanese
alcoholics)

Yes

No

Yes

Increased severity
for homozygotes of allele 1

Yes

Yes

No

Yes

Possible association in

Japanese study

No

Increased severity for
homozygotes with either
allele

Yes (protective)

No (although age of onset
in homozygotes was lower)

No

No

No

Possible association for A
homozygotes

Loughrey, 1998
Buchs, 2001
Walker, 2000
Majeed, 1999
Zheng, 2000
Wansen, 1997
Huang, 1998
Garcia-Gonzalez,
2001
Armitage, 2000
Gore, 1998
Socransky, 2000
Donaldson, 2000
Cantagrel, 1999
Bouma, 1999
Stokkers, 1998
Huang, 2000
Kato, 2001
Machado, 2001
Ferri, 2000
Buono, 2001
Takamatsu, 2000
Nemetz, 1999

Langdahl, 2000

Meisenzahl, 2001
Nishimura, 2000

Peltola, 2001
Muldoon, 2001
Ishii, 2000
Hurme, 1998
Kanemoto, 2000

Kristiansen, 2000
Read, 2000

Makela, 2001
Nishimura, 2001

Boiardi, 2000
Cantagrel, 1999
Francis, 1999
Kanemoto, 2000
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Cytokine and polymorphism Disease Association First author, year'
IL-18 =511 G—A (Aval), IL-1a —889, Multiple sclerosis No Luomala, 2001
+3953 C—-T, IL-1Ra VNTR
IL-18 =511 G—A (Aval), IL- Schizophrenia Yes Katila, 1999
Ta —889, IL-TRa VNTR

IL-18 31 C—-T Gastric cancer from H. pylori Yes El-Omar, 2001

IL-18 31 CoT H. pyloriinfection Yes (susceptibility) Hamajima, 2001

IL-2 (CA)n 3'-flanking region Early-onset pauciarticular juvenile chronic arthritis No Epplen, 1995

IL-2 (CA)n 3'-flanking region Inflammatory bowel disease No Parkes, 1998

IL-2 (CA)n 3'-flanking region Multiple sclerosis No Epplen, 1997
He, 1998

IL-2 (CA)n 3'-flanking region Rheumatoid arthritis No Gomolka, 1995

IL-2 (CA)n 3'-flanking region Ulcerative colitis Weak Parkes, 1998

IL-2RB (GT)n 5'-UTR Multiple sclerosis No Epplen, 1997

IL-2RB dinucleotide repeat Schizophrenia No Nimgaonkar, 1995
Tatsumi, 1997

IL-2Ry Severe combined immunodeficiency disease* Yes Clark, 1995
Pepper, 1995
Puck, 1995
O'Marcaigh, 1997
Puck, 1997
Puck, 1997
Wengler, 1998
Fugmann, 1998

IL-3 =16 C—>T Rheumatoid arthritis Yes Yamada, 2001

IL-4 =34 C>T Atopic eczema No Elliott, 2001

|IL-4 =590 C—T (BsmFl) Asthma and atopy Weak Walley, 1996

IL-4 =590 C—T (BsmFl) Asthma and atopy Yes Noguchi, 1998

(Japanese) Kawashima, 1998
IL-4 =590 C—T (BsmFl) Autoimmune thyroid disease Yes Hunt, 2000
IL-4 =590 C—T (BsmFl) Renal allograft rejection No Cartwright, 2001

IL-4 —590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)

IL-4 —590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)

IL-4 —590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)
IL-4 —590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)
IL-4 =590 C—T (BsmFl)

IL-4 intron 2 dinucleotide repeat
IL-4 intron 2 dinucleotide repeat

IL-4 Intron 2, 70bp VNTR

IL-4 Intron 2, 70bp VNTR
IL-4 Intron 3, (GT) repeat
IL-4 Intron 3, (GT) repeat
IL-4 Intron 3, (GT) repeat

IL-4 Intron 3, 70bp VNTR (RP1 allele)

IL-4Ra nt148 A—G (150V)
IL-4Ra nt148 A—G (150V)
IL-4Rant148 A—G (150V)

IL-4Ra nt1902 G—A (R576Q)
IL-4Ra nt1902 G—A (R576Q)
IL-4Ra nt1902 G—A (R576Q)
IL-4Ra nt1902 G—A (R551Q,
previously R576Q)

Acquisition of syncytium-inducing variants
of HIV-1 in patients
Asthma

Asthma

Atopic eczema
Atopy, asthma, rhinitis

Childhood atopic asthma

Crohn’s disease

IgE levels

Insulin-dependent diabetes mellitus
Renal transplantation outcome
Rheumatoid arthritis

IgE levels

Minimal change nephropathy
Multiple sclerosis

Myasthenia gravis
Chronic polyarthritis
Multiple sclerosis
Myasthenia gravis
Rheumatoid arthritis
Atopy/asthma
Childhood atopic asthma
Atopic disease

Asthma

Atopic disease
Chronic polyarthritis
Atopic disease/asthma

Increased (In Japanese
HIV-1+ patients)
Increased in fatal/near
fatal asthma
No (Kuwaiti Arabs)
Yes (in US and Japanese)
No
Yes (Japanese
infant population)
No (Japanese population)
Yes
No
No
Yes
No
No
No
Yes

No
Yes (protective)
No
No
Yes
No
Yes
Yes

No effect on severity
Yes

No

No (Japanese)

Nakayama, 2000
Sandford, 2000
Hijazi, 2000

Elliott, 2001
Zhu, 2000

Takabayashi, 2000
Klein, 2001
Dizier, 1999
Jahromi, 2000
Poole, 2001
Cantagrel, 1999
Dizier, 1999
Parry, 1999
Vandenbroeck,
1997
Huang, 1998
Buchs, 2000
He, 1998
Huang, 1998
Cantagrel, 1999
Noguchi, 1999
Takabayashi, 2000
Mitsuyasu, 1998
lzuhara, 1999
Sandford, 2000
Hershey, 1997
Buchs, 2000
Noguchi, 1999
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Genetic Diversity at Human Cytokine Loci in Health and Disease

Cytokine and polymorphism Disease Association First author, year'

IL-4Ra nt1902 G—A (R551Q, Childhood atopic asthma No Takabayashi, 2000
previously R576Q)

IL-4Ra valS0ile, gIn576arg, Inflammatory bowel disease No Olavesen, 2000
A3044G, G3289A

IL-4Ra nt1682 T—C (S478P) Atopy/asthma Yes Kruse, 1999
(previously S503P)

IL-4Ra nt1902 G—A (R551Q) Atopy/asthma Yes Kruse, 1999
(previously R576Q) Rosa-Rosa, 1999

IL-4Ra nt1902 G—A (R551Q) Crohn'’s disease Yes Aithal, 2001
(previously R576Q), IL-4 —34 C—T

IL-4Ra nt1902 G—A (R551Q, Adult atopic dermatitis Yes Oiso, 2000
previously R576Q)

IL-4Ra nt1902 G—A (R551Q, Minimal change No Parry, 1999
previously R576Q) nephropathy

|L-4Ra, Q576R Mastocytosis Yes (protective) Daley, 2001

|L-4Rar, S786P Asthma No Andrews, 2001

IL-5Ra (GA)n 3'-UTR Early-onset pauciarticular juvenile chronic arthritis No Epplen, 1995

IL-5Ra (GA)n 3'-UTR Multiple sclerosis No Epplen, 1997

IL-5Ra (GA)n 3'-UTR Rheumatoid arthritis No Gomolka, 1995

IL-6 (130 bp allele) Bone loss in inflammatory bowel disease Yes Schulte, 2000

IL-6 (CA)n repeat (allele 1)

IL-6 (intron 4G) and TNF-R2 1690

C allele
IL-6 =174, =597
IL-6 =174 C—G
IL-6 =174 C—G
IL-6 =174 C—G
IL-6 =174 C—G

IL-6 =174 C—G (Nlalll)

IL-6 =174 C—G (Nlalll)
IL-6 =174 G—C (Nlalll)

IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)

IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll)
IL-6 =174 G—C (Nlalll) G allele

IL-6 3' (AT)-rich minisatellite

IL-6 3’ (AT)-rich minisatellite

IL-6 3’ (AT)-rich minisatellite

IL-6 3' (AT)-rich minisatellite
(792bp allele)

IL-6 3' (AT)-rich minisatellite
(796bp and 828bp alleles)

IL-6 3’ (AT)-rich minisatellite
(808bp and 820bp alleles)

IL-6 3" (AT)-rich minisatellite
(828bp allele)

Female menopause
Idiopathic pulmonary fibrosis

Multiple sclerosis
Insulin-dependent diabetes mellitus
Lipid abnormalities

Rejection of renal transplant
Asymptomatic carotid artery atherosclerosis
Kaposi sarcoma

Systemic-onset juvenile chronic arthritis
Abdominal aortic
aneurysms
Alzheimer's disease
Alzheimer's disease
Ankylosing spondylitis

Breast cancer (aggressive)
Graft-versus-host disease
Inflammatory bowel disease
Multiple myeloma

Myasthenia gravis
Osteoporosis

Primary Sjogren’s syndrome
Renal allograft rejection

Renal allograft rejection
Systemic lupus erythematosus
Systemic lupus erythematosus
Lipid abnormalities

Bone loss (bone mineral density)
Myasthenia gravis

Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus

Systemic lupus erythematosus

Systemic lupus erythematosus

Yes (bone mineral density)
Yes

No
Yes
Yes

Yes

Yes

Yes (increased susceptibility
in HIV-infected men)

Yes

Predictor of future
cardiovascular mortality

No

No

No

Yes

Yes (increased severity)
No

No

No

Yes (susceptibility)
No

No

Yes

No

Yes (clinical features)
Yes

Yes

No

Yes

Yes (susceptibility:
Caucasians and
African-Americans)

Yes (protection:
Caucasians)

Yes
(susceptibility: Caucasians)

Yes (protection: African-
Americans)

Tsukamoto, 1999
Pantelidis, 2001

Fedetz, 2001

Jahromi, 2000

Fernandez-Real,
2000

Reviron, 2001

Rauramaa, 2000

Foster, 2000

Fishman, 1998
Jones, 2001

Bagli, 2000

Bagli, 2000

Collado-Escobar,
2000

lacopetta, 2004

Cavet, 2001

Klein, 2001

Zheng, 2000

Huang, 1999

Ferrari, 2001

Hulkkonen, 2001

Cartwright, 2001

Marshall, 2001

Linker-Israeli, 1999

Schotte, 2001

Fernandez-Real,
2000

Murray, 1997

Huang, 1999

Linker-Israeli, 1996

Linker-Israeli, 1999

Linker-Israeli, 1999
Linker-Israeli, 1999

Linker-Israeli, 1999
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Grant Gallagher, Joyce Eskdale and Jeff L Bidwell

Cytokine and polymorphism Disease Association First author, year'
IL-6 3" (AT)-rich minisatellite and Alzheimer's disease Yes Bagli, 2000
IL-6174 G—C (Nlalll) haplotype
IL-6 3" flanking region (9 alleles) Multiple sclerosis Yes (allele determines Vandenbroeck,
course and onset) 2000

IL-6 3’ flanking region (C allele)
IL-6 3" UTR

IL-6 Bglll

IL-6 Mspl & Bglll

IL-6: — 174, — 622

IRF-1 (GT)n intron 7

LTa (TNFB) Asp HI

LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFPB) intron 1 Ncol RFLP

(2/2 genotype)

LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFPB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFPB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFPB) intron 1 Ncol RFLP

LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP

LTe (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP

LTe (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFPB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFB) intron 1 Ncol RFLP

LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTa (TNFB) intron 1 Ncol RFLP
LTe (TNFB) intron 1 Ncol RFLP

Multiple sclerosis

Low bone mineral density

Rheumatoid arthritis

Rheumatoid arthritis, pauciarticular juvenile

rheumatoid arthritis, systemic lupus erythematosus

Mean age of onset of rheumatoid arthritis
Multiple sclerosis

Cardiac transplant rejection

Ankylosing spondylitis

Ankylosing spondylitis

Atopic asthma

Atopy

Autoimmune thyroiditis

Bronchial hyperreactivity in asthma
Cardiac transplant rejection

Chronic lymphocytic leukemia

Disease progression in sepsis (neonates)
Gastric cancer

Graves' disease

Hashimoto's disease

Hyperinsulinemia in coronary artery disease
Idiopathic membranous nephropathy
Inflammatory bowel disease

Insulin resistance

Insulin-dependent diabetes mellitus

Lung cancer
Multiple sclerosis and optic neuritis

Myasthenia gravis

Non-insulin-dependent diabetes mellitus
(hypertriglyceridemia)

Pancreatic cancer

Primary biliary cirrhosis

Primary biliary cirrhosis

Primary sclerosing cholangitis

Proliferative diabetic retinopathy

Rheumatoid arthritis

Rheumatoid arthritis, pauciarticular juvenile
rheumatoid arthritis, systemic lupus
erythematosus, Sjogren’s syndrome

Sarcoidosis

Severe posttraumatic sepsis
Severe sepsis

Severe sepsis

Spontaneous abortion

No
No
No
No

Yes
No
No
No
Yes
Yes (females)

No
No
No
No

Yes (advanced stage)

No

Yes (survival)

via LD with HLA?
No

Yes

via LD with HLA?
No

Yes (decreases)
via LD with HLA?

