





Roitt’s Essential
Immunology



This title is also available as an e-book.
For more details, please see
www.wiley.com/buy/9781118415771
or scan this QR code:

Op0

Of; = F



http://www.wiley.com/buy/

Thirteenth edition

Roitt’'s Essential
Immunology

Peter J. Delves
PhD
Division of Infection and Immunity
UCL
London, UK

Seamus J. Martin
PhD, FTCD, MRIA
The Smurfit Institute of Genetics
Trinity College
Dublin, Ireland

Dennis R. Burton
PhD
Department of Immunology and Microbial Science
The Scripps Research Institute
La Jolla, California, USA

lvan M. Roitt
MA, DSc (Oxon), FRCPath, Hon FRCP (Lond), FRS
Centre for Investigative and Diagnostic Oncology
Middlesex University
London, UK

WILEY Blackwell



This edition first published 2017 © 2017 by John Wiley and Sons, Ltd. © 1971, 1974, 1977, 1980,
1984, 1988, 1991, 1994, 1997, 2001, 2006, 2011 by Peter J. Delves,
Seamus J. Martin, Dennis R. Burton, Ivan M. Roitt

Registered Office
John Wiley & Sons, Ltd, The Atrium, Southern Gate, Chichester, West Sussex, PO19 85Q, UK

Editorial Offices
9600 Garsington Road, Oxford, OX4 2DQ, UK
The Atrium, Southern Gate, Chichester, West Sussex, PO19 8SQ, UK

For details of our global editorial offices, for customer services and for information about how
to apply for permission to reuse the copyright material in this book please see our website at
www.wiley.com/wiley-blackwell

The right of the author to be identified as the author of this work has been asserted in accordance with
the UK Copyright, Designs and Patents Act 1988.

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, except as permitted by the UK Copyright, Designs and Patents Act 1988, without the prior
permission of the publisher.

Designations used by companies to distinguish their products are often claimed as trademarks. All
brand names and product names used in this book are trade names, service marks, trademarks or
registered trademarks of their respective owners. The publisher is not associated with any product or
vendor mentioned in this book. It is sold on the understanding that the publisher is not engaged in
rendering professional services. If professional advice or other expert assistance is required, the services
of a competent professional should be sought.

The contents of this work are intended to further general scientific research, understanding, and
discussion only and are not intended and should not be relied upon as recommending or promoting

a specific method, diagnosis, or treatment by health science practitioners for any particular patient.
The publisher and the author make no representations or warranties with respect to the accuracy or
completeness of the contents of this work and specifically disclaim all warranties, including without
limitation any implied warranties of fitness for a particular purpose. In view of ongoing research,
equipment modifications, changes in governmental regulations, and the constant flow of information
relating to the use of medicines, equipment, and devices, the reader is urged to review and evaluate the
information provided in the package insert or instructions for each medicine, equipment, or device for,
among other things, any changes in the instructions or indication of usage and for added warnings and
precautions. Readers should consult with a specialist where appropriate. The fact that an organization
or Website is referred to in this work as a citation and/or a potential source of further information does
not mean that the author or the publisher endorses the information the organization or Website may
provide or recommendations it may make. Further, readers should be aware that Internet Websites
listed in this work may have changed or disappeared between when this work was written and when it
is read. No warranty may be created or extended by any promotional statements for this work. Neither
the publisher nor the author shall be liable for any damages arising herefrom.

Library of Congress Cataloging-in-Publication Data

Names: Delves, Peter J., author. | Martin, Seamus J., 1966— author. | Burton, Dennis R., author. |
Roitt, Ivan M. (Ivan Maurice), author.

Title: Roitt’s essential immunology / Peter J. Delves, Seamus J. Martin, Dennis R. Burton,
Ivan M. Roitt.

Other titles: Essential immunology

Description: 13th edition. | Chichester, West Sussex ; Hoboken, [N]] : John Wiley & Sons, Inc., 2017. |
Preceded by Roitt’s essential immunology / Peter J. Delves ... [et al.]. 12th ed. 2011. |
Includes bibliographical references and index.

Identifiers: LCCN 2016022210 (print) | LCCN 2016022856 (ebook) | ISBN 9781118415771 (pbk.) |
ISBN 9781118416068 (pdf) | ISBN 9781118416044 (epub)

Subjects: | MESH: Immune System | Immunity

Classification: LCC QR181 (print) | LCC QR181 (ebook) | NLM QW 504 | DDC 616.07/9-dc23

LC record available at https://lccn.loc.gov/2016022210

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

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic books.

