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This book is intended as an introductory text for use in immunology courses 
for medical students, advanced undergraduate biology students, graduate 
students, and scientists in other fields who want to know more about the 
immune system. It presents the field of immunology from a consistent view­
point, that of the host's interaction with an environment containing many 
species of potentially harmful microbes. The justification for this approach is 
that the absence of one or more components of the immune system is virtu­
ally always made clear by an increased susceptibility to one or more specific 
infections. Thus, first and foremost, the immune system exists to protect the 
host from infection, and its evolutionary history must have been shaped 
largely by this challenge. Other aspects of immunology, such as allergy, 
autoimmunity, graft rejection, and immunity to tumors, are treated as varia­
tions on this basic protective function. In these cases the nature of the anti­
gen is the major variable. 

In this seventh edition, all chapters have been updated to incorporate new 
observations that extend our knowledge and understanding of the immune 
system. Examples include new work on NK receptors, the deeper under­
standing of the role of activation-induced cytidine deaminase (AID) in the 
generation of antibody diversity, viral immunoevasins, cross-presentation of 
antigen to T cells, dendritic cell and T-cell subsets, and new innate receptors 
that recognize pathogens, to name but a few. Our chapter on evolution 
includes fascinating new insights into alternative forms of adaptive immunity 
in both invertebrates and higher organisms. The clinical chapters contain 
new sections on celiac disease and its mechanism, Crohn's disease, and 
immunological approaches to cancer treatment. New discussion questions 
have been provided at the end of each chapter. These questions can be used 
for review, or as the basis for discussion in class or in informal study groups. 
The accompanying CD-ROM, faneway's Immunobiology 7 Interactive, has 
been expanded and enhanced. 

Following a comprehensive overview of the immune system in Chapter 1, 
innate immunity is treated in Chapter 2 as an important protective system in 
its own right and a necessary precursor to the adaptive immune response. 
The coverage of Toll receptors and other pathogen-sensing mechanisms has 
been updated to reflect the rapid progress in this field in the past three years 
and the description of the different families of activating and inhibitory NK 
receptors has been revised to reflect the growing understanding of these. The 
material on pathogens at the beginning of Chapter 10 in previous editions 
has been moved to Chapter 2 to provide a more complete introduction to 
infection earlier in the book. After the discussion of innate immunity, the 
emphasis shifts to adaptive immunity, because we know far more about this 
subject, thanks to the efforts of the vast majority of immunologists. The cen­
tral theme of the subsequent text is clonal selection of lymphocytes. 

\ 
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As in the sixth edition, we consider the two lymphoid lineages, B lymphocytes 
and T lymphocytes, together for most of the book, because it seems to us that 
essentially common mechanisms work in both cell types. An example is the 
rearrangement of gene segments to generate the receptors by which lympho­
cytes recognize antigen (Chapter 4). Chapter 5, on recognition of antigen, has 
been updated to include the cross-presentation of antigen by MHC class I 
molecules, and the interference by viral immunoevasins in antigen presenta­
tion. Chapter 6, on signaling, has been revised to describe the T-cell signaling 
pathways in more detail, with an extended and updated discussion of 
co-stimulatory signaling. We have substantially reorganized Chapter 7 so that 
the development of B cells and T cells are considered in separate sections. 

Chapters 8 and 9 elaborate the effector functions of T cells and B cells sepa­
rately, since different mechanisms are involved. We have updated and 
extended the treatment of dendritic cells and included recent research find­
ings on the Tttl 7 and regulatoryT-cell subsets (Chapter 8). We have taken the 
opportunity to refocus Chapter 10 on the dynamic nature of the immune 
response to infection, from innate immunity to the generation of immuno­
logical memory. We include recent advances in our understanding of the 
temporal changes in T-cell subsets during an immune response and of the 
nature of immunological memory. Because of its increasingly recognized role 
in immune defense, we have created a new chapter devoted entirely to 
mucosal immunity (Chapter 11). 

The subsequent three chapters (Chapters 12-14) deal mainly with how dis­
eases such as HIV/ AIDS, autoimmunity, or allergy can be caused by inherited 
or acquired immunodeficiencies or by failure or malfunction of immunolog­
ical mechanisms. As our understanding of the causes of disease grows, these 
chapters have been extended with descriptions of syndromes for which 
underlying gene defects have been newly identified. These chapters, which 
describe the failures of the immune system to maintain health, are followed 
by a chapter (Chapter 15) on how the immune response can be manipulated 
by vaccination and other means in attempts to combat not only infectious 
diseases, but also transplant rejections and cancer. These four chapters have 
been extensively revised and updated, especially in respect of the new gener­
ation of 'biological' therapeutics that are starting to enter medical practice. 

The book ends with an updated chapter (Chapter 16) on the evolution of ani­
mal immune systems. The analysis of the genome sequences of both inverte­
brates and lower vertebrates has given us a new appreciation of the sophisti­
cation of invertebrate immune defenses and the discovery that our antibody 
and T-cell-based adaptive immune system is not the only way that adaptive 
immunity can be generated. 

Diseases and immunological deficiencies are cross-referenced to the fifth 
edition of the clinical companion text Case Studies in Immunology by Raif 
Geha and Fred Rosen (ISBN: 9780815341451). This text presents major topics 
in immunology as background to a selection of real clinical cases that serve 
to reinforce and extend the basic science. There are five new cases in the fifth 
edition, bringing the total number to 47. A marginal icon in Janeway's 
Immunobiology provides the reader with a link to the relevant Case Study, 
where the science is applied in a clinical setting. 

The seventh edition of Janeway's Immunobiology includes a CD-ROM with 
original immunological animations based on figures in the book and videos 
selected from visually compelling experiments. The animations have been 
revised and updated for this edition, and there are five new animations cover­
ing HIV Infection, DTH Response, Viral Evasins, Innate Recognition of 
Pathogens, and Pathogen Receptors. All the animations and videos are accom­
panied by a voice-over narration read by Julie Theriot, Stanford University 
School of Medicine. The CD-ROM also contains the figures and tables from . 
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the book pre-loaded into PowerPoint® presentations. There is also a JPEG 
archive of all these images. Instructors who adopt Janeway's Immunobiology 
for their course will have access to Garland Science Classwire™. The 
Classwire course management system allows instructors to build websites for 
their courses easily. It also serves as an online archive for instructors' 
resources. After registering for Classwire, instructors will be able to download 
all of the figures from Immunobiology, which are available in JPEG and 
PowerPoint formats, and all of the videos and animations on the CD. 
Instructors may also download resources from other Garland Science text­
books. Please visit the Garland Science website at www.garlandscience.com 
or e-mail science@garland.com for additional information on Classwire. 

This edition has been retitled ]aneway's Immunobiology in memory of 
Charles A. Janeway who originated this textbook and was its continual inspi­
ration until his death in 2003. Andrey Shaw, Washington University School 
of Medicine, St. Louis, completely revised and updated Chapter 6 on signal­
ing; Allan Mowat, University of Glasgow, did the same for Chapter 11 on 
mucosal immunity; and Claudia Mauri (Chapters 12 and 14) and Michael 
Ehrenstein (Chapters 13 and 15), University College London, revised and 
updated the clinical chapters. Appendix III, Cytokines and their Receptors, 
was updated and reorganized by Robert Schreiber, Washington University 
School of Medicine, St. Louis. Joost Oppenheim, National Cancer Institute, 
Washington, D.C., updated Appendix IV, Chemokines and their Receptors. 
We owe them all a great debt of gratitude for bringing their particular exper­
tise to the book and for the care and effort they put into these revisions. 

The editors, illustrators, and publishers are the essential glue that binds this 
book together. We have benefited from the editorial skills of Eleanor 
Lawrence, the book's developmental editor from its beginning, and from the 
creativity and artistic talent of Matt McClements, our illustrator since the sec­
ond edition. Their 'institutional memory' sustains the overall coherence of 
this heavily updated edition. At Garland, Mike Morales has managed the cre­
ation of compelling animations that bring important concepts to life. None of 
these efforts would have borne fruit without the skillful (but patient) coordi­
nation of Sigrid Masson and the insightful suggestions and continuous sup­
port of our publisher, Denise Schanck. Kenneth Murphy would like to thank 
Theresa Murphy and Paul, Mike, Mark and Jason for their encouragement 
and support. Paul Travers would like to thank Rose Zamoyska for her infinite 
patience and support. Mark Walport would like to thank his wife, Julia, and 
children, Louise, Robert, Emily, and Fiona, for their unstinting support. 

We would like to give great thanks to all those people who read parts or all of 
the chapters of the sixth edition, as well as drafts of the seventh edition, and 
advised us on how to improve them. They are listed by chapter on page ix. 
Every effort has been made to write a book that is error-free. Nonetheless, 
you may find them here and there, and it would be of great benefit if you took 
the trouble to communicate them to us. 

Kenneth Murphy 

Paul Travers 

Mark Walport 

PowerPoint is either a registered trademark or trademark of Microsoft Corporation in the United 
States and/ or other countries. 

Classwire is a trademark of Chalkfree, Inc. 
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lmmunobiology Interactive 

The Immunobiology Interactive CD-ROM contains the figures and tables from 
the book in PowerPoint® and JPEG formats. The videos and animations play 
in a self-contained interface and dynamically illustrate important concepts 
from the book. Videos are indicated with a (V) . 

Section I 
2.1 Innate Recognition of Pathogens 
2.2 Phagocytosis 
2.3 Pathogen Recognition Receptors 
2.4 Complement System 
2.5 Rolling Adhesion 
2.6 Leukocyte Rolling (V) 
2.7 Leukocyte Extravasation 

Section II 
4.1 Somatic Recombination 
5.1 MHC Class I Processing 
5.2 Intracellular Listeria Infection (V) 
5.3 MHC Class II Processing 
5.4 Viral Evasins 

Section III 
6.1 Lipid Rafts 
6.2 TCR Signaling 
6.3 Activated T Cell (V) 
6.4 MAP Kinase 
6.5 Cytokine Signaling 
6.6 Chemokine Signaling 
6. 7 Induction of Apoptosis 
6.8 Apoptosis (V) 
7.1 T-Cell Development 
7.2 Lymph Node Development 

Section IV 
8.1 T-CellKilling 
8.2 Dendritic Cell Migration 
8.3 TCR-APC Interaction 
8.4 Immunological Synapse (V) 
8.5 T-Cell Granule Release 
10.1 The Immune Response 
10.2 Chemotaxis (V) 
10.3 Lymphocyte Trafficking 
10.4 Lymphocyte Homing (V) 
10.5 Germinal Centers 

Section V 
11.1 Antigenic Drift 
11.2 Antigenic Shift 
12.1 HIV Infection 
13.1 DTH Response 
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Summary. 

The interaction of the antibody molecule with specific 
antigen. 
3-6 

3-7 

3-8 

Localized regions of hypervariable sequence form the 
antigen-binding site. 
Antibodies bind antigens via contacts with amino acids in 
CDRs, but the details of binding depend upon the size 
and shape of the antigen. 
Antibodies bind to conformational shapes on the surfaces 
of antigens. 

3-9 Antigen-antibody interactions involve a variety of forces. 
Summary. 