Yes (survival)
No

Yes
Yes

No

No

via LD with HLA?
No

Yes

No

via LD with

HLA?

No
Yes
Yes
Yes (non-survival)
No

Schmidt, 2000
Takacs, 2000
Blankenstein, 1989
Fugger, 1989

Pascual, 2000
Epplen, 1997
Abdallah, 1999
Verjans, 1991
Fraile, 1998
Trabetti, 1999

Castro, 2000
Chung, 1994
Li Kam Wa, 1999
Abdallah, 1999
Demeter, 1997
Weitkamp, 2000
Shimura, 1995
Badenhoop, 1992
Badenhoop, 1990
Braun, 1998
Medcraft, 1993
Xia, 1995
Hayakawa, 2000
Badenhoop, 1989
Badenhoop, 1989
Badenhoop, 1990
Jenkins, 1991
Pociot, 1991
Yamagata, 1991
llonen, 1992
Feugeas, 1993
Pociot, 1993
Vendrell, 1994
Whichelow, 1996
Shimura, 1994
Hagihara, 1995
Fugger, 1990
He, 1995
Zelano, 1998
Vendrell, 1995

Barber, 1999
Messer, 1991
Fugger, 1989
Bernal, 1999
Kankova, 2001
Vinasco, 1997
Fugger, 1989
Atsumi, 1992
Bettinotti, 1993
Campbell, 1994
Vandevyver, 1994
Somoskovi, 1999
Majetschak, 1999
Stuber, 1995
Fang, 1999
Laitinen, 1992
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Table 4.3 (Continued)

Cytokine and polymorphism Disease Association First author, year'
LTa (TNFB) intron 1 Ncol RFLP Systemic scleroderma Yes Pandey, 1999
LTa (TNFB) intron 1 Ncol RFLP Type 1 respiratory failure Yes (in homozygotes) Waterer, 2001
LTa (TNFB) intron 1 Ncol RFLP Wegener's granulomatosis No Huang, 2000

LTa (TNFB) intron 1 Ncol RFLP & EcoRI Behcet's disease Yes (Ncol) Mizuki, 1992

LTa (TNFB) intron 1 Ncol RFLP (Allele 1) Alcoholic brain atrophy Yes Yamauchi, 2001
LTe (TNFB) intron 1 Ncol RFLP (Allele 1) Myasthenia gravis (early onset) Yes Skeie, 1999

LTa (TNFB) intron 1 Ncol RFLP (Allele 1) Prolonged clinical course of sarcoidosis Yes Yamaguchi, 2001
LTee (TNFB) intron 1 Ncol RFLP (Allele 2)  Childhood immune thrombocytopenia Yes (as part of haplotype Foster, 2001

LTa (TNFB) intron 1 Ncol RFLP

(rare B1 allele)

LT (TNFB) intron 1 Ncol RFLP,
TNFa, b, ¢

NFa11

RANTES —403 G—>A

RANTES —403 G—>A

RANTES —403 G—A

TGFa Allele 4, TGFB Allele 2

TGFa Tagl RFLP

TGFB1 =509 C—>T

TGFB1 =509 C—T, =800 G —»A

TGFB1 —800, —509, nt788 C—T (T263l)
TGFB1 nt509 C—T

TGFB1 nt509 C—T

TGFB1 nt509 C—>T

TGFB1 nt509 C—T and/or

TGFB1 nt 869 T-»C

TGFB1 nt713-8delC

TGFB1 nt713-8delC

TGFB1 nt713-8delC

TGFB1 nt713-8delC

TGFB1 nt713-8delC

TGFB1 nt788 C—T (T263l)

TGFB1 nt788 C—T (T263l)

TGFB1 nt788 C—T (T263))

TGFB1 nt800 G—A

TGFB1 nt800 G—A

TGFB1 nt869 (Leu10Pro)
TGFB1 nt869 (Leu10Pro)
TGFB1 nt869 (Leu10Pro)
TGFB1 nt869 (Leu10Pro)
TGFB1 nt869 (Leu10Pro)

Leu10Pro
Leu10Pro
Leu10Pro
Leu10Pro

TGFB1 nt869
TGFB1 nt869
TGFB1 nt869
TGFB1 nt869

TGFB1 nt869 (Leu10Pro),
TGFB1 nt?15 (Arg25Pro)
TGFB1 nt869 (Leu10Pro),
TGFB1 nt?215 (Arg25Pro)
TGFB1 nt?15 (Arg25Pro)
TGFB1 nt?215 (Arg25Pro)
TGFB1 nt?15 (Arg25Pro)

TGFB1 nt?215 (Arg25Pro
TGFB1 nt?15 (Arg25Pro
TGFB1 nt?15 (Arg25Pro
TGFB1 nt?215 (Arg25Pro
(homozygous for G)
TGFB1 T29C (Leu10Pro)
TGFB1 T29C (Leu10Pro)

Plaque psoriasis
Multiple sclerosis
Proliferative diabetic retinopathy

Atopy and asthma
HIV and asthma
HIV transmission
Cleft lip and cleft palate
Cleft lip
Multiple sclerosis
Systemic sclerosis
Alzheimer's disease
Asthma (elevated IgE)
Coronary artery disease and hypertension
Plasma levels of TGFB1
Susceptibility to
osteoporosis
Diabetic nephropathy
Insulin-dependent diabetes mellitus
Osteoporosis
Osteoporosis
Osteoporosis in beta-thalassemia patients
Coronary artery disease and hypertension
Diabetic nephropathy
Insulin-dependent diabetes mellitus
Coronary artery disease and hypertension
Plasma levels of TGFB1
Bone mineral density
Coronary artery disease and hypertension

End-stage heart failure due to cardiomyopathy

Graft vascular disease (in recipient)
Multiple sclerosis

Ossification of the posterior longitudinal ligament

Osteoporosis and spinal osteoarthritis

Postmenopausal osteoporosis (Japanese)

Recurrence of hepatitis C in liver transplant
recipients

Acute rejection in orthotopic liver transplantation

End-stage liver disease

Atopic dermatitis
Coronary artery disease and hypertension

Fibrotic lung disease and lung allograft fibrosis

Hypertension
Idiopathic dilated cardiomyopathy

Renal failure after clinical heart transplantation

Cardiac transplant vasculopathy

Severity of diabetic nephropathy
Spinal osteophytosis

with FCGR3B)
Yes

No
Yes (high risk allele)

Yes

Yes

Yes

Yes

No

Yes (with HLA-DR2)
No

No

Yes

No

Yes

Yes (Japanese)

No
No
Yes
Yes
No
No
Yes
No
No
Yes
Yes
No
Yes
Yes
Yes (in association with
HLA-DR2)
Yes (Japanese patients)
Yes
Yes
Yes

No
No

Yes
No
Yes

Yes
No
Yes
Yes

No
Yes

Vasku, 2000

Roth, 1994
Vandevyver, 1994

Kumaramanickavel,

2001
Fryer, 2000
Marshall, 2001
McDermott, 2000
Tanabe, 2000
Scapoli, 1998
Green, 2001
Zhou, 2000
Luedecking, 2000
Hobbs, 1998
Syrris, 1998
Grainger, 1999
Yamada, 2001

Pociot, 1998
Pociot, 1998
Langdahl, 1997
Bertoldo, 2000
Perrotta, 2000
Syrris, 1998
Pociot, 1998
Pociot, 1998
Syrris, 1998
Grainger, 1999
Yamada, 2001
Syrris, 1998
Holgate, 2001
Holweg, 2001

Kamiya, 2001
Yamada, 2000
Yamada, 1998
Tambur, 2001

Bathgate, 2000
Bathgate, 2000

Arkwright, 2001
Syrris, 1998
Awad, 1998
Awad, 1998
Li, 1999
Tiret, 2000
Baan, 2000
Densem, 2000

Akai, 2001
Yamada, 2000
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Cytokine and polymorphism Disease Association First author, year'

TGFB—RI missense mutations in Ovarian carcinogenesis Yes Chen, 2001
exons 2,3,4 and 6

TGFB—RI, exon 5 (frameshift Ovarian carcinogenesis Yes Wang, 2000
mutation at codons 276-277)

TGFB—RIl codon 389 C—T Early onset colorectal cancer Yes Shin, 2000

TGFB 1T29C (Leu10Pro)

TGFB 1T29C (Leu10Pro)

TNFa —1031, —863 and
TNFRSF1A —383

TNFa

TNFa

TNFa, TNFb

TNFa, TNFb, TNFc, TNFd
TNFa/b

TNFa1l and a7

TNFa10

TNFa10
TNFa10b4
TNFa11

TNFa11
TNFa11
TNFa11, b4
TNFa12

TNFa13
TNFa1b5
TNFa1b5, a2b1, a2b3, a7b4, abb5

TNFa2

TNFa2

TNFa2

TNFa2

TNFa2

TNFa2

TNFa2

TNFa2 and TNF —238 (G allele)
TNFa2, ab

TNFa2, b3

TNFa2, b3
TNFa2, b4, d5
TNFa2, b4, d5
TNFa3
TNFa4

TNFa6
TNFa6

TNFa6
TNFa6

TNFaé, b5, c1, d3, e3
TNFa7,al1

TNFa9

TNFa9

TNFb2

TNFb3

TNFb3, d4, d5

TNFc

Breast cancer

Myocardial infarction
Human T-cell
lymphotropic virus-1 associated myelopathy
Cardiac transplant rejection
Multiple sclerosis
Multiple sclerosis

Pharyngeal cancer

Rheumatoid arthritis

Basal cell carcinoma

Helicobacter pylori-associated duodenal ulcers

IgA deficiency
Multiple sclerosis
Cervical cancer

Multiple sclerosis

Rheumatoid arthritis (severity)

Multiple sclerosis

Progession to type-1 diabetes form adult-onset
diabetes

Systemic sclerosis

Multiple sclerosis

Insulin-dependent diabetes mellitus

Campylobacter jejuni-related Guillain-Barre
syndrome

Celiac disease

Colorectal cancer

IgA deficiency

Multiple sclerosis

Myasthenia gravis

Rheumatoid arthritis

Alzheimer’s disease

Insulin-dependent diabetes mellitus

Celiac disease

Giant cell arteritis and polymyalgia rheumatica
Basal cell carcinoma

Basal cell carcinoma

Gastric cancer

Proliferative diabetic retinopathy

Early-onset pauciarticular juvenile chronic arthritis
Helicobacter pylori-associated gastric ulcers

Rheumatoid arthritis
Rheumatoid arthritis

Rheumatoid arthritis

Early onset of multiple sclerosis
Insulin-dependent diabetes mellitus (early onset)
Renal transplant rejection

Parkinson’s disease

Laryngeal cancer

Clozapine-induced agranulocytosis

Rheumatoid arthritis

Yes (elderly white and
Chinese)

Yes (males)

No (Japanese patients)

No
Yes (118bp allele)
Yes, via LD with HLA?