Cover image: ©Getty Images / Science Photo Library - STEVE GSCHMEISSNER
Set in 10/12pt Adobe Garamond by SPi Global, Pondicherry, India

1 2017


http://www.wiley.com/wiley-blackwell

About the authors

Acknowledgments
Preface
Abbreviations

How to use your textbook xvi
About the companion website xvii
Part 1: Fundamentals of immunology 1
1 Innate immunity 3
2 Specific acquired immunity 52
3 Antibodies 69
4 Membrane receptors for antigen 97
5 Antigen-specific recognition 139
6 The anatomy of the immune response 167
7 Lymphocyte activation 187
8 The production of effectors 218
9 The regulation of the immune response 272
10 Development and evolution of the immune response 291
Part 2: Applied immunology 319
11 Adversarial strategies during infection 321
12 Vaccines 353
13 Immunodeficiency 378
14 Allergy and other hypersensitivities 405
15 Transplantation 435
16 Tumor immunology 458
17 Autoimmune diseases 499
Glossary 529
Index 541

e .
%% Www.roitt.com

Don’t forget to visit the companion website for this book:




About the authors

Peter J. Delves

Professor Delves obtained his PhD from the University of London
in 1986 and is a Professor of Immunology at UCL (University
College London). His research has focused on molecular aspects
of antigen recognition. He has authored and edited a number of
immunology books, and teaches the subject worldwide at a broad
range of levels.

Seamus J. Martin

Professor Martin received his PhD from The National University
of Ireland in 1990 and trained as a post-doctoral fellow at
University College London (with Ivan Roitt) and The La Jolla
Institute for Allergy and Immunology, California, USA (with
Doug Green). Since 1999, he is the holder of the Smurfit Chair of
Medical Genetics at Trinity College Dublin and is also a Science
Foundation Ireland Principal Investigator. His research is focused
on various aspects of programmed cell death (apoptosis) in the
immune system and in cancer and he has received several awards
for his work in this area. He has previously edited two books on
apoptosis and was elected as a Member of The Royal Irish Academy
in 2006 and as a member of The European Molecular Biology
Organisation (EMBO) in 2009.

Dennis R. Burton

Professor Burton obtained his BA in Chemistry from the
University of Oxford in 1974 and his PhD in Physical Biochemistry
from the University of Lund in Sweden in 1978. After a period at
the University of Sheffield, he moved to the Scripps Research
Institute in La Jolla, California in 1989 where he is Professor of
Immunology and Microbial Science. His research interests include
antibodies, antibody responses to pathogens and rational vaccine
design, particularly in relation to HIV.




Ivan M. Roitt

Professor Roitt was born in 1927 and educated at King Edward’s
School, Birmingham and Balliol College, Oxford. In 1956,
together with Deborah Doniach and Peter Campbell, he made the
classic discovery of thyroglobulin autoantibodies in Hashimoto’s
thyroiditis which helped to open the whole concept of a relation-
ship between autoimmunity and human disease. The work was
extended to an intensive study of autoimmune phenomena in per-
nicious anaemia and primary biliary cirrhosis. In 1983 he was
elected a Fellow of The Royal Society, and has been elected to
Honorary Membership of the Royal College of Physicians and
appointed Honorary Fellow of The Royal Society of Medicine.
His current research is focused on cancer.

About the authors / vii




Acknowledgments

Peter Delves would like to acknowledge the enormous help provided by Biljana Nikolic in the delivery of
education by the UCL Division of Infection & Immunity, and the huge support of his wife Jane and
children Joe, Tom, and Jess.

Dennis Burton acknowledges funding for his research from the NIH, the Bill and Melinda Gates
Foundation, the International AIDS Vaccine Initiative and the Ragon Institute of MGH, MIT and
Harvard. I also thank my wife Carole and children Damian, Scott, and Julia for their support.

Ivan Roitt is eternally grateful to his wife Margaret and PA Christine and the uncontrolled events in his
body which have sustained his mojo!