116 
118 

118 

118 

119 

120 
121 
122 

Antigen recognition by T cells. 123 
3-10 The T-cell receptor is very similar to a Fab fragment of 

immunoglobulin. 123 
3-11 A T-cell receptor recognizes antigen in the form of a 

complex of a foreign peptide bound to an MHC molecule. 125 
3-12 There are two classes of MHC molecules with distinct 

subunit composition but similar three-dimensional structures. 126 
3-13 Peptides are stably bound to MHC molecules, and also 

serve to stabilize the MHC molecule on the cell surface. 128 
3-14 MHC class I molecules bind short peptides of 8-1 0 amino 

acids by both ends. 129 
3-15 The length of the peptides bound by MHC class II 

molecules is not constrained. 130 
3-16 The crystal structures of several MHC:peptide:T-cell 

receptor complexes show a similar T-cell receptor 
orientation over the MHC:peptide complex. 132 

3-17 The CD4 and CD8 cell-surface proteins of T cells are 
required to make an effective response to antigen. 133 

3-18 The two classes of MHC molecules are expressed 
differentially on cells. 135 

3-19 A distinct subset of T cells bears an alternative receptor 
made up of y and 8 chains. 137 

Summary. 137 
Summary to Chapter 3. 138 

Chapter 4 The Generation of Lymphocyte Antigen 
Receptors 143 

Primary immunoglobulin gene rearrangement 144 
4-1 lmmunoglobulin genes are rearranged in 

antibody-producing cells. 144 
4-2 Complete genes that encode a variable region are generated 

by the somatic recombination of separate gene segments. 145 
4-3 Multiple contiguous V gene segments are present at each 

immunoglobulin locus. 146 
4-4 Rearrangement of V, D, and J gene segments is guided by 

flanking DNA sequences. 148 
4-5 The reaction that recombines V, D, and J gene segments 

involves both lymphocyte-specific and ubiquitous 
DNA-modifying enzymes. 150 

4-6 The diversity of the immunoglobulin repertoire is generated 
by four main processes. 153 

4-7 The multiple inherited gene segments are used in different 
combinations. 153 
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4-8 Variable addition and subtraction of nucleotides at the 
junctions between gene segments contributes to the 
diversity of the third hypervariable region. 154 

Summary. 155 

T-cell receptor gene rearrangement. 155 
4-9 The T-cell receptor gene segments are arranged in a 

similar pattern to immunoglobulin gene segments and 
are rearranged by the same enzymes. 156 

4-10 T-cell receptors concentrate diversity in the third 
hypervariable region. 157 

4-11 yo T-cell receptors are also generated by gene 
rearrangement. 158 

Summary. 159 

Structural variation in immunoglobulin constant regions. 160 
4-12 Different classes of immunoglobulins are distinguished 

by the structure of their heavy-chain constant regions. 160 
4-13 The constant region confers functional specialization on 

the antibody. 161 
4-14 Mature naive B cells express both lgM and lgD at their 

surface. 163 
4-15 Transmembrane and secreted forms of immunoglobulin 

are generated from alternative heavy-chain transcripts. 163 
4-16 lgM and lgA can form polymers. 164 
Summary. 166 

Secondary diversification of the antibody repertoire. 167 
4-17 Activation-induced cytidine deaminase introduces 

mutations in genes transcribed in B cells. 168 
4-18 Rearranged V-region genes are further diversified by 

somatic hypermutation. 169 
4-19 In some species, most immunoglobulin gene 

diversification occurs after gene rearrangement. 171 
4-20 Class switching enables the same assembled VH exon to 

be associated with different CH genes in the course of an 
immune response. 171 

Summary. 175 
Summary to Chapter 4. 175 

Chapter 5 Antigen Presentation to T Lymphocytes 181 

The generation of T-cell receptor ligands. 182 
5-1 The MHC class I and class II molecules deliver peptides 

to the cell surface from two intracellular compartments. 182 
5-2 Peptides that bind to MHC class I molecules are actively 

transported from the cytosol to the endoplasmic reticulum. 183 
5-3 Peptides for transport into the endoplasmic reticulum are 

generated in the cytosol. 184 
5-4 .Retrograde transport from the endoplasmic reticulum to the 

cytosol enables exogenous proteins to be processed for cross-
presentation by MHC class I molecules. 186 

5-5 Newly synthesized MHC class I molecules are retained in 

5-6 

5-7 

5-8 

5-9 

the endoplasmic reticulum until they bind a peptide. 187 
Many viruses produce immunoevasins that interfere with 
antigen presentation by MHC class I molecules. 189 
Peptides presented by MHC class II molecules are 
generated in acidified endocytic vesicles. 190 
The invariant chain directs newly synthesized MHC 
class II molecules to acidified intracellular vesicles. 192 
A specialized MHC class II-like molecule catalyzes 

loading of MHC class II molecules with peptides. 193 
5-10 Stable binding of peptides by MHC molecules provides 

effective· antigen presentation at the cell surface. 194 
Summary. 195 

The major histocompatibility complex and its functions. 196 
5-11 Many proteins involved in antigen processing and 

presentation are encoded by genes within the major 
histocompatibility complex. 197 

5-12 The protein products of MHC class I and class II genes 
are highly polymorphic. 199 

5-13 MHC polymorphism affects antigen recognition by T cells by 
influencing both peptide binding and the contacts between 
T-cell receptor and MHC molecule. 201 

5-14 Alloreactive T cells recognizing nonself MHC molecules 
are very abundant. 204 

5-15 Many T cells respond to superantigens. 206 
5-16 MHC polymorphism extends the range of antigens to which 

the immune system can respond. 207 
5-17 A variety of genes with specialized functions in immunity 

are also encoded in the MHC. 208 
5-18 Specialized MHC class I molecules act as ligands for the 

activation and inhibition of NK cells. 209 
5-19 The CD1 family of MHC class I-like molecules is encoded 

outside the MHC and presents microbial lipids to 
CD1-restricted T cells. 211 

Summary. 212 
Summary to Chapter 5. 212 

THE DEVELOPMENT OF MATURE 
LYMPHOCYTE RECEPTOR 
REPERTOIRES 

Chapter 6 Signaling Through Immune System 
Receptors 219 

General principles of signal transduction. 220 
6-1 Transmembrane receptors convert extracellular signals 

into intracellular biochemical events. 220 
6-2 Intracellular signal transduction often takes place in large 

multiprotein signaling complexes. 221 
6-3 The activation of some receptors generates small-molecule 

second messengers. 222 
6-4 Small G proteins act as molecular switches in many 

different signaling pathways. 224 
6-5 Signaling proteins are recruited to the membrane by a 

variety of mechanisms. 224 
6-6 Signal transduction proteins are organized in the plasma 

membrane in structures called lipid rafts. 225 
6-7 Protein degradation has an important role in terminating 

signaling responses. 226 
Summary. 227 

Antigen receptor signaling and lymphocyte activation. 227 
6-8 The variable chains of antigen receptors are associated with 

invariant accessory chains that carry out the signaling 
function of the receptor. 228 

6-9 Lymphocytes are extremely sensitive to their 
specific antigens. 229 
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6-1 O Antigen binding leads to phosphorylation of the ITAM 
sequences associated with the antigen receptors. 231 

6-11 In T cells, fully phosphorylated IT AMs bind the kinase 
ZAP-70 and enable it to be activated. 233 

6-12 Activated Syk and ZAP-70 phosphorylate scaffold proteins 
that mediate many of the downstream effects of antigen 
receptor signaling. 233 

6-13 PLC-y is activated by Tee tyrosine kinases. 234 
6-14 Activation of the small G protein Ras activates a MAP 

kinase cascade, resulting in the production of the 
transcription factor AP-1 . 235 

6-15 The transcription factor NFAT is indirectly activated by Ca2+. 236 
6-16 The transcription factor NFKB is activated by the actions of 

protein kinase C. 237 
6-17 The logic of B-cell receptor signaling is similar to that of 

T-cell receptor signali_ng but some of the signaling 
components are specific to B cells. 239 

6-18 ITAMs are also found in other receptors on leukocytes that 
signal for cell activation. 240 

6-19 The cell-surface protein CD28 is a co-stimulatory receptor 
for naive T cells. 240 

6-20 Inhibitory receptors on lymphocytes help regulate immune 
responses. 242 

Summary. 244 

Other receptors and signaling pathways. 244 
6-21 Cytokines typically activate fast signaling pathways that 

end in the nucleus. 245 
6-22 Cytokine receptors form dimers or trimers on ligand binding. 245 
6-23 Cytokine receptors are associated with the JAK family of 

tyrosine kinases which activate STAT transcription factors. 245 
6-24 Cytokine signaling is terminated by a negative feedback 

mechanism. 246 
6-25 The receptors that induce apoptosis activate specialized 

intracellular proteases called caspases. 247 
6-26 The intrinsic pathway of apoptosis is mediated by release 

of cytochrome c from mitochondria. 249 
6-27 Microbes and their products act via Toll-like receptors to 

activate NFKB. 249 
6-28 Bacterial peptides, mediators of inflammatory responses, 

and chemokines signal through members of the 
G-protein-coupled receptor family. 251 

Summary. 253 
Summary to Chapter 6. 253 

Chapter 7 The Development and Survival of 
Lymphocytes 257 

Development of B lymphocytes 259 
7-1 Lymphocytes derive from hematopoietic stem cells in 

the bone marrow. 259 
7-2 B-cell development begins by rearrangement of the 

heavy-chain locus. 262 
7-3 The pre-B-cell receptor tests for successful production of 

a complete heavy chain and signals for proliferation of 
pro-B cells. 264 

7-4 Pre-B-cell receptor signaling inhibits further heavy-chain 
locus rearrangement and enforces allelic exclusion. 266 

7-5 Pre-B cells rearrange the light-chain locus and express 
cell-surface immunoglobulin. 266 

7-6 Immature B cells are tested for autoreactivity before they 
leave the bone marrow. 268 

Summary. 272 

T-cell development in the thymus. 273 
7-7 T-cell progenitors originate in the bone marrow, but all the 

important events in their development occur in the thymus. 274 
7-8 T-cell precursors proliferate extensively in the thymus but 

most die there. 275 
7-9 Successive stages in the development of thymocytes are 

marked by changes in cell-surface molecules. 277 
7-10 Thymocytes at different developmental stages are found 

in distinct parts of the thymus. 279 
7-11 T cells with a:~ or y.o receptors arise from a common 

progenitor. 280 
7-12 T cells expressing particular y- and 8-chain V regions arise 

in an ordered sequence early in life. 282 
7-13 Successful synthesis of a rearranged ~ chain allows the 

production of a pre-T-cell receptor that triggers cell 
proliferation and blocks further ~-chain gene 
rearrangement. 283 

7-14 T-cell a-chain genes undergo successive rearrangements 
until positive selection or cell death intervenes. 286 

Summary. 288 

Positive and negative selection of T cells. 288 
7-15 The MHC type of the thymic stroma selects a repertoire of 

mature T cells that can recognize foreign antigens 
presented by the same MHC type. 289 

7-16 Only thymocytes whose receptors interact with 
self-peptide:self-MHC complexes can survive and mature. 290 

7-17 Positive selection acts on a repertoire of T-cell receptors 
with inherent specificity for MHC molecules. 291 

7-18 Positive selection coordinates the expression of CD4 or 
CDS with the specificity of the T-cell receptor and the 
potential effector functions of the T cell. 292 

7-19 Thymic cortical epithelial cells mediate positive selection 
of developing thymocytes. 293 

7-20 T cells that react strongly with ubiquitous self antigens 
are deleted in the thymus. 294 

7-21 Negative selection is driven most efficiently by bone 
marrow derived antigen-presenting cells. 296 

7-22 The specificity and/or the strength of signals for negative 
and positive selection must differ. 297 

Summary. 298 

Survival and maturation of lymphocytes in peripheral 
lymphoid tissues. 299 
7-23 Different lymphocyte subsets are found in particular 

locations in peripheral lymphoid tissues. 299 
7-24 The development and organization of peripheral lymphoid 

tissues are controlled by proteins of the tumor necrosis 
factor family. 300 

7-25 The homing of lymphocytes to specific regions of peripheral 
lymphoid tissues is mediated by chemokines. 302 

7-26 Lymphocytes that encounter sufficient quantities of self antigens 
for the first time in the periphery are eliminated or inactivated. 303 

7-27 Most immature B cells arriving in the spleen are short-lived 
and require cytokines and positive signals through the 
B-cell receptor for maturation and survival. 304 

7-28 B-1 cells and marginal zone B cells are distinct B-cell 
subtypes with unique antigen receptor specificity. 306 

7-29 T-cell homeostasis in the periphery is regulated by 
cytokines and self-MHC interactions. 307 

Summary. 307 
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Lymphoid tumors. 
7-30 B-cell tumors often occupy the same site as their normal 

counterparts. 
7-31 T-cell tumors correspond to a small number of stages of 

T-cell development. 
7-32 B-cell lymphomas frequently carry chromosomal 

translocations that join immunoglobulin loci to genes 
that regulate cell growth. 