No

Yes

Yes

Yes (males: negative
association)

Yes (protective)

Yes

Yes (in association with HLA)

Yes
Yes (in LD with HLA-DRB1)
Yes
Yes

Yes (Japan)
Yes
via LD with HLA?

Yes

Yes

Yes

No

Yes, via LD with HLA?

Yes

Yes

Yes (later onset)

Yes

via LD with HLA-DQ2 +
haplotypes

Yes

Yes

Yes

Yes

Yes (low risk allele)

Yes

Yes (females: negative
association)

Yes (Peru)

Yes (with HLA-DRB1 shared
epitope)

Yes

Yes

Yes

Yes

Yes (reduced risk of disease)

Yes

Yes

Yes

Ziv, 2001; Shu, 2004

Yokota, 2000
Nishimura, 2000

Abdallah, 1999
McDonnell, 1999
Sandberg-
Wollheim, 1995
Matthias, 1998
Martinez, 2000
Hajeer, 2000
Kunstmann, 1999

De la Concha, 2000

Allcock, 1999

Ghaderi, 2001
Ghaderi, 2000

Lucotte, 2000

Mu, 1999

Allcock, 1999

Obayashi, 2000

Takeuchi, 2000
Allcock, 1999
Monos, 1995
Hajeer, 1996
Ma, 1998

Metcalfe, 1996
Gallagher, 1998

De la Concha, 2000
Epplen, 1997
Hjelmstrom, 1998
Gomolka, 1995
Perry, 2001

Pociot, 1993

Polvi, 1998

Mattey, 2000

Hajeer, 2000

Hajeer, 2000

Saito, 2001

Kumaramanickavel,
2001

Epplen, 1995

Kunstmann, 1999

Castro, 2001
Mattey, 1999

Mulcahy, 1996
Boiko, 2000
Obayashi, 1999
Asano, 1997
Kruger, 2000
Matthias, 1998
Turbay, 1997
Bali, 1999
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Table 4.3 (Continued)

Cytokine and polymorphism Disease Association First author, year'
TNFc Ulcerative colitis (progression) Yes Bouma, 1999
TNFc1 Rheumatoid arthritis Yes Mulcahy, 1996
TNFc2 HIV disease progression Yes Khoo, 1997
TNFd Multiple sclerosis No McDonnell, 1999
TNFd3 Cardiac transplant rejection Yes Turner, 1995
TNFd3 Graft-versus-host disease in allogeneic bone Yes Middleton, 1998
marrow transplantation
TNFd3d3 HLA-identical bone marrow transplantation Yes (early mortality) Cavet, 1999
TNFd4 Renal transplant rejection Yes Asano, 1997
TNFd4 and dé Basal cell carcinoma Yes Hajeer, 2000
TNFd4 and dé Basal cell carcinomas Yes Hajeer, 2000
TNFd4 and TNF 1031C allele Unrelated donor stem cell transplantation Yes (increased mortality) Keen, 2004
TNFd7 Colorectal cancer Yes Saito, 2001
TNFRSF1A (p55) C52F TNF receptor-associated periodic syndromes Yes McDermott, 1999
TNFRSF1B Schizophrenia No Wassink, 2000
TNFRSF1B (p75) exon 6, M196R Crohn’s disease No Kawasaki, 2000
TNFRSF1B (p75) exon 6, M196R Narcolepsy No Hohjoh, 2000
TNFRSF1B (p75) exon 6, M196R Rheumatoid arthritis No Shibue, 2000
TNFRSF1B (p75) exon 6, M196R Rheumatoid arthritis Yes Barton, 2001
TNFRSF1B (p75) exon 6, M196R SLE (Japanese) Yes Komata, 1999
TNFRSF1B (p75) exon 6, M196R Systemic lupus erythematosus No Al-Ansari, 2000
Sullivan, 2000
TNFRSF1B (p75) exon 6, M196R Systemic lupus erythematosus No Lee, 2001
TNFRSF1B (p75) exon 6, M196R Thai adult malaria sensitivity No Hananantachai,
2001
TNFRSF1B 3'-UTR SSCP “7/8" Graves' disease No Rau, 1997
TNFRSF1B 3'-UTR SSCP “7/8" Insulin-dependent diabetes mellitus No Rau, 1997
TNFRSF1B 3'-UTR SSCP "7/8" Systemic lupus erythematosus No Sullivan, 2000
TNFRSF1B Intron 4 (CA repeat) Familial combined hyperlipidemia Yes Geurts, 2000
TNFRSF1B (p75) exon 6, M196R Autoimmune diseases accompanied by vasculitis No Takahashi, 2001
TNFRSF1B, Intron 4 (CA16 allele Coronary artery disease Yes Benjafield, 2001
in microsatellite)
TNFRSF1B, nt168 (K56K) Systemic lupus erythematosus No Tsuchiya, 2000
TNFa —863C/A and —308G/A Coronary artery disease and myocardial infarction No Koch, 2001
TNFa +488A Common variable immunodeficiency Yes Mullighan, 1997
TNFa —1031 HTLV-1 uveitis Yes Seki, 1999
TNFa —1031 Kawasaki disease No Kamizono, 1999
TNFa —1031 (C allele) Crohn’s disease Yes Negoro, 1999
TNFa —1031 (C allele) Ophthalmopathy in Yes Kamizono, 2000

TNFa —1031 (C allele)
TNFa —1031 (C allele)
TNFa —1031, —863, —857,
—308, —238
TNFa —1031C, —863A haplotype
TNFa —1031C, —863A, —857C
TNFa —163
TNFa —238
TNFa —238
TNFa —238

TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238
TNFa —238

Graves' disease

Parkinson'’s disease

Systemic juvenile chronic arthritis
Psoriatic arthritis

Insulin-dependent diabetes mellitus
Crohn's disease

Non-insulin-dependent diabetes mellitus
Alcoholic steatohepatitis

Ankylosing spondylitis

Ankylosing spondylitis

Antiphospholipid syndrome
Antiphospholipid syndrome

Brucellosis

Cancers (gastric, uterine, renal and cervical)
Cardiac transplant rejection

Chronic active hepatitis C

Chronic hepatitis B

Early-onset pauciarticular juvenile chronic arthritis
Early-onset psoriasis

Insulin resistance (decreased)

Kawasaki disease

Multiple sclerosis

Multiple sclerosis

Yes (early onset)
Yes
No

No
Yes
No
Yes

No (German populations)

Yes (in HLA-B27
negative patients)
No
No
No
Yes (protective)
No
Yes
Yes
No
No
Yes
No
No
Yes

Nishimura, 2001
Date, 1999
Hamamoto, 2000

Hamaguchi, 2000
Kawasaki, 2000
Hamann, 1995
Grove, 1997
Milicic, 2000
Gonzalez, 2001

Bertolaccini, 2001
Bertolaccini, 2001
Caballero, 2000
Jang, 2001
Abdallah, 1999
Hohler, 1998
Hohler, 1998
Epplen, 1995
Jacob, 1999

Day, 1998
Kamizono, 1999
Epplen, 1997
Huizinga, 1997
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Cytokine and polymorphism Disease Association First author, year'
TNFa —238 Non-insulin-dependent diabetes mellitus No Hamann, 1995
TNFa —238 Periodontitis (adult) No Galbraith, 1998
TNFa —238 Primary sclerosing cholangitis No Bernal, 1999
TNFa —238 Psoriasis Yes (males) Reich, 1999
TNFa —238 Rheumatoid arthritis No Vinasco, 1997
TNFa —238 Rheumatoid arthritis Yes (erosion) Brinkman, 1997
TNFa —238 Rheumatoid arthritis Yes (joint destruction) Kaijzel, 1998
TNFa —238 Scarring trachoma (chlamydial) No Conway, 1997
TNFa —238 Silicosis Higher for severe form, Yucesoy, 2001
lower for moderate form
TNFa —238 Type | autoimmune hepatitis No Cookson, 1999

Czaja, 1999
Ankylosing spondylitis Yes (via LD with HLA-B27) Kaijzel, 1999
Insulin resistance syndrome No (Danish populations) Rasmussen, 2000
Chagas’ disease No Beraun, 1998

TNFa —238 (A allele)
TNFa —238 (G/A), —308 (G/A)
TNFa —238, —244, —308

TNFa —238, —308 Ankylosing spondylitis No Fraile, 1998
TNFa —238, —308 Carbamazepine hypersensitivity reactions Yes, via LD with HLA Pirmohamed, 2001
TNFa —238, —308 Hepatitis C-induced cirrhosis Yes (histological severity) Yee, 2000

TNFa —238, —308 Meningococcal disease No Westendorp, 1997

TNFa —238, —308 Multiple sclerosis No Lucotte, 2000
Anlar, 2001

TNFa —238, —308 Pneumoconiosis Yes (TNFa —308) Zhai, 1998

TNFa —238, —308

Systemic lupus erythematosus (Whites and
Black S. Africans)

No, via LD with HLA?