Preface

Greetings, dear reader! In the exciting world of scientific progress, immunology plays a prominent role and
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tumor immunotherapy
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The role of inflammasomes in autoinflammatory disease
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We try to maintain the chatty style characteristic of all earlier editions, imagining that you and the
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Figure 1.1 The formidable range of infectious agents that confront the immune system. Although not normally classified as such because
of their lack of a cell wall, the mycoplasmas are included under bacteria for convenience. Fungi adopt many forms and approximate values
for some of the smallest forms are given. Square brackets with right arrowheads indicate where a range of sizes is observed for the
organism(s); square brackets with left arrowheads indicate list of organisms with a definite size.

Introduction

We live in a potentially hostile world filled with a bewildering
array of infectious agents (Figure 1.1) of diverse shape, size,
composition, and subversive character that would very happily
use us as rich sanctuaries for propagating their “selfish genes”
had we not also developed a series of defense mechanisms at
least their equal in effectiveness and ingenuity (except in the
case of many parasitic infections in which the situation is best
described as an uneasy and often unsatisfactory truce). It is
these defense mechanisms that can establish a state of immu-
nity against infection (Latin immunitas, freedom from) and
whose operation provides the basis for the delightful subject
called “immunology.”

Aside from ill-understood constitutional factors that make
one species innately susceptible and another resistant to
certain infections, a number of relatively nonspecific but
nonetheless highly effective antimicrobial systems (e.g.,
phagocytosis, production of antimicrobial peptides and reac-
tive oxygen species) have been recognized that are innate in
the sense that they are not affected by prior contact with the
infectious agent and take immediate effect upon encounter
with anything that our immune systems deem to be an unwel-
come guest. We shall discuss these systems and examine how,
in the state of adaptive immunity, their effectiveness can be
greatly increased though custom tailoring of the response
towards microbial intruders.

Knowing when to make an immune
response

The ability to recognize and respond to foreign
entities is central to the operation of the immune
system

The vertebrate immune system is a conglomeration of cells and
molecules that cooperate to protect us from infectious agents
and also provides us with a surveillance system to monitor the
integrity of host tissues. Although the immune system is quite
elaborate, as we shall see, its function can be boiled down to
two basic roles: recognition of foreign substances and organ-
isms that have penetrated our outer defences (i.e., the skin epi-
thelium and the mucosal surfaces of the gut and reproductive
and respiratory tracts) and elimination of such agents by a
diverse repertoire of cells and molecules that act in concert to
neutralize the potential threat. Thus, a critical role of the
immune system is to determine what is foreign (what immu-
nologists often call “nonself”) from what is normally present in
the body (i.e., self). As a consequence, the cells and molecules
that comprise the innate immune system are preoccupied with
detecting the presence of particular molecular patterns that
are typically associated with infectious agents (Figure 1.2).
Charlie Janeway dubbed such molecules pathogen-associated
molecular patterns (PAMPs) and it is these structures that trig-
ger activation of the innate immune system.

'S
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Figure 1.2 Pattern recognition receptors (PRRs) detect pathogen-associated molecular patterns (PAMPs) and initiate immune responses.
PRRs can be either soluble or cell-associated and can instigate a range of responses upon encountering their appropriate ligands.

In addition to the fundamental roles of recognition and
elimination of infectious agents, it is also very useful to be
able to learn from encounters with pathogens and to main-
tain a reserve of cells that are able to respond swiftly to a new
infection with a previously encountered microbe. Forewarned
is forearmed, and in this situation it may be possible to
deliver a decisive blow that ends a nascent infection before it
has begun. Fortunately, our immune systems have also
acquired this ability, which is what our adaptive immune
system excels in, and this property is termed immunological
memory.

Immune responses need to be proportional
to the infectious threat

Having established that recognition, elimination and memory
of infectious agents are fundamental to the operation of an
effective immune system, there is another important factor,
proportionality, which is key to ensuring that everything runs
smoothly and that our immune systems do not lose sight of
their purpose. This is because, as we shall see, the immune sys-
tem can deploy a variety of weapons, each with their own risk
of collateral damage, which can sometimes cause as much

trouble as the infection itself. In extreme cases, the immune
response can be much more destructive than the agent that
triggered it (which is what underpins allergy) and in some situ-
ations this can lead to a sustained state of chronic immune
activation where the immune system becomes confused
between what is self and nonself and mounts sustained
responses against its own tissues (called autoimmunity). Thus,
there is a cost—benefit analysis that must be conducted during
the initial stages of an infection to ascertain the nature of the
infection, the level of infection, and whether the infectious
agent is perturbing tissue function (by triggering cell death for
example).