Summary. 
Summary to Chapter 7. 

I Part IV I THE ADAPTIVE IMMUNE 
RESPONSE 

Chapter 8 T Cell-Mediated Immunity 

Entry of naive T cells and antigen-presenting cells into 
peripheral lymphoid organs. 
8-1 Naive T cells migrate through peripheral lymphoid tissues, 

sampling the peptide:MHC complexes on dendritic 
cell surfaces. 

8-2 Lymphocyte entry into lymphoid tissues depends on 
chemokines and adhesion molecules. 

8-3 Activation of integrins by chemokines is responsible for 
the entry of naive T cells into lymph nodes. 

8-4 T-cell responses are initiated in peripheral lymphoid 
organs by activated dendritic cells. 

8-5 There are two different functional classes of 
dendritic cells. 

8-6 Dendritic cells process antigens from a wide array 
of pathogens. 

8-7 Pathogen-induced TLR signaling in immature dendritic 
cells induces their migration to lymphoid organs and 
enhances antigen processing. 

8-8 Plasmacytoid dendritic cells detect viral infections and 
generate abundant type I interferons and pro-inflammatory 
cytokines. 

8-9 Macrophages are scavenger cells that can be 
induced by pathogens to present foreign antigens to 
naive T cells. 

8-1 0 B cells are highly efficient at presenting antigens that bind 
to their surface immunoglobulin. 

Summary. 

Priming of naive T cells by pathogen-activated 
dendritic cells. 
8-11 Cell-adhesion molecules mediate the initial interaction 

of naive T cells with antigen-presenting cells. 
8-12 Antigen-presenting cells deliver three kinds of signals 

for clonal expansion and differentiation of naive T cells. 
8-13 CD28-dependent co-stimulation of activated T cells 

induces expression of the T-cell growth factor interleukin-2 
and the high-affinity IL-2 receptor. 

8-14 Signal 2 can be modified by additional co-stimulatory 
pathways. 

8-15 Antigen recognition in the absence of co-stimulation I 
eads to functional inactivation or clonal deletion of 
peripheral T cells. 

8-16 Proliferating T cells differentiate into effector T cells that 
do not require co-stimulation to act. 

308 

308 

311 

312 
312 
313 

323 

325 

325 

326 

327 

331 

332 

334 

336 

338 

339 

340 
342 

343 

343 

344 

345 

346 

347 

349 

8-17 T cells differentiate into several subsets of functionally 
different effector cells. 

8-18 CDS T cells can be activated in different ways to become 
cytotoxic effector cells. 

8-19 Various forms of signal 3 induce the differentiation of 
naive CD4 T cells down distinct effector pathways. 

8-20 Regulatory CD4 T cells are involved in controlling 
adaptive immune responses. 

Summary. 

General properties of effector T cells and their 
cytokines. 
8-21 Effector T-cell interactions with target cells are initiated 

by antigen-nonspecific cell-adhesion molecules. 
8-22 Binding of the T-cell receptor complex directs the release 

of effector molecules and focuses them on the target cell. 
8-23 The effector functions of T cells are determined by the 

array of effector molecules that they produce. 
8-24 Cytokines can act locally or at a distance. 
8-25 Cytokines and their receptors fall into distinct families of 

structurally related proteins. 
8-26 The TNF family of cytokines are trimeric proteins that are 

usually associated with the cell surface. 
Summary. 

T cell-mediated cytotoxicity. 
8-27 Cytotoxic T cells can induce target cells to undergo 

programmed cell death. 
8-28 Cytotoxic effector proteins that trigger apoptosis are 

contained in the granules of COB cytotoxic T cells. 
8-29 Cytotoxic T cells are selective and serial killers of targets 

expressing a specific antigen. 
8-30 Cytotoxic T cells also act by releasing cytokines. 
Summary. 

Macrophage activation by T H1 cells. 
8-31 T H1 cells have a central role in macrophage activation. 
8-32 Activation of macrophages by T H1 cells promotes microbial 

killing and must be tightly regulated to avoid tissue damage. 
8-33 T H1 cells coordinate the host response to intracellular 

pathogens. 
Summary. 
Summary to Chapter 8. 

Chapter 9 The Humeral Immune Response 

8-cell activation and antibody production. 
9-1 The humoral immune response is initiated when B cells 

that bind antigen are signaled by helper T cells or by 
certain microbial antigens alone. 

9-2 B-cell responses to antigen are enhanced by co-ligation 
of the B-cell co-receptor. 

9-3 Helper T cells activate B cells that recognize the 
same antigen. 

9-4 Antigenic peptides bound to self-MHC class II molecules 
on B cells trigger helper T cells to make membrane-bound 
and secreted molecules that can activate a B cell. 

9-5 B cells that have bound antigen via their B-cell receptor 
are trapped in the T-cell zones of secondary 
lymphoid tissues. 
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9-6 Antibody-secreting plasma cells differentiate from activated 10-2 The nonspecific responses of innate immunity are 
B cells. 387 necessary for an adaptive immune response to be 

9-7 The second phase of a primary B-cell immune response initiated. 425 
occurs when activated B cells migrate to follicles and 10-3 Cytokines made in the earliest phase of an infection 
proliferate to form germinal centers. 388 influence differentiation of CD4 T cells toward the 

9-8 Germinal center B cells undergo V-region somatic TH17 subset. 426 

hypermutation, and cells with mutations that improve 10-4 Cytokines made in the later stages of an infection 
affinity tor antigen are selected. 390 influence differentiation of CD4 T cells toward T H1 

9-9 Class switching in thymus-dependent antibody responses or T H2 cells. 427 

requires expression of CD40 ligand by the helper T cell 10-5 The distinct subsets of CD4 T cells can regulate each 
and is directed by cytokines. 392 other's differentiation. 430 

9-10 Ligation of the B-cell receptor and CD40, together with 10-6 Effector T cells are guided to sites of infection by 
direct contact with T cells, are all required to sustain chemokines and newly expressed adhesion molecules. 432 
germinal center B cells. 394 10-7 Differentiated effector T cells are not a static population 

9-11 Surviving germinal center B cells differentiate into either but continue to respond to signals as they carry out 
plasma cells or memory cells. 395 their effector functions. 434 

9-12 B-cell responses to bacterial antigens with intrinsic 10-8 Primary CDS T-cell responses to pathogens can occur 
ability to activate B cells do not require T-cell help. 396 in the absence of CD4 help. 435 

9-13 B-cell responses to bacterial polysaccharides do 10-9 Antibody responses develop in lymphoid tissues under the 
not require peptide-specific T-cell help. 397 direction of CD4 helper T cells. 437 

Summary. 399 10-10 Antibody responses are sustained in medullary cords 
and bone marrow. 438 

The distribution and functions of immunoglobulin 10-11 The effector mechanisms used to clear an infection 
isotypes. 400 depend on the infectious agent. 439 

9-14 Antibodies of different isotypes operate in distinct places 10-12 Resolution of an infection is accompanied by the death 
and have distinct effector functions. 400 of most of the effector cells and the generation of 

9-15 Transport proteins that bind to the Fe regions of antibodies memory cells. 441 

carry particular isotypes across epithelial barriers. 402 Summary. 441 

9-16 High-affinity lgG and lgA antibodies can neutralize bacterial 
Immunological memory 442 toxins. 404 

9-17 High-affinity lgG and lgA antibodies can inhibit the 10-13 Immunological memory is long-lived after infection 

infectivity of viruses. 405 or vaccination. 442 

9-18 Antibodies can block the adherence of bacteria to host cells. 406 10-14 Memory B-cell responses differ in several ways from 

9-19 Antibody:antigen complexes activate the classical pathway 
those of naive B cells. 444 

of complement by binding to C1 q. 406 10-15 Repeated immunization leads to increasing affinity of 

9-20 Complement receptors are important in the removal of 
antibody due to somatic hypermutation and selection 

immune complexes from the circulation. 408 
by antigen in germinal centers. 445 

Summary. 409 
10-16 Memory T cells are increased in frequency compared 

with naive T cells specific tor the same antigen and 

The destruction of antibody-coated pathogens via 
have distinct activation requirements and cell-surface 
proteins that distinguish them from effector T cells. 446 

Fe receptors. 409 
10-17 Memory T cells are heterogeneous and include central 

9-21 The Fe receptors of accessory cells are signaling receptors memory and effector memory subsets. 449 
specific tor immunoglobulins of different classes. 410 10-18 CD4 T-cell help is required for CDS T-cell memory and 

9-22 Fe receptors on phagocytes are activated by antibodies involves CD40 and IL-2 signaling. 450 
bound to the surface of pathogens and enable the 10-19 In immune individuals, secondary and subsequent 
phagocytes to ingest and destroy pathogens. 411 responses are mainly attributable to memory lymphocytes. 452 

9-23 Fe receptors activate NK cells to destroy antibody-coated Summary. 453 
targets. 412 Summary to Chapter 10. 454 

9-24 Mast cells, basophils, and activated eosinophils bind lgE 
antibody via the high-affinity Fee receptor. 413 

9-25 lgE-mediated activation of accessory cells has an Chapter 11 The Mucosal Immune System 459 
important role in resistance to parasite infection. 414 

Summary. 415 The organization of the mucosal immune system. 459 

Summary to Chapter 9. 416 11-1 The mucosa! immune system protects the internal 
surfaces of the body. 4459 

11-2 The mucosa! immune system may be the original 
Chapter 10 Dynamics of Adaptive Immunity 421 vertebrate immune system. 461 

The course of the immune response to infection. 
11-3 Mucosa-associated lymphoid tissue is located in 

422 anatomically defined compartments in the gut. 462 
10-1 The course of an infection can be divided into several 11-4 The intestine has distinctive routes and mechanisms of 

distinct phases. 422 antigen uptake. 464 
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11-5 The mucosal immune system contains large numbers of Immunodeficiency diseases. 507 
effector lymphocytes even in the absence of disease. 466 12-7 A history of repeated infections suggests a diagnosis of 

11-6 The circulation of lymphocytes within the mucosal immune immunodeficiency. 507 
system is controlled by tissue-specific adhesion molecules 

12-8 Inherited immunodeficiency diseases are caused by and chemokine receptors. 467 
11-7 Priming of lymphocytes in one mucosal tissue can induce 

recessive gene defects. 508 

protective immunity at other mucosal surfaces. 469 12-9 The main effect of low levels of antibody is an inability 

11-8 Secretory lgA is the class of antibody associated with the 
to clear extracellular bacteria. 509 

mucosal immune system. 469 12-10 Some antibody deficiencies can be due to defects in 