Rudwaleit, 1996

TNFa —238, TNFa Systemic lupus erythematosus (Italians) No D'Alfonso, 1996
TNFa —308 Actinic prurigo No Carey, 1998
TNFa —308 Acute rejection in orthotopic liver transplantation Yes Bathgate, 2000
TNFa —308 Adult asthma No Louis, 2000
TNFa —308 Adult asthma Yes (but no phenotypic Thomas, 2001
difference)
TNFa —308 Alcoholic steatohepatitis No Grove, 1997
TNFa —308 Ankylosing spondylitis No Verjans, 1994
TNFa —308 Atherosclerosis No Keso, 2001
TNFa —308 Atherosclerosis No Wang, 2000
TNFa —308 Atopic asthma No Trabetti, 1999
TNFa —308 Atopy, asthma, rhinitis No Zhu, 2000
TNFa —308 Bipolar affective puerperal psychosis No Middle, 2000
TNFa —308 Body fat content Yes (AA genotype) Hoffstedt, 2000
TNFa —308 Bronchial hyperreactivity in asthma Yes, via LD with HLA? Li Kam Wa, 1999
TNFa —308 Brucellosis Yes (1/2 genotype) Caballero, 2000
TNFa —308 Cardiac transplant rejection No Turner, 1995
TNFa —308 Cardiac transplant rejection No Abdallah, 1999
TNFa —308 Celiac disease via LD with HLA? Manus, 1996
TNFa —308 Celiac disease Yes de la Concha, 2000
TNFa —308 Cerebral malaria Yes McGuire, 1994
TNFa —308 Chronic active hepatitis C No Hohler, 1998
TNFa —308 Chronic hepatitis B No Héhler, 1998
TNFa —308 Chronic lymphocytic leukemia No Wihlborg, 1999
TNFa —308 Chronic lymphocytic leukemia Yes Demeter, 1997
TNFa —308 Chronic obstructive pulmonary disease No Higham, 2000
TNFa —308 Chronic obstructive pulmonary disease No Higham, 2000
Ishii, 2000
TNFa —308 Chronic obstructive pulmonary disease Yes (homozygous for Keatings, 2000
A allele)
TNFa —308 Corneal melting in systemic vasculitis No McKibbin, 2000
TNFa —308 Coronary heart disease No Herrmann, 1998
TNFa —308 Dermatitis herpetiformis via LD with HLA? Wilson, 1995
TNFa —308 Early-onset pauciarticular juvenile chronic arthritis No Epplen, 1995
TNFa —308 Graft-versus-host disease in allogeneic bone marrow  No Mayer, 1996
transplantation Middleton, 1998
TNFa —308 Hepatitis C-related liver failure Yes (TNF2) Rosen, 1999
TNFa —308 HIV-encephalitis No Sato-Matsumura,
1998
TNFa —308 Hodgkin's disease No Wihlborg, 1999
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Cytokine and polymorphism Disease Association First author, year'
TNFa —308 Idiopathic dilated cardiomyopathy No (TNF2) Tiret, 2000
TNFa —308 Infant malarial infection and morbidity No Stirnadel, 1999
TNFa —308 Inflammatory bowel disease Trend Louis, 1996
TNFa —308 Insulin resistance No Day, 1998
TNFa —308 Insulin resistance and obesity No Lee, 2000
TNFa —308 Insulin resistance syndrome No da Sliva, 2000
TNFa —308 Insulin-dependent diabetes mellitus No, via LD with HLA? Pociot, 1993
Wilson, 1993
Deng, 1996
TNFa —308 Irritant contact dermatitis Yes Allen, 2000
TNFa —308 Kawasaki disease No Kamizono, 1999
TNFa —308 Leprosy No (tuberculoid) Roy, 1997
TNFa —308 Leprosy Yes (lepromatous) Roy, 1997
TNFa —308 Lichen sclerosus No Clay, 1996
TNFa —308 Liver damage in hereditary hemochromatosis Yes (protective) Fargion, 2001
TNFa —308 Metabolic syndrome No Lee, 2000
TNFa —308 Multiple myeloma No Zheng, 2000
TNFa —308 Multiple sclerosis No He, 1995
Epplen, 1997
Wingerchuck, 1997
Huizinga, 1997
TNFa —308 Nephropathia epidemica Yes Kanerva, 1998
TNFa —308 Non-insulin-dependent diabetes mellitus No Hamann, 1995
TNFa —308 Obesity Yes Herrmann, 1998
TNFa —308 Pancreatic cancer No Barber, 1999
TNFa —308 Periodontitis (adult) No Galbraith, 1998
TNFa —308 Polycystic ovaries No Milner, 1999
TNFa —308 Primary sclerosing cholangitis Yes Bernal, 1999
TNFa —308 Rejection of pediatric heart transplant Yes (low TNF is protective) ~ Awad, 2001
TNFa —308 Renal allograft rejection No Cartwright, 2001
TNFa —308 Renal failure, acute mortality Yes Jaber, 2004
TNFa —308 Rheumatoid arthritis No Lacki, 2000
TNFa —308 Rheumatoid arthritis Yes (Nodular disease) Vinasco, 1997
TNFa —308 Rheumatoid arthritis, systemic lupus erythematosus  Yes, via LD with HLA? Wilson, 1994
Danis, 1995
TNFa —308 Sarcoidosis No Somoskovi, 1999
TNFa —308 Scarring trachoma Yes Conway, 1997
TNFa —308 Schizophrenia Yes Boin, 2001
TNFa —308 Sclerosing cholangitis Yes Bathgate, 2000
TNFa —308 Septic shock Yes Mira, 1999
TNFa —308 Severe malarial and other infections Yes Wattavidanage,
1999
TNFa —308 Severe sepsis No Stuber, 1995
TNFa —308 Silicosis Yes Yucesoy, 2001
TNFa —308 Subacute systemic lupus erythematosus Yes Werth, 2000
TNF a—308 Systemic lupus erythematosus Yes (TNF2+ genotypes Rood, 2000
independent of DR3)
TNFa —308 Systemic lupus erythematosus and nephritis (Koreans) Yes, via LD with HLA? Kim, 1995
Kim, 1996
TNFa—308 Systemic lupus erythematosus (African-Americans) Yes Sullivan, 1997
TNFa —308 Systemic lupus erythematosus (Chinese) No, via LD with HLA? Fong, 1996
TNFa —308 Type 1 autoimmune hepatitis Yes, via LD with HLA? Cookson, 1999
Czaja, 1999
TNFa —308 UVB-induced immunosuppression No Allen, 1998
TNFa —308 Venous thromboembolism No Brown, 1998
TNFa —308 Wegener's granulomatosis No Huang, 2000
TNFa —308 (G—=A) and LTa Coronary Possible Padovani, 2000
(TNFB Ncol (A—G) atherothrombotic disease
TNFa —308 (G/A or A/A) Rejection in renal transplants Yes Reviron, 2001

TNFa —308 (TNF1)
TNFa —308 (TNF1)
TNFa —308 (TNF1)

TNFa —308 (TNF1)

Adult periodontitis
Ankylosing spondylitis
Childhood immune thrombocytopenia

Helicobacter pylori-associated duodenal ulcers

Yes (advanced disease)
Yes
Yes (as part of haplotype
with FCGR3A)
Yes (females)
(increased risk)

Galbraith, 1999
McGarry, 1999
Foster, 2001

Kunstmann, 1999
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Cytokine and polymorphism Disease Association First author, year'

TNFa —308 (TNF1) Idiopathic dilated cardiomyopathy No Tiret, 2000

TNFa —308 (TNF1) and LT« (allele 2) Leprosy Yes (susceptibility) Shaw, 2001

haplotype

TNFa —308 (TNF1/1) Primary biliary cirrhosis Yes (late stage disease) Jones, 1999

TNFa —308 (TNF1/2) Chronic obstructive pulmonary disease No Higham, 2000
Teramoto, 2001

TNFa —308 (TNF1/2) Chronic obstructive pulmonary disease Yes Sakao, 2001

TNFa —308 (TNF1/2) Corneal melting in vasculitis No McKibbin, 2000

TNFa —308 (TNF1/2) Parkinson’s disease Yes Kruger, 2000

TNFa —308 (TNF1/2) Thai adult malaria severity No Hananantachai,
2001

TNFa —308 (TNF2) Acute graft-versus-host disease Yes Takahashi, 2000

TNFa —308 (TNF2) Alveolitis in farmers’ lung Yes Schaaf, 2001

TNFa —308 (TNF2)

TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308

TNF2
TNF2
TNF2
TNF2
TNF2
TNF2
TNF2
TNF2
TNF2
TNF2

TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)

TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308
TNFa —308

TNF2
TNF2
TNF2
TNF2
TNF2
TNF2

TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2)
TNFa —308 (TNF2) —1031, —863,
—857 and —237
TNFa —308 (TNF2) and LT« (allele2)
haplotype
TNFa —308 (TNF2) and LTa
(TNFB) Ncol
TNFa —308 (TNF2) and LTa G allele
TNFa —308 (TNF2), TNF —238
TNFa —308 and IL-10 —1082 G—A
TNFa —308 and IL-10 —1082 G—>A

TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol

Ankylosing spondylitis

Ankylosing spondylitis

Asthma

Atopy

Bone cancer

Breast carcinoma

Cardiac sarcoidosis

Childhood asthma

Chronic beryllium disease

Crohn's disease (steroid-dependent)

Delayed-type hypersensitivity reaction in the skin
of borderline tuberculoid leprosy patients

Erythema nodosum

Excessive fat accumulation (females)
Fibrosing alveolitis

Infection with H. pylori caga

Leprosy

Malaria morbidity and childhood morbidity
Meliodosis

Mortality from septic shock
Multiple sclerosis

Myasthenia gravis

Myasthenia gravis (early onset)
Neuritis in leprosy

Obesity

Primary biliary cirrhosis

Primary biliary cirrhosis

Primary sclerosing cholangitis
Pulmonary sarcoidosis (Lofgren)
Recurrent pregnancy loss
Rejection of renal transplant
Spontaneous preterm birth
Subacute cutaneous lupus erythematosus
Systemic lupus erythematosus
Ulcerative colitis

Palmoplantar pustulosis

Leprosy
Chronic obstructive pulmonary disease

Septic shock

Ankylosing spondylitis
Cardiac transplant rejection
Renal transplant rejection

Asthma
Asthma (childhood)
Asthma and atopy (Italians)

No (protective haplotype
in HLA-B27 positives)
Yes (German populations)

Yes

Yes

No (in children)

Yes

Yes

Yes (UK/Irish populations)
Yes

Yes

Yes

Yes

Yes (TNF2 homozygotes)
Yes

Yes

Yes (protective)

Yes

Yes

Yes

No

Yes (in LD with HLA?)

Yes

Yes (heterozygotes)

Yes (Caucasian
populations)

Yes

Yes (negative association)

Yes

Yes (in LD with HLA?)

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes (protective)

No (in Caucasoid
individuals)

Yes

No (English populations)

Yes

Yes, TNFa — 308 alone

Yes
Yes
Yes (LTa (TNFB) Ncol only)

Rudwaleit, 2001

Milicic, 2000
Chagani, 1999
Castro, 2000
Patio-Garcia, 2000
Mestiri, 2001
Takashige, 1999
Winchester, 2000
Maier, 2001

Louis, 2000
Moraes, 2001

Labunski, 2001
Hoffstedt, 2000
Whyte, 2000
Yea, 2001
Santos, 2000
Aidoo, 2001
Nuntayanuwat,
1999
Tang, 2000
Maurer, 1999
Huang, 1999
Skeie, 1999
Sarno, 2000
Brand, 2001

Tanaka, 1999
Gordon, 1999
Mitchell, 2001
Swider, 1999
Reid, 2001
Pelletier, 2000
Roberts, 1999
Millard, 2001
Rood, 2000
Hirv, 1999
Niizeki, 2000

Shaw, 2001
Patuzzo, 2000

Waterer, 2001
Milicic, 2000
Turner, 1997
Sankaran, 1998
Sankaran, 1998
Moffatt, 1997
Albuquerque, 1998
Trabetti, 1999




58

Table 4.3 (Continued)

Genetic Diversity at Human Cytokine Loci in Health and Disease

Cytokine and polymorphism

Disease

Association

First author, year'

TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol

TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol
TNFa —308 and LTa (TNFB) Ncol

( )
( )
( )
TNFa —308 and LTa (TNFB)
( )
( )
( )

TNFa —308 G/A

TNFa —308 G/A

TNFa —308, —238, TNFa2
(2-1-2 haplotype)

TNFa —308, TNF B

TNFa —376 G—A

TNFa =376 G—>A

TNFa —376 G—A

TNFa —376 G—A

TNFa —376 G—>A
TNFa —850

TNFa =850 C—T
TNFa —850 C—T

Colorectal cancer

Congestive heart failure

Dermatitis herpetiformis

Hairy cell leukemia

Mucocutaneous leishmaniaisis
Multiple sclerosis

Non-Hodgkin's lymphoma (outcome)
Early-onset periodontitis

Obesity and insulin resistance
Alzheimer's disease

Acute pancreatitis
Ankylosing spondylitis
Cardiac transplant rejection
Multiple sclerosis

Multiple sclerosis

Non-insulin-dependent diabetes mellitus
Narcolepsy

Alzheimer's disease

Vascular dementia

Yes (B Ncol only)

No Kubota, 1998
Yes Messer, 1994
No Demeter, 1997
Yes Cabrera, 1995
Yes (development) Mycko, 1998
Yes Warzocha, 1998
No Shapira, 2001
No Romeo, 2001
Yes Collins, 2000
No Powell, 2001
No Kaijzel, 1999
No Abdallah, 1999
No Huizinga, 1997
Yes (HLA-independent) Fernandez-Arquero,
1999
No Hamann, 1995
No Kato, 1999

Yes (with apolipoprotein E)
Yes

Park, 1998

McCusker, 2001
McCusker, 2001

TNFa —857 Kawasaki disease No Kamizono, 1999
TNFa —857 (T allele) Crohn’s disease Yes Negoro, 1999
TNFa —857 (T allele) Insulin-dependent diabetes mellitus No Hamaguchi, 2000
TNFa —857 (T allele) Insulin-dependent diabetes mellitus No Hamaguchi, 2000
TNFa —857 (T allele) Narcolepsy Yes Hohjoh, 1999
TNFa —857 (T allele) Non-insulin-dependent diabetes mellitus Possible association for Kamizono, 2000
obese —857 T
homozygotes
TNFa —857 (T allele) Progression to adult T cell leukemia from Yes Tsukasaki, 2001
human T cell lymphotropic virus-1
TNFa —857 (T allele) Rheumatoid arthritis Yes Seki, 1999
TNFa —857 (T allele) Systemic juvenile chronic arthritis Yes Date, 1999
TNFa —857 (T allele), TNFRSF1B Human T cell lymphotropic virus-1 Yes (Japanese Nishimura, 2000
(exon 6, T-Q), LTa (TNFB) Ncol associated myelopathy patients)
TNFa —863 HTLV-1 uveitis Yes Seki, 1999
TNFa —863 Kawasaki disease No Kamizono, 1999
TNFa —863 (A allele) Crohn’s disease Yes Negoro, 1999
TNFa —863 (A allele) Ophthalmopathy in Graves’ disease Yes Kamizono, 2000
TNFa —863 (A allele) Systemic juvenile chronic arthritis Yes Date, 1999
TNFa —863 (A allele) Clearance of hepatitis C virus Yes, varying by race Thio, 2004
TNFa —863 (A allele), Diabetes No Hamaguchi, 2000
TNFa —1031 (C allele) Diabetes No Kamizono, 2000

T Full references are provided in the appropriate Genes and Immunity reviews and supplements (references 1-3) and in the references found here.

implicating them as disease-associated loci in their own
right, is complicated by the MHC and age and likely other
genetic and environmental factors. How well we as a
research community deal with these complications will
determine how efficiently the influence of cytokine
immunogenetics on disease is elucidated.
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Don't shoot the messenger.