For these reasons, a number of immune regulatory
mechanisms exist to ensure that immune responses are pro-
portional to the level of threat that a particular infectious
agent poses, as well as to ensure that immune responses are
not directed against self and that responses directed against
nonself are terminated when the infectious agent has been
successfully eliminated from the body. Immune regulatory
mechanisms (or immune checkpoints) set thresholds for the
deployment of immune responses and are vital to the proper
operation of the immune system. As we shall see in later
chapters, many diseases are caused by the failure of immune
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Figure 1.3 Necrotic cells release danger-associated molecular patterns (DAMPs), whereas apoptotic cells typically do not. Stimuli that
induce necrosis frequently cause severe cellular damage, which leads to rapid cell rupture with consequent release of intracellular
DAMPs. DAMPs can then engage cells of the immune system and can promote inflammation. On the other hand, because stimuli that
initiate apoptosis are typically physiological and relatively mild, apoptotic cells do not rupture and their removal is coordinated by mac-
rophages and other cells of the innate immune system, before release of DAMPs can occur. For this reason, apoptosis is not typically

associated with activation of the immune system.
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checkpoints, leading to conditions such as rheumatoid
arthritis, Crohn’s disease, and even cancer.

Tissue damage can also instigate an immune
response

Aside from infection, there is a growing recognition that tissue
damage, leading to nonphysiological cell death, can also pro-
voke activation of the immune system (Figure 1.3). In this situ-
ation, the molecules that activate the immune system are
derived from self but are not normally present within the extra-
cellular space, or in a particular cellular compartment (for
example when mitochondrial DNA is released into the cyto-
plasm). Such molecules, for which Polly Matzinger coined the
term danger signals, are normally safely sequestered within
healthy cells and organelles and only escape when a cell dies via
an uncontrolled mode of cell death, called necrosis (sece
Videoclip 1). Necrosis is typically caused by tissue trauma,
burns, certain toxins, as well as other nonphysiological stimuli,
and is characterized by rapid swelling and rupture of the plasma
membranes of damaged cells. This permits the release of mul-
tiple cellular constituents that do not normally escape from
healthy cells or organelles.

The precise identity of the molecules that act as danger
signals — now more commonly called danger-associated
molecular patterns (DAMPs) or alarmins — is an area of active

investigation at present, but molecules such as HMGBI, a
chromatin-binding protein, as well as the immunological mes-
senger proteins interleukin-lat (IL-1a) and IL-33, represent
good candidates. It might seem surprising that the immune
system can also be activated by self-derived molecules, how-
ever, this makes good sense when one considers that events
leading to necrotic cell death are often rapidly followed or
accompanied by infection. Furthermore, if a pathogen man-
ages to evade direct detection by the immune system, its pres-
ence will be betrayed if it provokes necrosis within the tissue it
has invaded.

Before moving on, we should also note that there is another
mode of cell death that frequently occurs in the body that is
both natural and highly controlled and is not associated with
plasma membrane rupture and release of intracellular contents.
This mode of cell death, called apoptosis (see Videoclip 2), is
under complex molecular control and is used to eliminate cells
that have reached the end of their natural lifespans. Apoptotic
cells do not activate the immune system because cells dying in
this manner display molecules on their plasma membranes
(e.g., phosphatidylserine) that mark these cells out for removal
through phagocytosis before they can rupture and release their
intracellular contents. In this way, DAMPs remain hidden
during apoptosis and such cells do not activate the immune
system (Figure 1.3).



Pattern recognition receptors detect
nonself

Pattern recognition receptors (PRRs) raise
the alarm

To identify potentially dangerous microbial agents, our
immune systems need to be able to discriminate between “non-
infectious self and infectious nonself” as Janeway elegantly put
it. Recognition of nonself entities is achieved by means of an
array of pattern recognition receptors and proteins (collec-
tively called pattern recognition molecules) that have evolved
to detect conserved (i.e., not prone to mutation) components
of microbes that are not normally present in the body (i.e.,
PAMPs).

In practice, PAMPs can be anything from carbohydrates
that are not normally exposed in vertebrates, proteins only
found in bacteria, such as flagellin (a component of the bacte-
rial flagellum that is used for swimming), double-stranded
RNA that is typical of RNA viruses, as well as many other mol-
ecules that betray the presence of microbial agents. The cardi-
nal rule is that a PAMP is not normally found in the body but
is a common and invariant feature of many frequently
encountered microbes. Pattern recognition molecules also
appear to be involved in the recognition of DAMPs released
from necrotic cells.