11-9 lgA deficiency is common in humans but may be 
either B-cell or T-cell function. 512 

overcome by secretory lgM. 472 12-11 Defects in complement components cause defective 

11-10 The mucosal immune system contains unusual 
humoral immune function . 514 

T lymphocytes. 472 12-12 Defects in phagocytic cells permit widespread bacterial 

Summary. 475 infections. 515 
12-13 Defects in T-cell differentiation can result in severe 

The mucosal response to infection and regulation of combined immunodeficiencies. 517 

mucosal immune responses. 476 12-14 Defects in antigen receptor gene rearrangement result 

11-11 Enteric pathogens cause a local inflammatory response 
in SCID. 519 

and the development of protective immunity. 476 12-15 Defects in signaling from T-cell antigen receptors can 

11-12 The outcome of infection by intestinal pathogens is 
cause severe immunodeficiency. 520 

determined by a complex interplay between the 12-16 Genetic defects in thymic function that block T-cell 
microorganism and the host immune response. 478 development result in severe immunodeficiencies. 520 

11-13 The mucosal immune system must maintain a balance 12-17 The normal pathways for host defense against intracellular 
between protective immunity and homeostasis to a large bacteria are pinpointed by genetic deficiencies of 
number of different foreign antigens. 480 IFN-y and IL-12 and their receptors. 522 

11-14 The healthy intestine contains large quantities of 12-18 X-linked lymphoproliferative syndrome is associated with 
bacteria but does not generate productive immunity fatal infection by Epstein-Barr virus and with the 
against them. 482 development of lymphomas. 523 

11 -15 Full immune responses to commensal bacteria provoke 12-19 Genetic abnormalities in the secretory cytotoxic pathway 
intestinal disease. 485 of lymphocytes cause uncontrolled lymphoproliferation 

11-16 Intestinal helminths provoke strong T H2-mediated immune and inflammatory responses to viral infections. 523 
responses. 485 12-20 Bone marrow transplantation or gene therapy can be 

11-17 Other eukaryotic parasites provoke protective immunity useful to correct genetic defects. 525 
and pathology in the gut. 488 12-21 Secondary immunodeficiencies are major predisposing 

11-18 Dendritic cells at mucosal surfaces favor the induction of causes of infection and death. 526 
tolerance under physiological conditions and maintain the Summary. 527 
presence of physiological inflammation. 488 

Summary. 489 Acquired immune deficiency syndrome. 527 
Summary to Chapter 11. 490 12-22 Most individuals infected with HIV progress over time to AIDS. 528 

12-23 HIV is a retrovirus that infects CD4 T cells, dendritic 
cells, and macrophages. 530 

I PartV I THE IMMUNE SYSTEM IN 
12-24 Genetic variation in the host can alter the rate of 

progression of disease. 532 

HEALTH AND DISEASE 12-25 A genetic deficiency of the co-receptor CCR5 confers 
resistance to HIV infection in vivo. 532 

Chapter 12 Failures of Host Defense 
12-26 HIV RNA is transcribed by viral reverse transcriptase 

into DNA that integrates into the host-cell genome. 534 
Mechanisms 497 12-27 Replication of HIV occurs only in activated T cells. 536 

Evasion and subversion of immune defenses 498 12-28 Lymphoid tissue is the major reservoir of HIV infection. 537 

12-1 Antigenic variation allows pathogens to escape from immunity. 498 
12-29 An immune response controls but does not 

eliminate HIV. 538 
12-2 Some viruses persist in vivo by ceasing to replicate until 

12-30 The destruction of immune function as a result of HIV immunity wanes. 501 
12-3 Some pathogens resist destruction by host defense 

infection leads to increased susceptibility to opportunistic 
infection and eventually to death. 540 

mechanisms or exploit them for their own purposes. 502 
12-31 Drugs that block HIV replication lead to a rapid 

12-4 lmmunosuppression or inappropriate immune responses decrease in titer of infectious virus and an increase in 
can contribute to persistent disease. 504 CD4 T cells. 540 

12-5 Immune responses can contribute directly to 12-32 HIV accumulates many mutations in the course of infection, 
pathogenesis. 506 and drug treatment is soon followed by the outgrowth of 

12-6 Regulatory T cells can affect the outcome of infectious drug-resistant variants. 542 
disease. 506 12-33 Vaccination against HIV is an attractive solution but 

Summary. 507 poses many difficulties. 543 
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12-34 Prevention and education are one way in which the Chapter 14 Autoimmunity and Transplantation 599 
spread of HIV and AIDS can be controlled. 545 

Summary. 545 The making and breaking of self-tolerance 600 
Summary to Chapter 12. 546 14-1 A critical function of the immune system is to 

discriminate self from nonself. 600 
14-2 Multiple tolerance mechanisms normally prevent 

Chapter 13 Allergy and Hypersensitivity 555 autoimmunity. 602 

Sensitization and the production of lgE. 557 
14-3 Central deletion or inactivation of newly formed 

lymphocytes is the first checkpoint of self-tolerance. 603 
13-1 Allergens are often delivered transmucosally at low 14-4 Lymphocytes that bind self antigens with relatively low 

dose, a route that favors lgE production. 557 affinity usually ignore them but in some circumstances 
13-2 Enzymes are frequent triggers of allergy. 558 become activated. 603 

13-3 Class switching to lgE in B lymphocytes is favored by 14-5 Antigens in immunologically privileged sites do not induce 
specific signals. 559 immune attack but can serve as targets. 605 

13-4 Both genetic and environmental factors contribute to 14-6 Autoreactive T cells that express particular cytokines may be 
the development of lgE-mediated allergy. 560 nonpathogenic or may suppress pathogenic lymphocytes. 606 

13-5 Regulatory T cells can control allergic responses. 565 14-7 Autoimmune responses can be controlled at various 

Summary. 565 stages by regulatory T cells. 607 
Summary. 609 

Effector mechanisms in allergic reactions. 566 
13-6 Most lgE is cell-bound and engages effector mechanisms Autoimmune diseases and pathogenic mechanisms. 610 

of the immune system by different pathways from 14-8 Specific adaptive immune responses to self antigens 
other antibody isotypes. 567 can cause autoimmune disease. 610 

13-7 Mast cells reside in tissues and orchestrate allergic 14-9 Autoimmune diseases can be classified into clusters 
reactions. 567 that are typically either organ-specific or systemic. 611 

13-8 Eosinophils are normally under tight control to prevent 14-10 Multiple aspects of the immune system are typically 
inappropriate toxic responses. 569 recruited in autoimmune disease. 612 

13-9 Eosinophils and basophils cause inflammation and tissue 14-11 Chronic autoimmune disease develops through positive 
damage in allergic reactions. 571 feedback from inflammation, inability to clear the self 

13-10 Allergic reactions can be divided into immediate and antigen, and a broadening of the autoimmune response. 615 

late-phase responses. 571 14-12 Both antibody and effector T cells can cause tissue 

13-11 The clinical effects of allergic reactions vary according damage in autoimmune disease. 617 

to the site of mast-cell activation. 572 14-13 Autoantibodies against blood cells promote their 

13-12 Allergen inhalation is associated with the development destruction. 617 
of rhinitis and asthma. 574 14-14 The fixation of sublytic doses of complement to cells in 
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PART I 
AN INTRODUCTION TO 
IMMUNOBIOLOGY AND 
INNATE IMMUNITY 

Chapter 1 Basic Concepts in Immunology 

Principles of innate and adaptive immunity. 

The effector mechanisms of adaptive immunity. 

Chapter 2 Innate Immunity 

The front line of host defense. 

Pattern recognition in the innate immune system. 

The complement system and innate immunity. 

Induced innate responses to infection. 

.T 

Basic Concepts in 
Immunology 

Immunology is the study of the body's defense against infection. We live sur­
rounded by microorganisms, many of which cause disease. Yet despite this 
continual exposure we become ill only rarely. How does the body defend 
itself? When infection does occur, how does the body eliminate the invader 
and cure itself? And why do we develop long-lasting immunity to many infec­
tious diseases encountered once and overcome? These are the questions 
addressed by immunology, which we study to understand our body's 
defenses against infection at the cellular and molecular level. 

Immunology is a relatively new science. Its origin is usually attributed to 
Edward Jenner (Fig. 1.1), who observed in the late 18th century that the rela­
tively mild disease of cowpox, or vaccinia, seemed to confer protection 
against the often fatal disease of smallpox. In 1796, Jenner demonstrated that 
inoculation with cowpox could protect against smallpox. He called the pro­
cedure vaccination, and this term is still used to describe the inoculation of 
healthy individuals with weakened or attenuated strains of disease-causing 
agents to provide protection from disease. Although Jenner's bold experiment 
was successful, it took almost two centuries for smallpox vaccination to 
become universal, an advance that enabled the World Health Organization to 
announce in 1979 that smallpox had been eradicated (Fig. 1.2), arguably the 
greatest triumph of modern medicine. 

When Jenner introduced vaccination he knew nothing of the infectious 
agents that cause disease: it was not until late in the 19th century that Robert 
Koch proved that infectious diseases are caused by microorganisms, each 
one responsible for a particular disease. We now recognize four broad cate­
gories of disease-causing microorganisms, or pathogens: viruses, bacteria, 
fungi, and the unicellular and multicellular eukaryotic organisms collectively 
termed parasites. 

The discoveries of Koch and other great 19th-century microbiologists 
extended Jenner's strategy of vaccination to other diseases. In the 1880s, 
Louis Pasteur devised a vaccine against cholera in chickens, and developed a 
rabies vaccine that proved a spectacular success upon its first trial in a boy 
bitten by a rabid dog. These practical triumphs led to a search for the mech­
anism of protection and to the development of the science of immunology. In 
the early 1890s, Emil von Behring and Shibasaburo Kitasato discovered that 

Fig. 1.1 Edward Jenner. Portrait by John 
Raphael Smith. Reproduced courtesy of 
Yale University, Harvey Cushing/John Hay 
Whitney Medical Library. 
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Fig. 1.2 The eradication of smallpox by 
vaccination. After a period of 3 years in 
which no cases of smallpox were 
recorded , the World Health Organization 
was able to announce in 1979 that 
smallpox had been eradicated, and 
vaccinat ion stopped . A few laboratory 
stocks have been retained, however, and 
some fear that these are a source from 
which the virus might reemerge. 

the serum of animals immune to diphtheria or tetanus contained a specific 
'antitoxic activity' that could confer short-lived protection against the effects 
of diphtheria or tetanus toxins in people. This activity was due to the proteins 
we now call antibodies, which bound specifically to the toxins and neutral­
ized their activity. 

The responses we make against infection by potential pathogens are known as 
immune responses. A specific immune response, such as the production of 
antibodies against a particular pathogen or its products, is known as an adap­
tive immune response because it is developed during the lifetime of an indi­
vidual as an adaptation to infection with that pathogen. In many cases, an 
adaptive immune response also results in the phenomenon known as 
immunological memory, which confers lifelong protective immunity to rein­
fection with the same pathogen. This is just one of the features that distinguish 
an adaptive immune response from the innate immune response, or innate 
immunity, which is always immediately available to combat a wide range of 
pathogens but does not lead to lasting immunity and is not specific for any 
individual pathogen. At the time that von Behring was developing serum ther­
apy for diphtheria, innate immunity was known chiefly through the work of 
the great Russian immunologist Elie Metchnikoff, who discovered that many 
microorganisms could be engulfed and digested by phagocytic cells, which he 
called 'macrophages.' These cells are always present and ready to act, and are 
a frontline component of innate immune responses. In contrast, an adaptive 
immune response takes time to develop and is highly specific; antibodies 
against the influenza virus, for example, will not protect against poliovirus. 