INTRODUCTION

Signal transducing molecules are the intracellular
messengers necessary for generating the immune
response. ‘Shooting the messenger’ or inactivation of
signal transducing molecules by genetic mutation or by
products of invading microorganisms results in immuno-
deficiency disease or infection.

Immune responses are driven by stimulation of immune
cells from pathogens, antigens, cytokines and factors
affecting growth or survival. These stimuli trigger
responses via cellular receptors; signals are transduced
by protein adapters and enzymes leading to modifica-
tion, cleavage or release of proteins, activation and
nuclear translocation of transcription factors and up or
down modulation of expression of genes whose products
are responsible for generating biological responses.

The immune response is complex and diverse because
it involves many cell types, principally macrophages, natu-
ral killer cells and dendritic cells of the innate immune
system and T and B cells of the adaptive immune system.
These cells have specialized functions in immunity
designed to elicit specific actions in response to specific
stimuli. In keeping with this, the signal transduction
systems utilized are often cell specific or unique either
individually or in combination. It is not possible to
comprehensively cover this entire field in one chapter in
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Chapter
)

a book. Therefore in this chapter, we present broad
concepts referenced to recent reviews and examples of
signaling molecules that are relevant to each branch of
the immune response to different stimuli and examples
that are important to human disease.

All cells of the immune system receive signals that
orchestrate their development, maintenance, growth,
proliferation, survival or death. This review will focus on
signaling in response to ‘activation’ stimuli that constitute
an immune response, but it is important to remember
that these responses are intimately related to these
‘maintenance’ or developmental signals. For example,
the deletion of autoreactive T cells that recognize ‘self’
antigens during the development of an immune response
utilizes the same T cell receptor that will be later used to
generate an antigen-specific immune response to foreign
antigen. The difference, it seems, is that ligand engage-
ment at low versus high affinity with the same receptor
can activate different signals that mediate the opposite
effects of cell death by apoptosis, versus survival and pro-
liferation. This is one example of the subtlety of signaling
in the immune system.

The first thing that the developed immune system ‘sees’
is foreign material, whether it be pathogen or antigen. The
first line of defense, the innate immune response is now
realized to contain a sensing system called the toll-like
receptors (TLR). The 11 characterized members of this
receptor family recognize the so-called pathogen associ-
ated molecular patterns (PAMPs) of infectious organisms
including bacteria, viruses, flagellates, parasites and

Copyright © 2005, Elsevier. All rights reserved.
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Table 5.1 Extracellular signals affecting immune cells

Maintenance stimulus

Cell type Activation stimulus

Macrophage PAMP cytokines, chemotaxis  cell contacts
Dendritic cell PAMP, cytokines, chemotaxis  cell contacts
NK cell Cell, cytokines, chemotaxis cell contacts
NKT cell Cell, cytokines, chemotaxis cell contacts
B cell antigen, cytokines, chemotaxis cell contacts
T cell antigen, cytokines, chemotaxis cell contacts

growth, survival, death
growth, survival, death
growth, survival, death
growth, survival, death
growth, survival, death
growth, survival, death

potential ‘endogenous’ ligands (Janeway and Medzhitoy,
2002). Activation of these receptors in cells of the innate
immune system such as macrophages and dendritic cells
(DC), result in the production of cytokines and chemokines
that orchestrate the subsequent phase of the host
response, including an inflammatory response through
cytokines such as IL-6, TNFa and IL-1, and immune activa-
tion through IL-12, IFNe, B and y and cytokines. Cytokines
such as interferon (IFN) have many specific functions, such
as protection of exposed cells from viral infection, activa-
tion of NK and other cells, and survival of memory T cells
(Hertzog et al., 2003). Once the innate immune system is
activated, the cytokines generated either by pathogen
recognition by the innate immune system or antigen stimu-
lation of DC, B or T cells act further on the immune cells
to generate specific responses. In addition to soluble or
humoral stimuli, immune cells also receive signals directly
from cells with which they are in contact. The classic exam-
ple of this is the coreceptor signals activated by antigen
presenting cells when engaged with T cells. Aspects of
T and B cell signaling, receptors and transcription factors
will be discussed elsewhere in this book. Therefore, signal-
ing by the T cell and B cell receptors of the adaptive
immune response and chemokines that signal for the
recruitment of immune cells to the appropriate tissue
compartment — a lesion, lymph node or central immune
organ — will not be covered in this chapter. Nevertheless it
is noteworthy that many signaling factors are common to
the multiple arms of the immune system, particularly MAP
kinases, PI3 kinase and CD45; whereas others such as src
family kinases are better characterized in the adaptive
immune response (Mustelin and Tasken, 2003). The focus
of signaling in this chapter will therefore be on intracellular
proteins involved in the initial phase of TLR activation and
the secondary phase of cytokine action.

TLR SIGNALING MOLECULES IN RESPONSETO
PATHOGENS

The toll-like receptor family currently comprises 11 trans-
membrane receptors characterized by an extracellular
domain with leucine rich repeats and a cytosolic toll-IL-1
receptor (TIR) signaling domain that shares homology
with the IL-1 receptor family (Janeway and Medzhitoy,
2002; O'Neill, 2004). Ex vivo studies and knockout mice

have been widely used to determine the microbial prod-
uct specificities of various TLRs. These studies have
shown that TLR2 is activated primarily by lipoproteins in
conjunction  with  TLR1, TLR3 recognizes viral
dsRNA/polyl:C, TLR4 is predominantly activated by LPS,
TLR5 recognizes bacterial flagellin, TLR6 recognizes
MALP-2 from mycobacteria in conjunction with TLR2,
TLR7 and TLR8 recognize imidazoquinoline compounds
and viral single-stranded RNA, TLR? responds to
unmethylated bacterial CpG DNA, and the recently
described TLR 11 recognizes uropathogenic bacteria
(O'Neill 2004; Diebold et al.,, 2004; Heil et al., 2004;
Takeda and Akira, 2004; Zhang et al., 2004).

The TIR domain is found not only in transmembrane
receptors, but also in several key cytosolic signaling
adapters involved in TLR signaling termed MyD88, Mal,
TRIF and the recently described TRAM (Takeda and Akira,
2004). These adaptors assemble signal transduction com-
plexes that contain adaptor molecules and kinases
including IRAK-1, IRAK-4 and TRAF6, which subsequently
activate the IKK signalsome leading to activation of the
prototypic inflammatory transcription factor, NF-xB, MAP
kinases and IRF3 which culminates in pro-inflammatory
cytokine production and subsequent immune responses.
These responses will either successfully remove the threat
to the host, or if this response recurs through dysregula-
tion, will eventuate in chronic inflammation and possibly
septic shock.

TIR-containing adapters
MyD88

MyD88 is a common TIR-containing adaptor protein
recruited to all ligand-activated TLR and IL-1 receptor family
members allowing the proximal recruitment and subse-
quent activation of IRAK-1/4 and TRAF6 (see below).
Activation of this complex leads to phosphorylation of
the IKK signalsome, culminating in nuclear translocation of
NF-«B. MyD88 is a 296 amino acid protein, consisting of a
TIR domain (159-296) and an N-terminal death domain
(54-109) responsible for homotypic death domain recruit-
ment of proteins such as IRAK-1 (Akira et al., 2001). A critical
role for MyD88 in TLR and IL-1 signaling was found with the
generation of MyD88-deficient mice (MyD88-/-) mice.
These mice displayed a normal response to non-
TLR-mediated signaling (TNF, IL-2), whereas their response



to IL-18 (IL-1R), LPS (TLR4), MALP2 (TLR2), CoG-DNA (TLR?)
and pl:C (TLR3) was severely impaired. This supported the
role of MyD88 as a universal adapter for TIR-containing
receptors. However, NF-«kB nuclear translocation by LPS
and poly I:C signaling was delayed, but not inhibited (Kawai
et al,1999). Furthermore, the induction of interferon
(IFN) B and IFN-regulated genes (IRGs) were found to be
unimpaired in LPS-treated MyD88-/- cells, suggesting the
presence of an 'MyD88-independent’ signaling pathway
(Kawai et al., 2001) responsible for the detection and
response to the two major activators of innate immunity,
bacteria and viruses. These data support earlier reports of
the importance of activation of the IFN system in response
to LPS (Hwang et al., 1995; Hamilton et al., 1996; Hertzog
et al., 2003).

Mal/TIRAP

Mal/TIRAP was the second TIR-containing adaptor protein
to be identified. Mal consists of 235 amino acids, consti-
tuting a TIR domain (84-235), and an N-terminal domain
(1-83) of no known function. Mal was found to inhibit
TLR4-induced activation of NF-«B, but had no effect upon
TLR-9- or IL-1R-mediated activation (Fitzgerald et al,,
2001). These results suggested Mal to be an adaptor for
TLR4-mediated signaling. Mal dimerized with both MyD88
and TLR4. Ectopic expression data also suggested a role
for Mal in LPS-induced apoptosis, and activation of IRF-3
leading to the expression of IFNB (Shinobu et al., 2002).
Mal-/- mice were more resistant to the toxic effects of LPS
and Mal-/- macrophages resembled MyD88-/-derived
macrophages, in that there is no LPS-induced expression
of IL-6, TNF or IL-12p40, while LPS-mediated activation of
NF-«B and JNK was delayed, but not inhibited (Hornig
et al., 2002; Yamamoto et al., 2002a). The activation of IRF-3
by LPS and the regulation of IRF-3-dependent genes such
as IP-10 and IFNB were apparently intact, suggesting that
Mal was not the missing adaptor responsible for the
'MyD88-independent’ pathway. Furthermore, double
knockout mice that are deficient in both Mal and MyD88
were still responsive to LPS-induced activation of IRF-3
and the induction of CD80/CD86, confirming that the
'MyD88-independent’ signaling pathway was intact and
that neither Mal nor MyD88 compensated for the other
(Yamamoto et al., 2002a). The response of Mal-/- cells to
TLR2 ligands was totally abolished, as was found with
MyD88-/- mice. This finding implicates Mal and MyD88 as
essential adaptors for TLR2-mediated signaling. These
studies therefore failed to identify a specific role for Mal in
TLR4-mediated signaling; however, it clearly showed the
implicit role of Mal in TLR4-mediated NF-«kB-dependent
gene expression.