Upon engagement of one or more of these pattern recogni-
tion molecules with an appropriate PAMP or DAMP an
immune response ensues (Figure 1.2). Fortunately, we have
many ways in which an impending infection can be dealt with,
and indeed it is a testament to the efficiency of our immune
systems that the majority of us spend most of our lives rela-
tively untroubled by infectious disease.

A variety of responses can occur downstream
of pattern recognition

One way of dealing with unwelcome intruders involves the
binding of soluble (humoral) pattern recognition molecules,
such as complement (an enzyme cascade we will deal with later
in this chapter), mannose-binding lectin, C-reactive protein,
or lysozyme, to the infectious agent. The binding of soluble
pattern recognition molecules to a pathogen has a number of
outcomes (Figure 1.2).

First, this can lead directly to killing of the pathogen
through destruction of microbial cell wall constituents and
breaching of the plasma membrane because of the actions of
such proteins. Second, humoral factors are also adept at coat-
ing microorganisms (a process called opsonization) and this
greatly enhances their uptake through phagocytosis and subse-
quent destruction by phagocytic cells.

Other PRRs are cell associated and engagement of such
receptors can also lead to phagocytosis of the microorganism
followed by its destruction within phagocytic vesicles. Just as
importantly, cellular PRR engagement also results in the acti-
vation of signal transduction pathways that greatly enhance the
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effector functions of cells bearing these receptors (such as
increasing their propensity for phagocytosis or the production
of antimicrobial proteins) and also culminate in the release of
soluble messenger proteins (cytokines, chemokines, and other
molecules) that mobilize other components of the immune sys-
tem. PRR engagement on effector cells can also result in dif
Jferentiation of such cells to a more mature state that endows
specialized functions on such cells. Later we will deal with a
very important example of this when we discuss the issue of
dendritic cell maturation, which is initiated as a consequence
of engagement of PRR receptors on these cells by microbial
PAMPs. Therefore, pattern recognition of a pathogen by
soluble or cell-associated PRRs can lead to:

= direct lysis of the pathogen

= opsonization followed by phagocytosis

= direct phagocytosis via a cell-associated PRR

= enhancement of phagocytic cell functions

= production of antimicrobial proteins

= production of cytokines and chemokines

= differentiation of effector cells to a more active state.

There are several classes of pattern recognition
receptor

As we shall see later in this chapter, there are a number of dif-
ferent classes of cell-associated PRRs (Toll-like receptors
[TLRs], C-type lectin receptors [CTLRs], NOD-like receptors
[NLRs], RIG-I-like receptors [RLRs], among others) and it is
the engagement of one or more of these different categories of
receptors that not only enables the detection of infection, but
also conveys information concerning the #ype of infection
(whether yeast, bacterial, or viral in origin) and its location
(whether extracellular, endosomal, or cytoplasmic). In practise,
most pathogens are likely to engage several of these receptors
simultaneously, which adds another level of complexity to the
signaling outputs that can be generated through engagement of
these receptors. This, in turn, enables the tailoring of the sub-
sequent immune response towards the particular vulnerabilities
of the pathogen that raised the alarm.

Cells of the immune system release messenger
proteins that shape and amplify immune
responses

An important feature of the immune system is the ability of its
constituent cells to communicate with each other upon
encountering a pathogen to initiate the most appropriate
response. As we shall see shortly, there are quite a number of
different “ranks” among our immune forces, each with their
own particular arsenal of weapons, and it is critical that a meas-
ured and appropriate response is deployed in response to a spe-
cific threat. This is because, as we have already alluded to,
many of the weapons that are brought into play during an
immune response are destructive and have the potential to
cause collateral damage. Furthermore, initiation and escalation
of an immune response carries a significant metabolic cost to
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Figure 1.4 Cytokines and chemokines can have pleiotrophic
effects. Stimulation of cells of the innate immune system frequently
leads to the production of inflammatory cytokines and chemokines
that trigger responses from other cell types, as depicted. Note that
the effects of chemokines and cytokines shown are not
exhaustive.

the organism (due to the necessity to make numerous new
proteins and cells). Thus, communication among the different
immune battalions is essential for the initiation of the correct
and proportional response to the particular agent that trig-
gered it. Although cells of the immune system are capable of
releasing numerous biologically active molecules with diverse
functions, two major categories of proteins — cytokines and
chemokines — have particularly important roles in shaping and
escalating immune responses.