It quickly became clear that antibodies could be induced against a vast range 
of substances. Such substances were called antigens because they could 
stimulate antibody generation. Much later, it was discovered that antibody 

· production is not the only function of adaptive immune responses, and the 
term antigen is now used to describe any substance that can be recognized 
and responded to by the adaptive immune system. The proteins, glycopro­
teins, and polysaccharides of pathogens are the antigens normally responded 
to by the immune system, but it can recognize and make a response to a 
much wider range of chemical structures-hence its ability to produce aller­
gic immune responses to metals such as nickel, drugs such as penicillin, and 
organic chemicals in the leaves of poison ivy. Innate and adaptive immune 
responses together provide a remarkably effective defense system. Many 
infections are handled successfully by innate immunity and cause no disease; 
those that cannot be resolved trigger an adaptive immune response and, if 
overcome, are often followed by lasting immunological memory, which pre­
vents disease if reinfection occurs. 

The main focus of this book will be on the diverse mechanisms of adaptive 
immunity, by which the specialized white blood cells known as lymphocytes 
recognize and target pathogenic microorganisms or infected cells. We shall 
see, however, that the actions of the innate immune system are a prerequisite 
for the development of adaptive immunity and that cells involved in innate 
immune responses also participate in adaptive immune responses. Indeed, 
most of the ways in which the adaptive immune response destroys invading 
microorganisms depend upon linking antigen-specific recognition of the 
pathogen to the activation of the same destructive mechanisms that are used 
in innate immunity. 

In this chapter we first introduce the principles of innate and adaptive immu­
nity, the cells of the immune system, the tissues in which they develop, and 
the tissues through which they circulate. We then outline the specialized 
functions of the different types of cells and the mechanisms by which they 
eliminate infection. 

Principles of innate and adaptive immunity. 
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present in the body collectively possess a vast repertoire of antigen receptors, 
which enables the immune system to recognize and respond to virtually any 
antigen a person is likely to be exposed to. By making recognition and 
response specific for a particular pathogen, the adaptive immune response 
focuses the resources of the immune system on combating that pathogen, 
enabling the body to overcome pathogens that have evaded or overwhelmed 
innate immunity. Antibodies and activated lymphocytes produced in this 
phase of the response also persist after the original infection has been elimi­
nated and prevent immediate reinfection. Lymphocytes are also responsible 
for the long-lasting immunity that is generated after a successful adaptive 
immune response to many pathogens, so that the response to a second expo­
sure to the same microbe is both faster and greater in magnitude, even when 

it occurs many years later. 

1-2 The cells of the immune system derive from precursors in the 
bone marrow. 

Both innate and adaptive immune responses depend upon the activities of 
white blood cells or leukocytes. These cells all originate in the bone marrow, 
and many of them also develop and mature there. They then migrate to guard 
the peripheral tissues-some of them residing within tissues, others circulat­
ing in the bloodstream and in a specialized system of vessels called the lym­
phatic system, which drains extracellular fluid and free cells from tissues, 
transports them through the body as lymph, and eventually empties back 

into the blood system. 
All the cellular elements of blood, including the red blood cells that transport 
oxygen, the platelets that trigger blood clotting in damaged tissues, and the 
white blood cells of the immune system, derive from the hematopoietic stem 
cells of the bone marrow. As these stem cells can give rise to all the different 
types of blood cells, they are often known as pluripotent hematopoietic stem 
cells. They give rise to stem cells of more limited developmental potential, 
which are the immediate progenitors of red blood cells, platelets, and the two 
main categories of white blood cells, the lymphoid and myeloid lineages. The 
different types of blood cells and their lineage relationships are summarized 

in Fig. 1.3. 

1-3 The myeloid lineage comprises most of the cells of the innate 
immune system. 

Principles of innate and adaptive immunity 

The common myeloid progenitor is the precursor of the macrophages, gran­
ulocytes, mast cells and dendritic cells of the innate immune system, and also 
of megakaryocytes and red blood cells, which we will not be concerned with 
here. The cells of the myeloid lineage are shown in Fig. 1.4. 

Macrophages are resident in almost all tissues and are the mature form of 
monocytes, which circulate in the blood and continually migrate into tissues, 
where they differentiate. Together, monocytes and macrophages make up 
one of the three types of phagocytes in the immune system: the others are the 
granulocytes (the collective term for the white blood cells called neutrophils, 
eosinophils, and basophils) and the dendritic cells. Macrophages are rela­
tively long-lived cells and perform several different functions throughout the 
innate immune response and the subsequent adaptive immune response. 
One is to engulf and kill invading microorganisms. In this phagocytic role 
they are an important first defense in innate immunity and also dispose of 
pathogens and infected cells targeted by an adaptive immune response. Both 
monocytes and macrophages are phagocytic, but most infections occur in 
the tissues, and so it is primarily macrophages that perform this important 
protective function. An additional and crucial role of macrophages is to 
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Fig. 1-4 Myeloid cells in innate and 
adaptive immunity. Cells of the myeloid 
lineage perform various important 
functions in the immune response. In the 
reSt of the book these cells will be 
represented in the schematic form shown 
on the left. A photomicrograph of each 
cell type is shown in the center panels. 
Macrophages and neutrophils are 
primarily phagocytic cells that engulf 
pathogens and destroy them in 
intracellular vesicles, a function they 
perform in both innate and adaptive 
immune responses. Dendritic cells are 
phagocytic when they are immature and 
can take up pathogens; after maturing, 
they function as specialized cells that 
present pathogen antigens to 
T lymphocytes in a form they can 
recognize '. thus activating T lymphocytes 
and 1nit1at1ng adaptive immune 
responses. Macrophages can also 
present antigens to T lymphocytes and 
can activate them. The other myeloid 
cells are primarily secretory cells that 
release the contents of their prominent 
gra~ules upon activation via antibody 
dunng an adaptive immune response. 
Eos1nophils are thought to be involved in 
attacking large antibody-coated parasites 
such as worms, whereas the function of 
basophils is less clear. Mast cells are 
tissue cells that trigger a local 
inflammatory response to antigen by 
releasing substances that act on local 
blood vessels; they are also important in 
allergic responses. Photographs courtesy 
of N. Rooney, R. Steinman, and D. Friend. 
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orchestrate immune responses: they help induce inflammation, which, as we 
shall see, is a prerequisite to a successful immune response, and they secrete 
signaling proteins that activate other immune-system cells and recruit them 
into an immune response. As well as their specialized role in the immune sys­
tem, macrophages act as general scavenger cells in the body, clearing dead 

cells and cell debris. 
The granulocytes are so called because they have densely staining granules 
in their cytoplasm; they are also called polymorphonuclear leukocytes 
because of their oddly shaped nuclei. There are three types of granulocytes­
neutrophils, eosinophils, and basophils-which are distinguished by the dif­
ferent staining properties of the granules. In comparison with macrophages 
they are all relatively short-lived, surviving for only a few days, and are pro­
duced in increased numbers during immune responses, when they leave the 
blood to migrate to sites of infection or inflammation. The phagocytic neu­
trophils are the most numerous and most important cells in innate immune 
responses: they take up a variety of microorganisms by phagocytosis and effi­
ciently destroy them in intracellular vesicles using degradative enzymes and 
other antimicrobial substances stored in their cytoplasmic granules. Their 
role is discussed in more detail in Chapter 2. Hereditary deficiencies in neu­
trophil function lead to overwhelming bacterial infection, which is fatal if 

Principles of innate and adaptive immunity 

untreated. 
The protective functions of eosinophils and basophils are less well under­
stood. Their granules contain a variety of enzymes and toxic proteins, which 
are released when the cell is activated. Eosinophils and basophils are thought 
to be important chiefly in defense against parasites, which are too large to be 
ingested by macrophages or neutrophils, but their main medical importance 
is their involvement in allergic inflammatory reactions, in which their effects 
are damaging rather than protective. We discuss the functions of these cells in 
Chapter 9 and their role in allergic inflammation in Chapter 13. 

Mast cells, whose blood-borne precursors are not well defined, differentiate 
in the tissues. Although best known for their role in orchestrating allergic 
responses, which is discussed in Chapter 13, they are believed to play a part 
in protecting the internal surfaces of the body against pathogens and are 
involved in the response to parasitic worms. They have large granules in their 
cytoplasm that are released when the mast cell is activated; these help induce 

inflammation. 
The dendritic cells are the third class of phagocytic cell of the immune sys­
tem. They have long finger-like processes, like the dendrites of nerve cells, 
which gives them their name. Immature dendritic cells migrate through the 
bloodstream from the bone marrow to enter tissues. They both take up par­
ticulate matter by phagocytosis and continually ingest large amounts of the 
extracellular fluid and its contents by a process known as macropinocytosis. 
Like macrophages and neutrophils, they degrade the pathogens they take up, 
but their main role in the immune system is not the clearance of microor­
ganisms. Instead, dendritic cells that have encountered invading microor­
ganisms mature into cells capable of activating a particular class of 
lymphocytes-the T lymphocytes-which are described below. Dendritic 
cells do this by displaying pathogen antigens on their surface in such a way 
that they can be recognized and responded to by this type of lymphocyte. As 
we discuss later in the chapter, recognition of antigen alone is not sufficient 
to activate a T lymphocyte that has never encountered its antigen before. 
Mature dendritic cells, however, have additional properties that enable them 
to activate T lymphocytes. Cells that can present antigens to inactive T lym­
phocytes and activate them for the very first time are known as antigen-pre­
senting cells (APCs), and such cells form a crucial link between the innate 
immune response and the adaptive immune response. Macrophages can also 
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Natural killer (NK) cell 

g . . . . . . 

Releases lytic granules that kill some 
virus-infected cells 

Fig. 1.5 Natural killer (NK) cells. These 
are large granular lymphoid-like cells with 
important functions in innate immunity, 
especially against intracellular infections 
being able to kill other cells. Unlike ' 
lymphocytes, they lack antigen-specific 
receptors. Photograph courtesy of 
8. Smith. 

Fig. 1.6 Lymphocytes are mostly small 
and inactive cells. The left panel shows 
a light micrograph of a small lymphocyte 
1n which the nucleus has been stained 
purple by the hematoxylin and eosin dye, 
surrounded by red blood cells (which 
have no nuclei). Note the darker purple 
patches of condensed chromatin of the 
lymphocyte nucleus, indicating little 
transcriptional activity, the relative 
absence of cytoplasm, and the small size. 
The right panel shows a transmission 
electron micrograph of a small 
lymphocyte. Again , note the evidence of 
functional inactivity: the condensed 
chromatin, the scanty cytoplasm, and the 
absence of rough endoplasmic reticulum. 
Photographs courtesy of N. Rooney. 

~ct as antig~~-presenting cells, and they are important in particular situa­
tions. Dendnt1c cells, ho~e~e_r, ~re the cells that specialize in presenting anti­
gens to lymphocytes and m1tiatmg adaptive immune responses. 

1-4 !he lymphoid lineage comprises the lymphocytes of the adaptive 
immune system and the natural killer cells of innate immunity. 