TRIF and TRAM

A combination of overexpression experiments and gene-
deficient mice has found that TIR-domain-containing
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adaptor inducing IFNB (TRIF) and TRIF-related
adaptor molecule (TRAM) appear to regulate this 'MyD88-
independent’ pathway. Overexpressed TRIF in vitro
activated an IFNB promoter, but only weakly activated
NF-kB. Truncated forms of TRIF suggested the C-terminus
mediates IFNB promoter activation and the TIR-containing
N-terminal mediates NF-kB activation (Yamamoto et al.,
2002b; Oshiumi et al., 2003). Two independent studies
found TRIF-deficient and TRIF-mutated mice defective in
both TLR3- and TLR4-mediated expression of IFNB and
activation of IRF3. Furthermore, LPS-induced cytokine
production was severely impaired and MyD88/TRIF dou-
ble knockouts displayed complete loss of NF-kB nuclear
translocation. The MAP kinase pathway however was
found to be unaffected (Yamamoto et al., 2003a; Hoebe
et al., 2003). TRAM overexpression also activates IRF3
leading to IFNB production, but unlike the other adaptors,
appears to be specific for the TLR4 pathway (Fitzgerald
et al., 2003; Bin et al., 2003). Crucially, TRAM-deficient
mice showed defects in cytokine production in response
to TLR4 ligand, but not other TLR ligands, and importantly,
TLR4- but not TLR3-mediated MyD88-independent IFNB
production and activation of signaling pathways were
abolished (Yamamoto et al., 2003b). Furthermore, TRAM
was found to act upstream of TRIF in TLR4-mediated
signaling.

IRAKS 1, 2, M and 4

IRAK-1 is a serine/threonine kinase that is recruited by
MyD88 to the signaling complex, then undergoes phospho-
rylation, dissociates from the complex and initiates
downstream signaling events by associating with TRAFé
(Cao et al., 1996). Further studies have shown that the
phosphorylation of IRAK-1 induces polyubiquitination,
thereby targeting IRAK-1 for degradation by the 26S pro-
teasome. However, it was found that NF-«kB activation,
and the cytokine and stress response in IRAK-1 deficient
mice were reduced, but not abolished, on challenge with
IL-1, IL-18 and LPS (Kanakaraj et al., 1998,1999; Thomas
et al,, 1999; Swantek et al., 2000). These results sug-
gested that while IRAK-1 may be crucial for an optimal
response to TIR-mediated signaling, there is con-
siderable redundancy within IRAK function (Medzhitov
et al., 1998).

Perhaps the most important member of the IRAK family
is IRAK-4. In IRAK-4-deficient mice IL-1 responses were
completely inhibited, there being no residual NF-«B acti-
vation, nor cytokine production, in contrast to that seen in
the IRAK-1-/- mice (Suzuki et al., 2002b). IRAK-4-/- mice
were also highly resistant to LPS-induced septic shock
and unable to clear Staphylococcus aureus infections.
Interestingly however, LPS-induced NF-kB activation and
stress responses were still detected in IRAK-4-/- cells, but
with delayed kinetics. These results suggest that IRAK-4
plays a non-redundant role in TIR-mediated signaling
and may affect the stability or activation of components
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of the TIR-signaling complex. In vitro kinase assays have
demonstrated that IRAK-4 can induce the phosphoryla-
tion of IRAK-1 and data indicate that IRAK-4 likely func-
tions upstream of IRAK-1 and may activate IRAK-1 such
that it can then undergo autophosphorylation, signal
complex disengagement and subsequent degradation
(Suzuki et al., 2002a).

The remaining members of the IRAK family, namely
IRAK-M (Wesche et al., 1999) and IRAK-2 (Muzio et al.,,
1997), have been suggested to act as negative regulators
of TIR signaling. Both are capable of activating NF-«B acti-
vation when overexpressed. It has been proposed that
IRAK-M functions in a regulatory role by inhibiting dissoci-
ation of the IRAK-1/IRAK-4 complex from ligand-induced
TIR dimerization by either effecting the stabilization of the
IRAK complex, or inhibiting the phosphorylation of IRAK-1
and IRAK-4. Indeed, cells stimulated with LPS show
increased expression of IRAK-M, thereby increasing this
inhibitory effect and further suggesting a regulatory role
for this protein. IRAK-M deficient mice (IRAK-M-/-) show
enhanced TLR signaling, exhibiting enhanced cytokine
production, increased intestinal inflammatory responses
and enlarged and inflamed Peyer's patches when chal-
lenged with bacteria (Kobayashi et al., 2002).

TRAF6/TAB1/TAB2/TAK1

TRAF6 belongs to a family of proteins first described to
participate in TNF signaling, however a physiological role
for TRAF6 was initially described, as a signal mediator in
IL-1 signaling. Characteristics of the family include a C-ter-
minal region of homology known as the TRAF domain,
which facilitates TRAF protein oligomerization and interac-
tion with other signaling proteins. TRAF6 is unique among
the TRAF protein family in that it is the only protein mem-
ber that does not directly interact with the receptor com-
plex (Cao et al., 1996). Overexpression of TRAF6 was shown
to activate NF-«B and JNK and p38, MAP kinases, suggest-
ing that TRAF6 may be the point of divergence for NF-xB
and MAPK kinase activation. However, Wang et al. (2001)
found that oligomerization of TRAFé, in the presence or
absence of signaling from the IL-1R complex, triggers its
ubiquitination through the action of TRAFé-regulated IKK
activator 1 (TRIKAT). This is an example of ubiquitination
not targeting a protein for proteasomal degradation, but
promoting signal transduction. They also purified TRIKA2,
which was found to comprise TAK1, TAB1 and TAB2. It was
found that ubiquitinated TRAF6 directly activates TAK1,
which recruits TAB2 from the cell membrane to the cyto-
plasm. TAK1 is then able to activate IKK through an as yet
unknown  mechanism.  The dissociation of the
TRAF6/TAK1/TAB1/TAB2 complex from the membrane-
bound TIR/IRAK-1 complex allows the ubiquitination and
degradation of IRAK-1. The translocation of this complex
to the cytosol and subsequent interaction with additional
signaling mediators, induces the phosphorylation of TAK1
and the activation of both JNK and NF-«B.

IkB and IKK and NF-«kB activation

NF-kB is sequestered in the cytoplasm of unstimulated
cells comprising a transcriptionally active dimer bound to
the inhibitory protein kB (Ghosh and Baltimore, 1990).
Upon stimulation with potent activators of NF-kB, such as
the IL-1 or LPS, activation of the large molecular weight,
serine specific |kB kinase (IKK) complex rapidly phospho-
rylates |kB. This targets the inhibitor protein for ubiquiti-
nation and subsequent degradation (Karin, 1999). As with
the NF-«B protein family, there are several isoforms of IkB
protein (including IkBa, kBB and IkBe) that bind with
varying affinities to a variety of NF-kB complexes, thus
conferring different regulation on NF-«B translocation in
a tissue specific manner. In all members of the IkB family,
two serine residues (Ser®, Ser®) are crucial as impor-
tant sites of phosphorylation by IKKs, and one tyrosine
residue (Tyr*?) also undergoes phosphorylation (202, 236).
Biochemical and structural analysis has also shown that
IkBa has multiple interactions with individual NF-«B com-
plexes concealing the DNA localization domain (Chen
and Ghosh, 1999). IkBa, B and € have been demonstrated
to preferentially target pé5 and cRel containing com-
plexes, masking their nuclear localization sequence and
thus preventing nuclear translocation. IkBe, IkBB and e
become inducibly phosphorylated on serine residues
which target them for ubiquitination subsequent pro-
teolytic degradation (Karin, 1999). The selective targeting
of particular IkB proteins by various stimuli increases the
means by which NF-«B activation is regulated. For exam-
ple, IL-1, TNF, LPS and the phorbol ester PMA target
|kBa, whereas kBB is only responsive to IL-1 and LPS,
presumably via a TIR specific pathway.

A high molecular weight multiprotein complex termed
the signalsome with |kB kinase activity was isolated from
TNF-treated Hela cells. Purification of this 900 kDa multi-
protein complex identified two proteins of 85 and 87 kDa
that demonstrated kB kinase activity (Mercurio et al.,
1997). Microsequencing demonstrated that active IKK is
a complex consisting of the initial formation of IKKa
(IKK1) and IKKB (IKK2) as a heterodimer, followed by the
subsequent addition of either a dimer or trimer of IKKy
(also known as NEMO) proteins. IKKa and IKKB have simi-
lar primary structures with a 52 per cent overall homology,
containing N-terminal kinase domains, leucine zippers
and helix-loop-helix motifs in the C-terminus. The degree
of homology between the IKKs suggests that the two
kinases may have functionally redundant roles in the cell.
IKKa-/- mice have been found to die within 4 h after birth
and show severe developmental defects consistent with a
role for IKKa in regulating epidermal differentiation. In
addition, studies on these mice showed that IKKa was not
essential for IKK complex activation by pro-inflammatory
stimuli (Hu et al.,1999; Takeda et al.,1999). In contrast,
IKKB deficient mice are embryonically lethal as a result of
massive liver apoptosis, exhibiting a phenotype similar
to pb5 knockout mice (Li et al., 199%9a). They also



demonstrate very little NF-«kB activation in response to
IL-1 or TNF, indicating that IKKB is predominantly respon-
sible for regulating IKK complex activation in response to
IL-1. It has been found that IKKa and IKKB act as the cat-
alytic subunits of the kinase complex. IKKy has no identifi-
able catalytic domain, but contains a leucine zipper
inserted in helix-loop-helix motifs acting as the regulatory
subunit (Karin, 1999).

Other signaling factors in TLR signaling

There are more signaling pathways activated by TLR
engagement than those which activate the NFkB and
IRF3 pathways. Other major pathways that are currently
receiving less focus than the above include the MAP
kinases, p38, JNK and ERK (Fig. 5.1).

SIGNALING MOLECULES MEDIATING
CYTOKINE RESPONSES

The cytokine family is extensive, being composed of
interleukins, IL-1 to -27, colony stimulating factors (CSFs)
and interferons (IFNs) among many others. Despite
the diversity of this family of protein ligands and their
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| TLR-REGULATED GENE EXPRESSION |

Figure 5.1 TLR-regulated gene expression. TLR signaling involves a
cascade of distal events leading to gene regulation. Following interaction
with a PAMP (pathogen associated molecular patterns) usually derived
from a pathogen or occasionally endogenous ligands, downstream
signaling results in activation and translocation of regulatory factors to
the nucleus including AP1, NF-«B, and IRF3.
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receptors, the signal transduction has common patterns
(Boulay et al., 2001). This is largely due to the family of
JAK kinases and signal transducers and activators of tran-
scription (STATs) that are involved in signaling in all cases.

JAK family kinases

In the mammalian system, there are four JAKs, including
JAKT, JAK2, JAK3 and TYK2 that preferentially preassoci-
ate with cytokine receptors.

TYK2 was the first to be discovered in ascreen of a T cell
cDNA library with c-fms catalytic domain (Krolewski et al.,
1990), while JAK1, JAK2 and JAK3 were cloned utilizing a
PCR strategy using primers corresponding to conserved
motifs within the catalytic domain of Tyk2 (Wilks, 1991;
Harpur et al., 1992). Once activated by ligand binding and
subsequent trans-phosphorylation, the JAKs have three
functions; first, they phosphorylate their associated recep-
tors on tyrosine residues (Colamonici et al., 1994) which
become STAT docking sites (see below). The second func-
tion of JAKs is the subsequent phosphorylation of tyrosine
residue on the STAT proteins (Darnell et al., 1994). Thirdly,
JAKs are able to assist in the formation/stability of the
receptor complex in the membrane, generating the high-
est affinity for its respective ligand, as TYK2 does for
IFNAR1T (Velazquez et al., 1995). While most of the litera-
ture discusses the JAKs in terms of phophorylating STAT
proteins, they also associate or activate GRB2, SHP2, VAV
and STAM resulting in the activation of multiple pathways
(Yin et al., 1997; Chauhan et al., 1995; Matsuguchi et al.,
1995; Takeshita et al., 1997). Activated JAKs have also
been shown to bind to SOCS family members which tar-
get proteins for proteasomal degradation (Yasukawa et al.,
1999: Nicholson et al., 1999) (see below).