Cytokines are a diverse group of proteins that have pleio-
tropic effects, including the ability to activate other cells,
induce differentiation to particular effector cell subsets and
enhance microbicidal activity (Figure 1.4). Cytokines are com-
monly released by cells of the immune system in response to
PAMPs and DAMDPs, and this has the effect of altering the
activation state and behavior of other cells to galvanize them
into joining the fight. Chemokines are also released upon
encountering PAMPs/DAMPs and typically serve as chemot-
actic factors, helping to lay a trail that guides other cells of the
immune system to the site of infection or tissue damage. Both
types of messenger proteins act by diffusing away from the cells
secreting them and binding to cells equipped with the appro-
priate plasma membrane receptors to receive such signals.

The interleukins are an important class
of cytokines

A particularly important group of cytokines in the context of
immune signaling is the interleukin (IL) family, which has over
40 members at present, numbered in the order of their discov-
ery. Thus, we have IL-1, IL-2, IL-3, IL-4, etc. Interleukins, by
definition, are cytokines that signal between members of the

leukocyte (i.e., white blood cell) family. However, these mole-
cules often have effects on other tissues that the immune sys-
tem needs to engage in the course of initiating immune
responses. So, although interleukins are heavily involved in
communication between immune cells, these cytokines also
have profound effects on endothelial cells lining blood capillar-
ies, hepatocytes in the liver, epithelial cells, bone marrow stem
cells, fibroblasts, and even neurons within the central nervous
system. It is also important to note that the same interleukin
can trigger different functional outcomes depending on the
cell type that it makes contact with; these are simply “switch”
molecules that can turn different functions on or off in the cells
they encounter. The function that is switched on, or off, will
depend on the target cell and the other cytokine signals that
this cell is receiving in tandem. Thus, just as we integrate lots
of different sources of information (e.g., from colleagues,
friends, family, newspapers, TV, radio, books, websites, social
media, etc.) in our daily lives that can all influence the deci-
sions we make, cells also integrate multiple sources of cytokine
information to make decisions on whether to divide, initiate
phagocytosis, express new gene products, differentiate, migrate,
and even die. We will discuss cytokines, chemokines, and their
respective receptors at length in Chapter 8.

Immune responses are tailored towards
particular types of infection

Not all pathogens are equal

We will shortly get into the specifics of the immune system,
but before doing so it is useful to consider the diversity of
infectious agents that our immune systems may encounter
(Figure 1.1), and to contemplate whether a “one size fits all”
immune response is likely to suffice in all of these situations.
One of the frustrations expressed by many students of immu-
nology is that the immune system appears to be almost byzan-
tine in its complexity. Although this is indeed partly true, the
reasons for this are two-fold. First, because there are different
types of infection, immune responses need to be tailored
towards the particular class of infection (whether viral, extra-
cellular bacterial, intracellular bacterial, worm, fungal, etc.) in
order to mount the most effective immune response towards a
particular infectious agent. Second, although there is indeed
complexity in the immune system, there is also a great deal of
order and repeated use of the same basic approach when recog-
nizing pathogens and initiating an immune response.
Therefore, although many of molecules used in the pursuit of
pathogen recognition belong to different classes, many of these
plug into the same effector mechanisms as soon as the patho-
gen is successfully identified. So, dear reader, please bear with
us while we try to make sense of the apparent chaos. But mean-
while, let us get back to pathogens to consider why our immune
systems need to be fairly elaborate and multi-layered.
Infectious agents are a broad church and have evolved dif-
ferent strategies to invade and colonize our bodies, as well as to
evade immune detection. Some, such as yeasts and extracellular



bacteria, are happy to live in the extracellular space, stealing
nutrients that would otherwise nourish our own tissues.
Others, such as intracellular bacteria and viruses, invade the
cytoplasm and even our genomes and may lurk for months or
years within our bodies. Then there are the large worms (hel-
minths) and unicellular eukaryotic protozoa that live parasitic
lifestyles with their own particular adaptations.