The common lymphoid · · th . progemtor m e bone marrow gives rise to the anti-
gen-specific lymphocytes of the adaptive immune system and also to a e 
of l~phocyt~ that responds to the presence of infection but is not specifi;rar 
;ntig~n, and 1s thus ~onsidered to be part of the innate immune system This 
r:te~ 1s a large cell with ~ distinctive granular cytoplasm and is called a ~atu-
b killer cell (NK cell) (Fig. 1.5). These cells are able to recognize and kill some 

a_ normal c~lls, for _exan:i-p~e som~ tumor cells and cells infected with her es 
viruses. TheIT funct10ns m mnate immunity are described in Chapter 2. p :e co~e finally to the antigen-specific lymphocytes, with which most of this 
l ook will be concerned: unless indicated otherwise, we shall use the term 
ihP_hocyte from now on to refer to the antigen-specific lymphocytes only 

e immun~ syste~ must be able to mount an immune response a ains~ 
~ny_ oft~ :-v'~e v~nety of different pathogens a person is likely to enco~mter 

urm_g t eIT l~fet1me. Lymphocytes collectively make this possible throu h 
t~e highly vanable antigen receptors on their surface by which th g 
mze and bind antig~ns. Each lymphocyte matures be~ring a uniqu?v:r~~~~ 
of a prototype antigen _receptor, so that the population of lymphoc es 
expr~~ses_ a hu_ge repertoITe of receptors that are highly diverse in their a~ti­
~e~- mdmg sites._ Among the billion or so lymphocytes circulating in the 
l' o y at any one time there will always be some that can recognize a given 
1ore1gn antigen. 

In :~ ~bsence of an infection, most lymphocytes circulating in the body are 
sm , eatureles~ c_ells '_'Vith few cytoplasmic organelles and much of the 
nuclear chro_matm mact1ve, as shown by its condensed state (Fig 1 6) Th· 
appearance 1s typical of inactive cells. It is hardly surprising tha~ ~til t~s 
1960s ~extbooks described these cells, now the central focus of immunolo e 
~s having _n? kno~ function. Indeed, these small lymphocytes have no fun~ 
~onal actIVIty until the_Y encounter their specific antigen. Lymphocytes that 

ave not yet been activated by antigen are known as naive l h . 
:o~e t~at have met t~eir antigen, become activated, and have ~!e~~~:~ 

r er mto fully funct10nal lymphocytes are known as effector lymphocytes. 

There are two types of lymphocytes-B lymphocytes (B cells) and T lympho­
cytes (T cells)-each with quite different roles in the immune system and dis­
tinct types of antigen receptors. After antigen binds to a B-cell antigen 
receptor, or B-cell receptor (BCR), on the B-cell surface, the lymphocyte will 
proliferate and differentiate into plasma cells. These are the effector form of 
B lymphocytes and they produce antibodies, which are a secreted form of the 
B-cell receptor and have an identical antigen specificity. Thus the antigen 
that activates a given B cell becomes the target of the antibodies produced by 
that cell's progeny. Antibody molecules as a class are known as immunoglob­
ulins (lg), and so the antigen receptor of B lymphocytes is also known as 
membrane immunoglobulin (mlg) or surface immunoglobulin (slg) . 

The T-cell antigen receptor, or T-cell receptor (TCR), is related to 
immunoglobulin but is quite distinct in its structure and recognition proper­
ties. After a T cell is activated by its first encounter with antigen it proliferates 
and differentiates into one of several different functional types of effector 
T lymphocytes. T-cell functions fall into three broad classes-killing, activa­
tion, and regulation. Cytotoxic T cells kill cells that are infected with viruses 
or other intracellular pathogens. Helper T cells provide essential additional 
signals that activate antigen-stimulated B cells to differentiate and produce 
antibody; some of these T cells can also activate macrophages to become 
more efficient at killing engulfed pathogens. We return to the functions of 
cytotoxic and helper T cells later in this chapter, and their actions are 
described in detail in Chapters 8 and 10. Regulatory T cells suppress the 
activity of other lymphocytes and help control immune responses; they are 
discussed in Chapters 8, 10, and 14. 

During the course of an immune response, some of the B cells and T cells acti­
vated by antigen differentiate into memory cells, the lymphocytes that are 
responsible for the long-lasting immunity that can follow exposure to disease 
or vaccination. Memory cells will readily differentiate into effector cells on a 
second exposure to their specific antigen. Immunological memory is 
described in Chapter 10. 

1-5 Lymphocytes mature in the bone marrow or the thymus and then 
congregate in lymphoid tissues throughout the body. 

Lymphocytes circulate in the blood and the lymph and are also found in large 
numbers in lymphoid tissues or lymphoid organs, which are organized 
aggregates of lymphocytes in a framework of nonlymphoid cells. Lymphoid 
organs can be divided broadly into central or primary lymphoid organs, 
where lymphocytes are generated, and peripheral or secondary lymphoid 
organs, where mature naive lymphocytes are maintained and adaptive 
immune responses are initiated. The central lymphoid organs are the bone 
marrow and the thymus, an organ in the upper chest. The peripheral lym­
phoid organs comprise the lymph nodes, the spleen and the mucosa! lym­
phoid tissues of the gut, the nasal and respiratory tract, the urogenital tract 
and other mucosa. The location of the main lymphoid tissues is shown 
schematically in Fig. 1.7, and we shall describe the individual peripheral lym­
phoid organs in more detail later in the chapter. Lymph nodes are intercon­
nected by a system of lymphatic vessels, which drain extracellular fluid from 
tissues, through the lymph nodes, and back into the blood. 

Both B and T lymphocytes originate in the bone marrow, but only the B lym­
phocytes mature there. The precursor T lymphocytes migrate to the thymus, 
from which they get their name, and mature there. The 'B' in B lymphocytes 
originally stood for the bursa ofFabricius, a lymphoid organ in young chicks 
in which lymphocytes mature; fortunately, it can stand equally well for 
bone marrow-derived. Once they have completed maturation, both types of 
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Fig. 1.7 The distribution of lymphoid 
tissues in the body. Lymphocytes arise 
from stem cells in bone marrow and 
differentiate in the central lymphoid organs 
(yellow)-8 cells in the bone marrow and 
T cells in the thymus. They migrate from 
these tissues and are carried in the 
bloodstream to the peripheral lymphoid 
organs {blue). These include lymph 
nodes, spleen, and lymphoid tissues 
associated with mucosa, such as the gut­
associated tonsils, Peyer's patches, and 
appendix. The peripheral lymphoid 
organs are the sites of lymphocyte 
activation by antigen, and lymphocytes 
recirculate between the blood and these 
org.ans until they encounter their specific 
antigen. Lymphatics drain extracellular 
fluid from the peripheral tissues, through 
the lymph nodes and into the thoracic 
duct, which empties into the left 
subclavian vein. This fluid, known as 
lymph, carries antigen taken up by 
dendritic cells and macrophages to the 
lymph nodes and recirculating 
lymphocytes from the lymph nodes back 
into the blood. Lymphoid tissue is also 
associated with other mucosa such as 
the bronchial linings (not shown). 
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lymphocytes enter the bloodstream as mature naive lymphocytes Th · 
~ulate through th~ p~r_ipheral lymphoid tissues, in which an. ad:y t~~~ 
immune resp~nse 1s m1tiated if a lymphocyte meets its corresponding ~nti­
gen. Before this, however, an innate immune response to the infection has 
usually occurred, and we now look at how this alerts the rest of the immune 
system to the presence of a pathogen. 

1-6 ~ost infec!ious agents activate the innate immune system and 
rnduce an rnflammatory response. 

The skin a°:d th_e mu~osal epithelia lining the airways and gut are the first 
def~nse_ aga1°:st mv~dmg pat~ogens, forming a physical and chemical barrier 
agamst mfect10n. M1croorgamsms that breach these defenses are met by II 
and molecules _that mount an immediate innate immune res o ce s 
M~crophages resident in the tissues are the first line of defense againft bnse. 
tena for example h. h th . ac-

' . , w 1c ey recogmze by means of receptors that bind 
common c?nst1tuents of many bacterial surfaces. Engagement of these 
~e~eptors tnggers the macrophage both to engulf the bacteriu~ and de rade 
It mternally, and to secrete proteins called cytokines and chemokines g II 
: o~her biologic~ly active molecules. Similar responses occur to :::u::s 

ng1, and parasites. Cytokine is a general name for any protein that i~ 
secreted by cells an~ affects the behavior of nearby cells bearing appropriate 
recepto~s. Chemokines are secreted proteins that attract cells bearin 
chemokine ~eceptor~, such as neutrophils and monocytes, out of the blool 
stream and mto the mfected tissue (Fig. 1.8). The cytokines and chemokines 
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redness, heat, and swelling 

Inflammatory cells migrate 
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inflammatory mediators 
that cause pain 

released by activated macrophages initiate the process known as inflamma­
tion. Inflammation of an infected tissue has several beneficial effects in com­
bating infection. It recruits cells and molecules of innate immunity out of the 
blood and into the tissue where they are needed to destroy the pathogen 
directly. In addition, it increases the flow oflymph bearing microbes and anti­
gen-bearing cells to nearby lymphoid tissues, where they will activate lym­
phocytes and initiate the adaptive immune response. Finally, once the 
adaptive immune response has been triggered, inflammation also recruits 
the effectors of the adaptive immune system-antibody molecules and effec­
tor T cells-to the site of infection. 

Local inflammation and the phagocytosis of invading bacteria may also be 
triggered as a result of the activation of a group of plasma proteins known col­
lectively as complement. Activation of the complement system by bacterial 
surfaces leads to a cascade of proteolytic reactions that coats microbes, but 
not the body's own cells, with complement fragments. Complement-coated 
microbes are recognized and bound by specific complement receptors on 
macrophages, taken up by phagocytosis, and destroyed. 

Inflammation is traditionally defined by the four Latin words calor, dolor, 
rubor, and tumor, meaning heat, pain, redness, and swelling, all of which 
reflect the effects of cytokines and other inflammatory mediators on the local 
blood vessels. Dilation and increased permeability of blood vessels during 
inflammation lead to increased local blood flow and the leakage of fluid into 
the tissues, and account for the heat, redness, and swelling. Cytokines and 
complement fragments have important effects on the endothelium lining 
blood vessels; endothelial cells themselves also produce cytokines in 
response to infection. The inflammatory cytokines produce changes in the 
adhesive properties of the endothelial cells, in turn causing circulating leuko­
cytes to stick to the endothelial cells and migrate between them into the site 
of infection, to which they are attracted by chemokines. The migration of cells 
into the tissue and their local actions account for the pain. 

The main cell types seen in the initial phase of an inflammatory response are 
macrophages and neutrophils, the latter being recruited into the inflamed, 
infected tissue in large numbers. Macrophages and neutrophils are thus also 
known as inflammatory cells. Like macrophages, neutrophils have surface 
receptors for common bacterial constituents and for complement, and they 
are the principal cells that engulf and destroy the invading microorganisms. 
The influx of neutrophils is followed a short time later by monocytes, which 
rapidly differentiate into macrophages, thus reinforcing and sustaining the 
innate immune response. More slowly, eosinophils also migrate into 
inflamed tissues and also contribute to the destruction of the invading 
microorganisms. 

Principles of innate and adaptive immunity 

Fig. 1.8 Infection triggers an 
inflammatory response. Macrophages 
encountering bacteria or other types of 
microorganisms in tissues are triggered to 
release cytokines that increase the 
permeability of blood vessels, allowing 
fluid and proteins to pass into the tissues. 
They also produce chemokines, which 
direct the migration of neutrophils to the 
site of infection. The stickiness of the 
endothelial cells of the blood vessel wall 
is also changed, so that cells adhere to 
the wall and are able to crawl through it; 
first neutrophils and then monocytes are 
shown entering the tissue from a blood 
vessel. The accumulation of fluid and 
cells at the site of infection causes the 
redness, swelling, heat, and pain known 
collectively as inflammation. Neutrophils 
and macrophages are the principal 
inflammatory cells. Later in an immune 
response, activated lymphocytes can also 
contribute to inflammation. 
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~ig. 1.9 Dendritic cells initiate adaptive 
immune responses. Immature dendritic 
cells resident in a tissue take up 
pathogens and their antigens by 
macropinocytosis and by receptor­
mediated endocytosis. They are 
stimulated by recognition of the presence 
of pathogens to migrate through the 
lymphatics to regional lymph nodes 
where they arrive as fully mature no~­
phagocytic dendritic cells that express 
both antigen and the co-stimulatory 
molecules necessary to activate a naive 
T cell that recognizes the antigen 
stimulating lymphocyte proliferati;n and 
differentiation. 