JAK proteins range in size from 110kDa to 140kDa, pos-
sess a C-terminal protein kinase domain (JH1), an adjacent
kinase or kinase-related domain (JH2) plus a further five
domains extending towards the N-terminus (JH3-7)
(Harpur et al., 1992). The JH1 domain, which is the tyrosine
kinase domain, has been reported to require the pseudo-
domain JH2, in order to elicit its catalytic activity (Velazquez
etal., 1995). The remaining five domains, JH3-7, have been
implicated in receptor association. The chromosomal loca-
tions of each of the JAKs have been identified in humans
as chromosomes 1 for JAK1, 9 for JAK2 and 19 for JAK3
and TYK2 (Krowlewski et al., 1990; Pritchard et al., 1992;
Riedy et al., 1996). In mice, Jak1, Jak2, Jak3 and Tyk2 local-
ize to chromosome 4, 19, 8 and 9 respectively (Gough
et al., 1995; Kono et al., 1996; Mouse Genome Informatics
Scientific Curators, 2002). JAK1, JAK2 and TYK2 are
expressed ubiquitously and bind to numerous cytokine
receptor subunits, whereas JAK3 appears to be restricted
to cells of hematopoietic origin (lhle, 1995).

JAKT

JAK1 is activated by the cytokines type | IFN and IFNy,
IL-10 and -13, the y common chain-utilizing cytokines such
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Table 5.2 JAK family kinase usage by cytokines

JAK1 IFNa IFNy IL-10

JAK2 IFNy IL-12 IL-13
JAK3

Tyk2 IFNa IL-10 IL-12 IL-13

IL-13 yc Cytokines?®
EPO Bcom Cytokines®
yc Cytokines®

gp130 Cytokines®
gp 130 Cytokines®

gp130 Cytokines®

2 yc utilizing cytokines = IL-2, IL-4, IL-7, IL-4, IL-9, IL-15
58 common utilizing cytokines = IL-3, IL-5, GM-CSF
€ gp130 utilizing cytokines = IL-6, IL-11, oncostatin M, CNTF, LIF

as IL-2 and IL-15 and the gp130-utilizing cytokines such as
IL-6. It was demonstrated using JakT mutant cells (U4A)
that JAK-1 was essential for signaling in vitro (Miller et al.,
1993). The Jak1-/- mice exhibited perinatal lethality from
both defective neural function and lymphoid develop-
ment consistent with the necessity for this kinase in CNTF
signaling in neurons and y common chain signaling in
immune cells (Rodig et al., 1998).

JAK2

JAK? is activated by cytokines IFNy, IL-12 and -13, erythro-
poietin, cytokines GM-CSF, IL-3 and IL-5 that signal via
the B-common chain and the gp130 utilizing cytokines.
A Jak2 mutant cell line (y1A) failed to respond to IFNy
(Neubauer et al., 1998) but responded normally to IFNa/B
(Watling et al., 1993) indicating that JAK2 was not
involved in type | IFN signaling. The Jak2-/- mutation
causes embryonic lethality in mice resulting from the
absence of erythropoiesis and anemia due to the failure
of erythropoietin signaling (Neubauer et al., 1998;
Parganas et al., 1998; Aringer et al., 1999). These data,
along with the Jak? mutant studies, indicated that
although sequence/structural similarity exists between
these proteins, there is little functional redundancy within
this family.

JAK3

JAK3 specifically interacts with the y common chain in
response to IL-2, IL-4, IL-7, IL-9 and IL-15 signaling. Cells
deficient for Jak3 are therefore deficient in y common
chain signaling, especially in response to IL-2 (Oakes et al.,
1996). Therefore it is not surprising that JAK3 plays an
essential role in y common chain dependent lymphoid
development (Di Santo et al., 1995; Cao et al.,, 1995;
Thomis et al., 1995; Nosaka et al., 1995; Park et al., 1995).
Jak3-/- mice suffer from severe immunodeficiency due to
a marked reduction in the number of T and B cells
(Nosaka et al., 1995; Park et al., 1995; Thomis et al., 1995)
and exhibit a phenotype similar to human severe com-
bined immunodeficiency (SCID) resulting from JAK3
mutations (Macchi et al., 1995; Russell et al., 1995). Unlike
JAKT, JAK2 and TYK2, JAK3 appears to have little or no
effect on the IFN system.
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Figure 5.2 Biological effects. Paradigm for cytokine signal transduction.
Following interaction of a prototypic type 1 interferon with its receptor,
JAKT and Tyk2 drive stat phosphorylation, heterodimerization and
ultimately targeting of interferon stimulated response elements (ISRE)
driving expression of interferon stimulated genes (ISG).



TYKZ

Tyk2 is activated by type | IFN, IL-10, 12 and 13 and gp130
utilizing cytokines. In the IFN system, TYK2 associates
with IFNAR1 (Uze et al., 1990; Yang et al., 1996) and posi-
tively influences ligand binding, perhaps by stabilizing
the receptor in the plasma membrane. TYK2-deficient
cells (11,1) do not respond to IFNea, but residual
responses to IFNB were detected (Velazquez et al., 1995).
Tyk2-/- mice display no overt developmental abnormali-
ties, but demonstrated suboptimal responses to type |
IFNs and have a defect in IL-12 induced T cell function
(Shimoda et al., 2000). The fact that there is residual sig-
naling occurring in response to type | IFNs in Tyk2 defi-
cient cells suggests that unlike the other JAK proteins
there may be some TYK2 functional redundancy, as IFN
signaling is not dependent on fully functional TYK2.
Recent studies have demonstrated that Tyk2-/- mice are
resistant to septic shock induced by LPS treatment, mak-
ing Tyk2 a component of the LPS signaling pathway
(Karaghiosoff et al., 2003).

SIGNAL TRANSDUCERS AND ACTIVATORS OF
TRANSCRIPTION (STATs)

The STAT proteins, which form an integral part of the
majority of cytokine signaling, were first discovered
through investigations into transcription factors which
bound to promoter regions of IFN stimulated genes
(ISGs) (Darnell et al., 1994). Subsequently, seven struc-
turally and functionally related STATs have been identi-
fied, including STAT1, STAT2, STAT3, STAT4, STATS5a,
STAT5b and STAT6. All STATs are expressed ubiquitously,
with the exception of STAT4, which is expressed only in
the brain, heart, spleen, blood cells and testis (Fu et al.,
1992, Zhong et al., 1994; Akira et al., 1994; Yamamoto
etal., 1994: Wakao et al., 1994; Hou et al., 1994; Mui et al.,
1995; Azam et al., 1995; Lin et al., 1996). Generally, STATs
are involved in signaling from the cell membrane recep-
tors following recruitment to activated receptor com-
plexes to the nucleus. Once in the nucleus, they mediate
transcriptional regulation in response to numerous
growth factor and cytokine families (Darnell et al., 1994,
Darnell, 1997).

Genetic mapping of the STAT gene family has demon-
strated that in both human and mouse, the STAT/Stat
genes localize to three separate clusters on different
chromosomes. Both STAT1/Stat1 and STAT4/Stat4 cluster
together on human chromosome 2 and mouse chromo-
some 1. STAT2/Stat2 and STAT6/Staté make up the sec-
ond group localized to human chromosome 12 and
mouse chromosome 10, with the remaining STAT3/Stat3,
STAT5a/Stat5a and STAT5b/Stat5b localized to human
chromosome 17 and mouse chromosome 11 (Copeland
et al., 1995; Lin et al., 1995). The similarities in the cluster-
ing and structure of both human and mouse STAT/Stat
genes, suggest that each of the STATs has evolved from a
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number of tandem duplications during the evolution of
multicellular organisms (Hou et al., 1996).

The STAT proteins range in size from 750 to 850 amino
acids with six functional domains. The domains include
the amino terminal domain (NH2) which has been impli-
cated in interactions with receptor domains and other
transcription factors such as CBP/p300 and PIAS proteins
(Horvath, 2000; Shuai, 2000). The coiled-coiled domain
(CCD) forms an interactive surface to which other helical
proteins such as IRF9 are able to bind (Horvath and
Darnell, 1996). The DNA binding domain (DBD) makes up
the region that recognizes DNA sequences within pro-
moter regions of STAT induced genes. STAT1 dimers can
interact with gamma activated sequence (GAS) elements
in both IFNy and IFNa/B signaling. STAT2 is the only
STAT that does not interact directly with DNA (Qureshi
et al., 1995). The linker domain connects the DBD to the
SH2 domain and has been implicated in transcriptional
regulation through interactions with the SH2 domain,
which is a docking site for interaction with other transcrip-
tion factors (Chen et al., 1998; Yang et al., 1996). The SH2
domain contains the tyrosine activation motif that is inte-
gral in signaling. The SH2 domain plays an important role
in recruitment to the receptor chain, interaction with the
activated JAKs and the subsequent hetero- or homo-
dimerization (Shuai et al., 1994; Gupta et al., 1996,
Barahmand-Pour et al., 1998). The transcriptional activa-
tion domain (TAD) located at the carboxyl terminus is
poorly conserved between the STAT proteins and thus
gives each of the STATs some specificity. Each of the
STATs harbors conserved domains as discussed which
suggests that they each carry out similar functions albeit
within different signaling pathways activated by numerous
stimuli.

The STATs are predominantly involved in pathways that
utilize receptor subunits lacking in intrinsic kinase activity
and hence recruit JAKs. However, STATs have been shown
to be activated by receptor tyrosine kinases EGF-R and
CSF1-R (Leonard and O’Shea, 1998; Schindler and
Strehlow, 2000) as well as non-receptor kinases such as src
and abl (Bromberg and Darnell, 2000).

STAT1

Studies using mutant STATT cells (U3A) (McKendry et al.,
1991) have demonstrated that STAT1 is required for both
type I and Il IFN signaling, evidence which was supported
by data resulting from the generation of the Statl-/-
mouse (Durbin et al., 1996). Numerous ligands activate
STAT1 in vitro, however, the Stat?-/- mouse developed
normally and demonstrated a lack of type | and Il IFN sig-
naling, in particular immune responses to viruses
and bacteria (Durbin et al.,, 1996; Meraz et al., 1996).
Surprisingly, these mice still respond normally to other
cytokines and growth factors which activate STAT1 in vitro
(Larner et al., 1993; Fu and Zhang, 1993; Finbloom and
Winestock, 1995; Wen et al., 1995).
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STAT2

STAT2 is only known to be activated by type | IFNs. Mutant
cell lines lacking functional STAT2 (UbA) were used to dis-
cover that STAT2 is required for ISGF3 formation in
response to IFNa/B and there was a lack of STAT1 homo-
dimer formation in response to IFNa/B in the Stat2 defi-
cient cells (Leung et al., 1995). The phenotype exhibited by
Stat2-/- mice involves unresponsiveness to type | IFN, a
high susceptibility to viral infection and defects in
macrophages and T cell responses. This evidence sup-
ported a role for IFNs in innate and acquired immune
responses. Type | IFNs were unable to induce ISGF3 driven
or GAS driven genes in Stat2-/- mice (Park et al., 2000).

STAT3

STAT3 is activated primarily by cytokines that act through
the gp130 receptor subunit (Gadina et al., 2001), as well
as type | IFNs (Owczarek et al., 1997) and IL-10. Stat3-/-
mice are embryonic lethal, perhaps due to a defect in LIF
signaling and conditionally targeted mice demonstrate a
role for STAT3 in myeloid cell inflammatory responses via
IL-10 signaling, G-CSF signaling and mammary gland
epithelial function.

STAT4

STAT4 is expressed at high levels in thymus, spleen and
activated T cells and is activated by IL-12. Accordingly,
Stat4-deficient mice have defective Th1 differentiation
due to deficient IL-12 signaling (Kaplan et al., 1996,
Thierfelder et al., 1996). Type | IFNs can activate STAT4 in
human but not murine cells via STAT2. A microsatellite
insertion in the murine Stat2 prevents this interaction (Farrar
et al., 2000). This result represents an important example of
different immune responses between species, which might
explain why type | IFNs can induce Th1 differentiation in
humans but not in mice.