Because of the diversity of infectious agents, all of which
have their own strategies to evade and neutralize the best
efforts of our immune systems, we have responded by evolving
maultiple ways of dealing with intruders, depending on the
nature of the infectious agent and how this type of infection is
best dealt with. Indeed, it is the constant threat of infection
(rather than environmental change) that is the major driver of
natural selection over the short term, as viruses and bacteria can
mutate with frightening speed to acquire adaptations that can
leave their hosts highly vulnerable to infection. For this reason,
genes that are involved in the functioning and regulation of the
immune system are among the most diverse among human and
animal populations (i.e., undergoing the fastest rates of muta-
tion) and are frequently duplicated into large gene families
(which are typically variations on a very useful theme) that per-
mits us to hedge our bets and stay ahead in the ongoing battle
against those organisms that would have us for lunch.

Because of the diverse nature of the infectious agents that
we are confronted with, immune responses come in a number
of different flavors and are tailored towards the nature of the
pathogen that provoked the response in the first place. As the
book progresses, we will elaborate on this concept in much
more detail, but do keep this in mind when trying to understand
the underlying simplicity among the apparent complexity of
the immune responses that we will encounter.

There are different types of immune response

So, what do we mean by different types of immune response?
We are not going to be exhaustive at this stage, but let us con-
sider the difference between how our immune system might
deal with a virus versus an extracellular bacterium. For both
pathogen classes, a system that enables us to recognize these
agents and to remove them, either by destroying them (through
membrane lysis) or by eating them up (through phagocytosis)
followed by degradation within endosomes, would likely be
very effective. And indeed, our immune systems have evolved a
number of ways of doing both of these things; as we have men-
tioned earlier, there are multiple classes of proteins that recog-
nize and lyse bacteria and viruses in the extracellular space
(complement, acute phase proteins, antimicrobial peptides)
and the same proteins are frequently involved in decorating
infectious agents for recognition and phagocytosis by phago-
cytic cells (e.g., macrophages and neutrophils) that are special-
ized in doing just that. Molecules that are involved in the
decoration of infectious agents to prepare them for removal are
called opsonins (from the Greek, to prepare for eating) in
immunological parlance. So far, so good.

Chapter 1: Innate immunity / 9

However, once the virus enters a cell, the proteins and
phagocytic cells mentioned above will no longer be of any use
in dealing with this type of infection as proteins cannot freely
diffuse across the plasma membrane to either lyse or tag the
infectious agent for phagocytosis. So, it is here that the immune
response to an extracellular bacterial infection versus an intra-
cellular viral infection must diverge, as now we need a way of
looking inside cells to see whether they are infected or not.
Consequently, we have evolved a number of intracellular
PRRs that can detect pathogens that have entered cells, and
this results in the production of signals (e.g., cytokines and
chemokines) that alert the immune system to the presence of
an infectious agent. Just as importantly, we have also evolved a
fiendishly clever way of displaying the breakdown products of
pathogens to cells of the adaptive immune system (major his-
tocompatibility complex [MHC] molecules are centrally
involved in this process) irrespective of whether the infectious
agent lives inside or outside the cell. We will deal with MHC
molecules extensively in Chapters 4 and 5. The latter process
enables a cell that has been infected by a virus to display frag-
ments of viral proteins on its plasma membrane, within grooves
present in MHC molecules that have evolved for this purpose,
thereby alerting cells of the immune system to the nature of its
predicament. Ingenious!

So, how does our immune system deal with a virus or other
pathogen that has invaded a host cell? Although some special-
ized phagocytic cells (i.e., macrophages) can kill intracellular
bacteria that have invaded them, most cells cannot do this very
effectively and so another solution is required. For most other
cell types, this is achieved through killing the infected cell
(typically by apoptosis) and removing it through phagocytosis,
which is easy to write, but involves a series of steps that permit
the recognition of infected host cells, the delivery of the “kiss
of death” and the engulfment of the infected corpse in a man-
ner that minimizes the escape of the pathogen lurking within.
Our immune systems have solved the intracellular infection
problem by evolving cells (called eytotoxic T-cells and natural
killer cells) that have the ability to detect infected cells and to
kill them; we will deal with natural killer (NK) cells in detail
later in this chapter.

Obviously, such powers of life or death carry with them the
heavy responsibility of ensuring that uninfected cells are not
accidently killed, as it is a basic tenet of multicellularity that
one does not go around randomly killing good cellular citizens.
Thus, a number of checks and balances have been incorporated
into this killing system to ensure that only errant cells are dis-
patched in this way. We will deal with the detailed mechanisms
of cytotoxic T-cell-mediated killing in Chapter 8.