As "".ell as directly destroying p~thogens, the innat . . 
crucial consequences for the ini·ti·at · f d . e _immune response has 

. 10n o a aptive immun 
we see m the next section. It does this . . all e responses, as 
dendritic cells. pnncip Y through the agency of 

1-7 
:t~~v:;~~doic~ioe~:~i;~~p~~~~g:!~~~t~~ting cells is a necessary first 

The induction of an adaptive immune res . 
~ng;st~d by~ immature dendritic cell in f;e~~f:c~!:~i:~:nTt~::rngei:i~s 
ize p agocytic cells are resident in most tissu . . speci -
long-lived compared with other white blood ce~s ~~d, hk~ ~acrophages, are 
marrow (see Section 1-3) and wh ·1 t"ll s. ey ongmate m the bone 
through the bloodstream t~ their pe~i;:e~al ~~:/ully ~ature they migrate 
local environment for pathogens. wns, w ere they survey the 

Like macrophages and neutrophils the i . . 
tors on its surface that recognize c~m mn;ature dendntic cell carries recep-

b . . mon 1eatures of many pa tho h 
as actenal hpopolysaccharide. Microbial co . . gens, sue 
~eceptors stimulate the dendritic cell to engulf ;pone~ts bmdmg to these 
mtracellularly. Immature dendritic cells are als e p~t ogen ~d degrade it 
cellular material, including virus particles and boa~~n~m~allh taking up ~xtra­
pendent mechanism of ma . ena, Y t e receptor-mde­
internalize and de rade cropmocytosis, and are thus even able to 
detect. The functio~ of d~~~~~~~:sel~~a~ their cel!-surface_ rec~ptors do not 
pathogens but to carry pathogen anti ~ns ~;eve~, is not pnmar~y to destroy 
there present them to T lymphocyt ~ akipenpheral lymphoid organs and 
ponents, the dendritic cell migrate:\o n:ri {:; up pathog~ns_and their com­
matures into a highly effective ant' P P ~al lymph01d tissues, where it 
of pathogen antigens on its surfa~:e:r::entmg cell. It displays fragments 
proteins known as co-stimulato I I so starts to produce cell-surface 
provide signals that act together~~o :r.~ es, whi~h, as their name suggests, 
to rt igen to stimulate the T lymph yt 

pro i erate and differentiate into its final full fu . . oc e 
Because B cells are not activated by most a t' y n~~on~ for~ (Fig. 1.9) . 
vated helper T cells, the activation of . t igens wit o~t help from acti­
stage in virtually all adaptive . naive lymphocytes is an essential first 

immune responses. 
Activated dendritic cells also secrete cyt ki th . 
adaptive immune responses maki ; nes at mfluence both innate and 
determine whether and how tli . ng ese cells essential gatekeepers that 

!n!ect~o~s agents. We consider t~:::~~=t:~:~1Fct:e~~~~~::~~~:~e_nce of 
r ro em presenting antigens to naive T cells in Chapter 8. e1r cen-
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1-8 The innate immune system provides an initial discrimination between 
self and non self. 

The defense systems of innate immunity are effective in combating many 
pathogens. They are constrained, however, by relying on a limited and invari­
ant repertoire of receptors to recognize microorganisms. The pathogen­
recognition receptors of macrophages, neutrophils, and dendritic cells recog­
nize simple molecules and regular patterns of molecular structure known as 
pathogen-associated molecular patterns (PAMPs) that are present on many 
microorganisms but not on the body's own cells (Fig. 1.10). These receptors 
are known generally as pattern recognition receptors (PRRs), and they rec­
ognize structures such as mannose-rich oligosaccharides, peptidoglycans 
and lipopolysaccharides in the bacterial cell wall, and unmethylated CpG 
DNA, which are common to many pathogens and have been conserved dur­
ing evolution. The innate immune system is thus able broadly to distinguish 
self (the body) from nonself (pathogen) and to mount an attack against 
invaders. By becoming activated through their pattern recognition receptors, 
immature dendritic cells, which form part of the innate immune system, 
become able in their turn to activate naive T lymphocytes, as discussed in the 
previous section. Thus, the adaptive immune response is essentially initiated 
by an explicit recognition of nonself by the innate immune system. 

The common pathogen constituents recognized by pattern recognition 
receptors are usually quite distinct from the pathogen-specific antigens that 
are recognized by lymphocytes. The requirement for microbial constituents 
other than the antigen to initiate an adaptive immune response was recog­
nized experimentally long before the discovery of dendritic cells and their 
mode of activation. It was found that purified antigens such as proteins often 
did not evoke an immune response in an experimental immunization-that 
is, they were not immunogenic. To obtain adaptive immune responses to 
purified antigens, it was essential to add killed bacteria or bacterial extracts to 
the antigen. This additional material was termed an adjuvant, as it helped the 
response to the immunizing antigen (adjuvare is Latin for 'to help'). We know 
now that adjuvants are needed, at least in part, to activate dendritic cells to 
full antigen-presenting status in the absence of an infection. Finding suitable 
adjuvants is still an important part of vaccine preparation; we describe mod­
ern adjuvant formulations in Appendix I. 

Microorganisms can evolve more rapidly than their hosts, and this may 
explain why the cells and molecules of the innate immune system recognize 
only molecular structures that have remained unchanged during evolution. As 
we see next, the recognition mechanism used by the lymphocytes of the adap­
tive immune response has evolved to overcome the constraints faced by the 
innate immune system. It enables the recognition of an almost infinite diver­
sity of antigens, so that each different pathogen can be specifically targeted. 

1-9 Lymphocytes activated by antigen give rise to clones of antigen-
specific effector cells that mediate adaptive immunity. 

Instead of bearing several different receptors, each recognizing a different fea­
ture shared by many pathogens, a naive lymphocyte bears antigen receptors 
specific for a single chemical structure. However, each lymphocyte emerging 
from the central lymphoid organs differs from the others in its receptor speci­
ficity. The diversity is generated by a unique genetic mechanism that operates 
during lymphocyte development in the bone marrow and the thymus to gen­
erate millions of different variants of the genes encoding the receptor mole­
cules. This ensures that the lymphocytes in the body collectively carry 
millions of different antigen receptor specificities-the lymphocyte receptor 
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Fig. 1.10 Macrophages express a 
number of receptors that allow them 
to recognize different pathogens. 
Macrophages express a variety of 
receptors, each of which is able to 
recognize specific components of 
microbes. Some, like the mannose and 
glucan receptors and the scavenger 
receptor, bind cell-wall carbohydrates of 
bacteria, yeast, and fungi. The Toll-like 
receptors (TLRs) are an important family 
of pattern recognition receptors present 
on macrophages and other immune cells 
and are able to bind different microbial 
components; for example, TLR-2 binds 
cell-wall components of Gram-negative 
bacteria, whereas TLR-4 binds cell-wall 
components of Gram-positive bacteria. 
LPS: lipopolysaccharide. 
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Fig. 1.11 Clonal selection. Each 
lymphoid progenitor gives rise to a large 
number of lymphocytes, each bearing a 
distinct antigen receptor. Lymphocytes 
with receptors that bind ubiquitous self 
antigens are eliminated before they 
become fully mature, ensuring tolerance 
to such self antigens. When a foreign 
antigen interacts with the receptor on a 
mature naive lymphocyte, that cell is 
activated and starts to divide. It gives rise 
to a clone of identical progeny, all of 
whose receptors bind the same antigen. 
Antigen specificity is thus maintained as 
the progeny proliferate and differentiate 
into effector cells. Once antigen has been 
eliminated by these effector cells, the 
immune response ceases, although some 
lymphocytes are retained to mediate 
immunological memory. 

Fig. 1.12 The four basic principles of 
clonal selection. 

repertoire _of the individual. T~ese lymphocytes are continually undergoing a 
process akin to natural selection; only those lymphocytes that encounter an 
antigen to which their receptor binds will be activated to proliferate and dif­
ferentiate into effector cells. 

This selective mechanism was first proposed in the 1950s by Macfarlane 
Burnet to explain why a person produces antibodies against only those anti­
gens to which he or she is exposed. Burnet postulated the preexistence in the 
bo?Y of many diff~rent potential antibody-producing cells, each having the 
ab1hty to make antibody of a different specificity and displaying on its surface 
a membrane-bound version of the antibody: this serves as a receptor for the 
antige-?. O°: binding antigen, the cell is activated to divide and to produce 
many 1dent1cal progeny, a process known as clonal expansion; this clone of 
i?entical cells can now secrete clonotypic antibodies with a specificity iden­
tical to that of the surface receptor that first triggered activation and clonal 
expansion (Fig. 1.11) . Burnet called this the clonal selection theory of anti­
body production. 

1-10 ~lonal _selection of lymphocytes is the central principle of adaptive 
immunity. 

Remarkably, at t~e time that Burnet formulated his theory, nothing was 
known of the antigen recep~ors oflymphocytes; indeed, the function oflym­
ph~cytes themselves was still obscure. Lymphocytes did not take center stage 
until the early 1960s, when James Gowans discovered that removal of the 
~mall lymphocytes from rats resulted in the loss of all known adaptive 
immune responses. These immune responses were restored when the small 
lymphoc)_'!es were replaced. This led to the realization that lymphocytes must 
be the um ts of clonal selection, and their biology became the focus of the new 
field of cellular immunology. 

Clon~ se~ection _of lymphocytes with diverse receptors elegantly explained 
ada_Pt1ve 1mmumty; but it raised one significant conceptual problem. If the 
ant1ge_n r~c~ptors of lymphocytes are generated randomly during the lifetime 
of an m?1vidual, how are lymphocytes prevented from recognizing antigens 
on the tissues of the body and attacking them? Ray Owen had shown in the 
late 1940s that genetically different twin calves with a common placenta, and 
t~us a shared placental blood circulation, were immunologically unrespon­
sive, or tolerant, to one another's tissues: they did not make an immune 

Postulates of the clonal selection hypothesis 

I Each lymphocyte bears a single type of receptor with a unique specificity 
I 

lntera_ction between a foreign molecule and a lymphocyte receptor capable of 
binding that molecule with high affinity leads to lymphocyte activation 

The differentiated effector cells derived from an activated lymphocyte will bear 
receptors of identical specificity to those of the parental cell from which that 

lymphocyte was derived 

Lymphocytes bearing receptors specific for ubiquitous sell molecules are deleted at an 
early stage in lymphoid cell development and are therefore absent from the repertoire 

of mature lymphocytes 

response against each other. Peter Medaw~ then showed in 1953 that _expo­
sure to foreign tissues during embryomc development caused mice to 
become immunologically tolerant to these tissues. Burnet proposed that 
developing lymphocytes that are potentially self-reactive are removed before 
they can mature, a process known as clonal_ deletio~- He has s~nce been 
proved right in this too, although the mechanisms of 1m~unolog1cal toler­
ance are still being worked out, as we shall see when we discuss the develop-

ment of lymphocytes in Chapter 7. 

Clonal selection of lymphocytes is the single most important principle in 
adaptive immunity. Its four basic postulates are listed in Fig. 1_.12. ~he last of 
the problems posed by the clonal selection theory-how_the d1vers1ty oflym­
phocyte antigen receptors is gener~ted-~as solved m the 1970s, w~en 
advances in molecular biology made 1t possible to clone the genes encodmg 

antibody molecules. 