STATS

There are two STATS genes, 5a and 5b, which are acti-
vated by prolactin, growth hormone and IL-2 (Gadina
et al, 2001). Statsa deficient mice have impaired
mammary gland development and lactation (Liu et al.,
1997). Statbb deficient mice exhibit defects in sex gland
development and growth hormone signaling (Udy et al.,
1997). Immune defects are also evident in Stat5 null
mice. These include aberrant NK cell development and
T cell responses to IL-2.

STAT6

STAT6 activation by IL-4 is well characterized and by IL-13
less so. Staté-/- mice fail to develop Th2 responses due to
the deficiency in IL-4 signaling (Takeda et al., 1996;

Shimoda et al., 1996) and are more susceptible to allergic
and asthmatic disease (Miyata et al., 1999).

Non-JAK/STAT cytokine signaling

While the discovery of the JAK/STAT signaling pathways
and the elucidation of their role in cytokine signaling has
revolutionized our understanding of signal transduction
and generation of immune responses, it has become clear
that additional pathways are necessary to generate the
diversity of responses of which cytokines are capable. This
is best characterized in the interferon system where the
JAK/STAT pathway was first described and most exten-
sively studied. For example, the IFNa growth inhibitory
signal in lymphocytes requires the expression and associa-
tion to IFNAR of phosphatase CD45 and tyrosine kinases
LCK and ZAP70, signaling proteins that have best been
characterized for their role in T cell receptor signaling
(Petricoin et al., 1997). Activation of the type | IFN complex
can result in the engagement of multiple proteins includ-
ing insulin receptor substrate 1 (IRS1) and IRS2 (Uddin
et al.,, 1995; Platanias et al., 1996), the regulatory p85 sub-
unit of phosphatidylinositol 3-kinase (PI3kinase) (Pfeffer
et al.,, 1997) and activation of MAP kinases (Platanias,
2003). As genome-wide technologies enable a more thor-
ough analysis of gene expression, so the complexity of
signal transduction pathways is becoming evident. For
example STAT independent signaling in response to IFNs
results in the altered expression of many genes with
potentially important biological consequences (Ramana
et al., 2002).

INTERFERON REGULATORY FACTORS (IRFs)

The IFN regulatory factor (IRF) family of nine transcription
factors (IRF1-9) are not only involved in the production
and responses to cytokines, but some are also involved
in TLR responses to PAMPs (see above). Furthermore,
not only do they function as transcription factors, but as
binding partners to form signaling complexes such as
the IRF9, which binds to STAT1 and STAT2 to form the
ISGF3 signaling complex. The IRF family have been exten-
sively characterized for their role in IFN signal transduc-
tion and IFN production, but also have important roles in
signaling for other cytokines such as IL-6 and IL-15, in
immune functions and cell growth (Nguyen et al., 1997;
Taniguchi et al., 2001). The multiple members of this fam-
ily all share 125 amino acid homology at the N-terminal
region which encodes the DNA binding domain that
binds to IFN response elements (IREs) within promoter
regions of ISGs and IFN genes. The more divergent
C-terminal domain serves as the regulatory domain and
aids in the classification of the IRFs into three groups.
The three groups include activators (IRF1, IRF3, IRF7 and
IRF9/ISGF 3y/p48), repressors (IRF2 and IRF8/ICSBP) and
lastly those that can behave as either activators or



repressors (IRF2 and IRF4/LSIRF/Pip) (Taniguchi et al.,
2001). Generally, IRFs are capable of interacting with
other IRF proteins and also with members of other tran-
scription factor families to modify translocation, binding
to their cognate IRE elements in target gene promoters
and in transactivation.

IRF1

IRF1 was discovered as a transcription activator of type |
IFNs, but subsequently found also to function in signaling
in response to type | and Il IFNs as well as other cytokines.
The Irf1-/- mice were immunodeficient, lacking the
expression of gene products involved in antigen presen-
tation, Th1 and NK cell responses (Matsuyama et al.,
1993; Duncan et al., 1996; White et al., 1996).

IRF2

IRF2 is a transcriptional repressor of cytokine signaling,
like IRF1, identified for its role in regulation of IFN pro-
duction (in this case repression) and response. The genera-
tion of the Irf2-/- mouse supported the importance of
IRF2 as a regulator of IFN signaling. The responses to
type | IFNs were uncontrolled which leads to abnormal
CD8+ T cell activation (Hida et al., 2000). These mice were
also unable to respond to IL-12 and therefore failed to
induce Th1 cell differentiation and NK cell development
(Lohoff et al., 2000) which made them susceptible to viral
infection. The Irf2 deficient mice develop an inflammatory
skin disease caused by a continual low level of ISGF3
induction, suggesting that IRF2 is required to keep a bal-
ance between the beneficial and harmful effects of the
type | IFNs (Hida et al., 2000).

IRF3

IRF3 is activated downstream of TLR3, recognition of
virus, and TLR4, recognition of LPS, which through the
adapter molecule TRIF/TICAM1 activate the kinases
IKKe and TBK1 (Fitzgerald et al., 2003). Once IRF3 is acti-
vated it plays a very important role in the induction of
IFN genes following viral infection, being directly
responsible for the activation of IFNB and IFNa4 expres-
sion (Marie et al., 1998; Yoneyama et al., 1998; Noah
et al., 1999).

IRF4

IRF4 induces immunoglobulin gene expression and is
essential for maturation and homeostasis of lymphocytes.
Expression of IRF4 is limited to T and B cell lineages
(Eisenbeis et al., 1995; Matsuyama et al., 1995). Irf4-/-
mice are immunodeficient with defects in both B and T
cell proliferation resulting in an imbalance in lymphocyte
homeostasis (Mittrucker et al., 1997).
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IRF5 and 6

IRF5 and 6 are the least characterized. Both IRF5 and 6 are
structurally related and IRF5 is induced by IFNa/B; however,
how IRFé6 is induced is unknown (Taniguchi et al., 2001).

IRF7

IRF7 was originally cloned as a factor that bound to a
promoter region in the Epstein-Barr virus using a yeast
one-hybrid system (Zhang and Pagano, 1997). IRF7, once
induced, is present in the cytoplasm as an inactive protein
that is also phosphorylated on specific C-terminal
residues by TBK1 and/or possibly IKKe kinases (Fitzgerald
et al., 2003; Sharma et al., 2003). IRF7 has an important
role in the regulation of IFNA genes other than A4.
Human cells deficient for IRF7 are unable to induce the
expression of these genes (Yeow et al., 2000). Therefore it
appears that both IRF3 and IRF7 together are responsible
for the induction of the full spectrum of the type | IFN
genes in response to viral infection, but the priming
action of IRF3 on the production of IFNs B and A4 is nec-
essary for the secondary production of the remaining
IFNa genes driven by IRF7.

IRF8

The IFN consensus sequence binding protein (ICSBP)/
IRF8 was originally identified as a protein that bound to
ISREs in the promoter region of MHC class | (Driggers
et al., 1990, Weiz et al., 1992). Expression of IRF8 is
induced by IFNvy, not IFNa/B and is restricted to myeloid
and lymphoid cell lines (Driggers et al., 1990). The func-
tion of IRF8 is similar to that of IRF2 in that it represses
ISG expression (Nelson et al., 1993). [rf8-/- mice have
been generated and present with chronic myelogenous
leukemia (CML)-like disease and immunodeficiency
(Holtschke et al., 1996). Interestingly, patients who suffer
from CML have suppressed IRF8 expression. When these
patients are administered IFNa, IRF8 expression is restored,
suggesting that IRF8 may act as a tumor suppressor
(Schmidt et al., 1998).

IRF9

IRF? was previously known as p48 or ISGF3y as it was
IFNvy inducible (Levy et al., 1990, Matsumoto et al., 1999)
and forms a heterotrimeric transcription factor, binding to
the STAT1:STAT2 heterodimer through its carboxyl-terminal
domain termed as IFN stimulated gene factor 3 (ISGF3).
This transcriptional activation complex is then able to
cross the nuclear membrane where IRF? and STAT1 are
able to bind to the DNA in specific regions termed ISREs
(Horvath and Darnell, 1996; Martinez-Moczygemba et al.,
1997). Mice deficient for Irf? fail to survive viral infection,
which is not surprising as no ISGF3 dependent genes are
able to be induced in response to IFN (Kimura et al.,
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1996). Human cells which lack IRF9 are unable to express
IRF7, therefore no IFNA genes are able to be induced
(Sato et al., 1998).

NEGATIVE REGULATION OF SIGNALING

An important advance in our understanding of the fine-
tuning of signaling responses is the discovery of negative
regulators. These occur at all levels of responses: extra-
cellular through soluble receptors and binding proteins,
intracellular as negative regulators of signal transduc-
tion, transcriptional repressors and products of gene
expression with negative effects on biological functions.
Just as tumor suppressor genes are essential for keeping
cancer development in check by opposing the effects
of oncogenes so the negative regulators of immune
responses are necessary to prevent the consequences of
unchecked immune stimulation which can result in
chronic disease including autoimmunity and even death.
Well characterized negative regulators of cytokine sig-
naling include phosphatases, PIAS proteins and SOCS
proteins (see below). A more recent type of negative regu-
lation includes conjugation to ISG15, a member of a
ubiquitin-like protein family. This 'ISGylation’ targets
JAK, STAT and other cellular proteins for degradation
(Malakhov et al., 2003).

Phosphatases

The tyrosine phosphatase SHP1 is a protein tyrosine
phosphatase (PTP) that contains an SH2 domain and is
expressed primarily in hemopoietic cells. The 'moth-
eaten’ mice, which are Shp1 deficient, suffer from multi-
ple hemopoietic abnormalities including autoimmunity
and macrophage hyperactivation, indicative of a malfunc-
tion in negative regulation (Shultz et al., 1993, 1997; Tsui
et al., 1993). In Shp1-/- macrophages stimulated with
IFNa, an increase in the amplitude of JAK1 phosphoryla-
tion is observed (David et al., 1995). The recruitment of
SHP1 to the receptor complex results in the dephospho-
rylation of the receptor associated JAK1 (Haque et al.,
1998; Migone et al., 1998; Weiss and Schlessinger, 1998);
but interestingly the levels of phosphorylated TYK2 were
no different from the wild-type macrophages implying
that there was some specificity in the target substrates of
SHP1 (David et al., 1995). Other receptor complexes sen-
sitive to SHP1 include the IL3 receptor, erythropoietin
(Epo) receptor, steel factor and colony stimulating factor 1
(CSF1) (Yietal., 1993; David et al., 1995; Klingmuller et al.,
1995: Chen et al., 1996; Paulson et al., 1996). CD45 was
discovered as the first transmembrane PTP (Charbonneau
et al., 1988) which differs from SHP1 in that it contains two
PTPase domains with one lacking enzyme activity. CD45
has been demonstrated to be a JAK phosphatase in cells
of hematopoietic lineage in response to a variety of
cytokines including IL-3, IL-4, EPO and IFNe (Irie-Sasaki
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Figure 5.3 Negative regulation of signaling. Numerous proteins mediate
negative effects on individual components of the JAK/STAT pathway
induced by type | interferons. Factors involved include the phosphatases
SHP1 and CD45, PIAS, SOCS1, SOCS3, CIS and IRF2.

et al., 2001; Penninger et al., 2001). Cd45-/- mice have
defects in thymic development due to enhanced apopto-
sis, and dysfunctional TCR signaling and are more resist-
ant to lethal coxsackie viral infection due to amplified
IFNa antiviral activity (Irie-Sasaki et al., 2001). Interestingly
CD45 also has the ability to function in a positive capacity
in T cell antiproliferative activities in response to IFNa/B
(Petricoin et al., 1997). It has also been found through the
use of Cd45-/- cells that CD45 is a critical positive regula-
tor of the T cell receptor and the B cell receptor in the
activation and development of lymphocytes (Kishihara
etal., 1993; Byth et al., 1996).

Protein inhibitors of activated STATs (PIAS)

Activated STAT molecules are a target for negati