However, some pathogens require a different approach,
which involves sending in large numbers of highly phagocytic
cells (such as neutrophils) into a tissue that can also deploy
destructive proteases, carbohydrases (such as lysozyme), and
other nasty molecules into the extracellular space in order to
quickly overwhelm and destroy a rapidly dividing pathogen, or
a worm parasite. This type of response comes with a certain
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degree of collateral damage (due to the use of enzymes that do
not discriminate between friend and foe) and is typically only
mounted when this is warranted.

From the preceding discussion, we hope that it will be
evident that different types and severities of immune
responses are necessary to fight different types of infection
and it is for this reason that the immune system has a variety of
cells and weapons at its disposal. Thus, there are different types
of immune response, broadly dictated by whether a pathogen
lives éntracellularly or extracellularly.

The PRRs of the innate immune system generate
a molecular fingerprint of pathogens

As we have already alluded to, the PRRs not only help to iden-
tify the presence of infectious agents through detection of
their associated PAMPs, but they also convey information as
to the nature of the infectious agent (whether of fungal, bac-
terial or viral origin) and the location of the infectious agent
(whether extracellular, intracellular, endosomal, cytoplasmic,
or nuclear). This is because, as we shall see later, the various
classes of PRRs (e.g., Toll-like receptors, C-type lectin recep-
tors, NOD-like receptors, cytoplasmic DNA sensors) are spe-
cific for different types of pathogen components (i.e., PAMPs),
and reside in different cellular compartments. Thus, we have
an ingenious system where the combination of PRRs that is
engaged by an infectious agent conveys important informa-
tion about the precise nature and location of infection and
generates a molecular fingerprint of the pathogen. In turn,
this information is then used to shape the most effective
immune response towards the particular pathogen class that
provoked it.

Cytokines help to shape the type of immune
response that is mounted in response
to a particular pathogen

We have already mentioned that cytokines are involved in
communication between cells of the immune system and
help to alert the correct cell types that are appropriate for
dealing with different classes (i.e., whether viral, bacterial,
yeast, etc.) of infectious agents. Cytokines are also capable of
triggering the maturation and differentiation of immune
cell subsets into more specialized effector cell classes that pos-
sess unique capabilities to enable them to fight particular
types of infection. In this way, detection of an infection (i.e.,
PAMPs) by a particular class of PRR is translated into the
most appropriate immune response through the production
of particular patterns of cytokines and chemokines. These
cytokine patterns then call into play the correct cell types and
trigger maturation of these cells into even more specific effec-
tor cell subtypes. Later, in Chapter 8, we will see how this
process is used to produce specialized subsets of T-cells that
are central to the process of adaptive immunity. Let us now
look at how the different layers of our immune defenses are
organized.

Physical barriers

Innate immune
system

Adaptive
immune system

Figure 1.5 The vertebrate immune system comprises three levels
of defense. The physical barriers of the skin and mucosal surfaces
comprise the first level of defense. Infectious agents that success-
fully penetrate the physical barriers are then engaged by the cells
and soluble factors of the innate immune system. The innate
immune system is also responsible for triggering activation of the
adaptive immune system, as we will discuss later in this chapter.
The cells and products of the adaptive immune system reinforce
the defense mounted by the innate immune system.

Innate versus adaptive immunity

Three levels of immune defense

Before we get into the details, we will first summarize how the
immune system works in broad brushstrokes. The vertebrate
immune system comprises three levels of defense (Figure 1.5).
First, there is a physical barrier to infection that is provided by
the skin on the outer surfaces of the body, along with the
mucous secretions covering the epidermal layers of the inner
surfaces of the respiratory, digestive, and reproductive tracts.
Any infectious agent attempting to gain entry to the body must
first breach these surfaces that are largely impermeable to
microorganisms; this is why cuts and scrapes that breach these
physical barriers are often followed by infection. The second
level of defense is provided by the innate immune system, a
relatively broad-acting but highly effective defense layer that is
largely preoccupied with trying to kill infectious agents from
the moment they enter the body. The actions of the innate
immune system are also responsible for alerting the cells that
operate the third level of defense, the adaptive (or acquired)
immune system. The latter cells represent the elite troops of
the immune system and can launch an attack that has been
specifically adapted to the nature of the infectious agent using
sophisticated weapons such as antibodies. As we shall see, the
innate and adaptive immune systems each have their own
particular advantages and disadvantages and therefore act
cooperatively to achieve much more effective immune
protection than either could achieve in isolation.