1-1 1 The structure of the antibody molecule illustrates the central puzzle 
of adaptive immunity. 

As discussed above, antibodies are the secreted form of the B cell's antigen 
receptor. Because they are produced in very large quantities in resp01_1se to 
antigen, antibodies can be studied by traditional biocheI11;ical techmques; 
indeed, their structure was understood long before recombmant DNA tech­
nology made it possible to study the membrane-bou1:d anti~en rece~tors of 
B cells. The startling feature that emerged from the b1ochem1cal studies was 
that antibody molecules are composed of two distinct r~gions .. 0-?e is_ a con­
stant region that takes one of only four or five biochenucally d1stmgmshable 
forms· the other is a variable region that can be composed of an apparently 
infini;e variety of different amino acid sequences, forming subtly diffe~ent 
structures that allow antibodies to bind specifically to an equally vast vanety 
of antigens. This division is illustrated in Fig. 1.13, where_ the antibo?y is 
depicted as a Y-shaped molecule. The variable reg~on d~term111;es the a~t1ge1:­
binding specificity of the antibody. There are _two 1?ent1c~ varia~le r~g10~s m 
an antibody molecule, and it thus has two 1dent1cal ant1gen-~mdmg s1t~s. 
The constant region determines the effector function of the antibody: that 1s, 
how the antibody disposes of the antigen once it is bound. 

Each antibody molecule has a two-fold axis of symmetry and is com~osed of 
two identical heavy chains and two identical light chains (see Fig. 1.13, 

Schematic structure of an antibody molecule 

variable 
region 

(antigen­
binding site) 

constant 
region 

(effector function) 

Schematic structure of the T-cell receptor 

a ~ 
JS --'.:: variable region 

(antigen-binding site) 

constant 
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Fig. 1.13 Schematic structure of 
antigen receptors. Left panel: an 
antibody molecule, which is secreted by 
activated B cells as an antigen-binding 
effector molecule. A membrane-bound 
version of this molecule acts as the B-cell 
antigen receptor (not shown). An antibody 
is composed of two identical heavy 
chains (green) and two identical light 
chains (yellow) . Each chain has a constant 
part (shaded blue) and a variable part 
(shaded red) . Each arm of the antibody 
molecule is formed by a light chain and a 
heavy chain such that the variable parts 
of the two chains come together, creating 
a variable region that contains the 
antigen-binding site. The stem is formed 
from the constant parts of the heavy 
chains and takes a limited number of 
forms. This constant region is involved in 
the elimination of the bound antigen. Right 
panel: a T-cell antigen receptor. This is 
also composed of two chains, an a chain 
(yellow) and a ~ chain (green), which each 
have a variable and a constant part. As 
with the antibody molecule, the variable 
parts of the two chains create a variable 
region , which forms the antigen-binding 
site. The T-cell receptor is not produced in 

a secreted form . 
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Inherited gene segments 

Unique combination of segments becomes 
joined by somatic gene rearrangement 

Chains pair to give a unique receptor 
for each lymphocyte 

Fig. 1.14 The diversity of lymphocyte 
antigen receptors is generated by 
somatic gene-segment 
rearrangements. Different parts of the 
variable regions of antigen receptors are 
encoded by sets of gene segments. 
During a lymphocyte's development, one 
member of each set of gene segments is 
joined randomly to the others by an 
irreversible process of DNA 
recombination. The juxtaposed gene 
segments make up a complete gene that 
encodes the variable part of one chain of 
the receptor and is unique to that cell. 
This random rearrangement is repeated 
for the set of gene segments encoding 
the other chain. The rearranged genes are 
expressed to produce the two types of 
polypeptide chains. These come together 
to form a unique antigen receptor on the 
lymphocyte surface. Each lymphocyte 
bears many copies of its unique receptor. 

where the heavy chains are in green and the light chains in yellow). Heavy and 
light chains both have variable and constant regions; the variable regions of a 
heavy and a light chain combine to form an antigen-binding site, so that both 
chains contribute to the antigen-binding specificity of the antibody mole­
cule. The structure of antibody molecules is described in detail in Chapter 3, 
and the functional properties of antibodies conferred by their constant 
regions are considered in Chapters 4 and 9. For the time being, we are con­
cerned only with the properties of antibody molecules as antigen receptors, 
and how the diversity of the variable regions is generated. 

The T-cell receptor for antigen shows many similarities to the B-cell antigen 
receptor, and the two molecules are clearly related to each other evolutionar­
ily; in fact, the T-cell receptor closely resembles a part of the antibody mole­
cule. There are, however, important differences between the two molecules 
that, as we shall see, relate to their different roles within the immune system. 
The T-cell receptor, as shown in Fig. 1.13, is composed of two chains of 
roughly equal size, called the T-cell receptor a and ~ chains, each of which 
spans the T-cell membrane. Each chain has a variable region and a constant 
region, and the combination of the a- and ~-chain variable regions creates a 
single site for binding antigen. This structure is described in detail in Chapter 
3, and the way in which diversity is introduced into the variable regions is dis­
cussed in Chapter 4. As we will see, the organization of the genes for the anti­
gen receptors and the way in which diversity is introduced to create a unique 
antigen-binding site is essentially the same for both the B-cell receptor and 
the T-cell receptor. There is, however, a crucial difference in the way in which 
the B-cell and T-cell receptors bind antigens; the T-cell receptor does not bind 
antigen molecules directly but instead recognizes fragments of antigens 
b?und on the surface of other cells. The exact nature of the antigen recog­
mzed byT cells, and how the antigens are fragmented and carried to cell sur­
faces, is the subject of Chapter 5. A further difference from the antibody 
molecule is that there is no secreted form of the T-cell receptor; the function 
of the receptor is solely to signal to the T cell that it has bound its antigen, and 
the subsequent immunological effects depend on the actions of the T cells 
themselves, as we describe in Chapter 8. 

1-12 Each de~eloping lymphocyte generates a unique antigen receptor by 
rearranging its receptor gene segments. 

How are antigen receptors with an almost infinite range of specificities 
encoded by a finite number of genes? This question was answered in 1976, 
when Susumu Tonegawa discovered that the genes for immunoglobulin vari­
able regions are inherited as sets of gene segments, each encoding a part of 
the variable region of one of the immunoglobulin polypeptide chains (Fig. 
1.14) . During B-cell development in the bone marrow, these gene segments 
are irreversibly joined by DNA recombination to form a stretch of DNA 
encoding a complete variable region. Because there are many different gene 
segments in each set, and different gene segments are joined together in dif­
ferent cells, each cell generates unique genes for the variable regions of the 
heavy and light chains of the immunoglobulin molecule. Once these recom­
bination events have succeeded in producing a functional receptor, further 
rearrangement is prohibited. Thus each lymphocyte expresses only one 
receptor specificity. 

This mechanism has three important consequences. First, it enables a 
imited number of gene segments to generate a vast number of different 
proteins. Second, because each cell assembles a different set of gene seg­
ments, each cell expresses a unique receptor specificity. Third, because 

gene segment rearrangement involves an irreversible change in a cell's 
DNA, all the progeny of that cell will inherit genes encoding the same 
receptor specificity. This general scheme was later also confirmed for the 
genes encoding the antigen receptor on T cells. 

The potential diversity oflymphocyte receptors generated in this way is enor­
mous. Just a few hundred different gene segments can combine in different 
ways to generate thousands of different receptor chains. The diversity of lym­
phocyte receptors is further amplified by junctional diversity, created by 
adding or subtracting nucleotides in the process of joining the gene seg­
ments, and by the fact that each receptor is made by pairing two different 
variable chains, each encoded by distinct sets of gene segments. A thousand 
different chains of each type could thus generate 106 distinct antigen recep­
tors through this combinatorial diversity. In this way, a small amount of 
genetic material can encode a truly staggering diversity of receptors. Only a 
subset of these randomly generated receptor specificities survive the selec­
tive processes that shape the peripheral lymphocyte repertoire; nevertheless, 
there are lymphocytes of at least 108 different specificities in an individual 
human at any one time. These provide the raw material on which clonal 

selection acts. 

1-13 lmmunoglobulins bind a wide variety of chemical structures, 
whereas the T-cell receptor is specialized to recognize foreign 
antigens as peptide fragments bound to proteins of the major 
histocompatibility complex. 

In principle, almost any chemical structure can be recognized by the adaptive 
immune system as an antigen, but the usual antigens encountered in an 
infection are the proteins, glycoproteins, and polysaccharides of pathogens. 
An individual antigen receptor or antibody recognizes a small part of the 
molecular structure of an antigenic molecule, which is known as an antigenic 
determinant or epitope (Fig. 1.15). Macromolecular antigens such as pro­
teins and glycoproteins usually have many different epitopes that can be rec­
ognized by different antigen receptors. 

The antigen receptors of B cells and T cells are adapted to recognize antigen 
in two different ways, which reflects the roles their effector cells will eventu­
ally play in destroying pathogens. B cells are specialized to recognize the sur­
face antigens on pathogens living outside cells and to differentiate into 
effector plasma cells that secrete antibodies to target these pathogens. B-cell 
receptors and their antibody counterparts are thus able to bind a wide vari­
ety of molecular structures. 

Effector T cells, in contrast, have to deal with pathogens that have entered 
host cells, and also have to help activate B cells. To carry out these functions, 
the T-cell receptor is specialized to recognize antigens that have been gener­
ated inside cells and are being displayed on their surface. The recognition 
properties of the T-cell receptor reflect this: it recognizes only one type of 
antigen-peptides that have been produced in another host cell by the 
breakdown of proteins and are then displayed on the cell's surface. In addi­
tion, peptides are recognized only if they are bound to a particular type of 
cell-surface protein. These are the membrane glycoproteins known as MHC 
molecules, which are encoded in a cluster of genes called the major histo­
compatibility complex, which is abbreviated to MHC. The antigen recog­
nized by T-cell receptors is thus a complex of a foreign peptide antigen and 
an MHC molecule (Fig. 1.16). We shall see how these compound antigens are 
recognized by T-cell receptors, and how they are generated, in Chapters 3 
and 5, respectively. 
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epitope} 
antigen 

Fig. 1.15 Antigens are the molecules 
recognized by the immune response, 
while epitopes are sites within antigens 
to which antigen receptors bind. 
Antigens can be complex 
macromolecules such as proteins, as 
shown in yellow. Most antigens are larger 
than the sites on the antibody or antigen 
receptor to which they bind, and the 
actual portion of the antigen that is bound 
is known as the antigenic determinant, or 
epitope, for that receptor. Large antigens 
such as proteins can contain more than 
one epitope (indicated in red and blue) , 
and thus may bind different antibodies. 
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Antibodies bind to epitopes 
displayed on the surface 

of antigens 

The epitopes recognized 
by T-cell receptors are 

often buried 

The antigen must first 
be broken down into 

peptide fragments 

The epitope peptide binds 
to a self molecule, an 

MHC molecule 

The T-cell receptor binds to 
a complex of MHC molecule 

and epitope peptide 

Fig. 1.16 An antibody binds an antigen 
directly, whereas a T-cell receptor 
binds a complex of antigen fragment 
and self molecule. Antibodies (first panel) 
bind directly to their antigens and 
recognize epitopes that form surface 
features of the antigen. In contrast, T-cell 
receptors can recognize epitopes that are 
buried within antigens and cannot be 
recognized directly (second panel). These 
antigens must first be degraded by 
proteinases (third panel), and the peptide 
epitope delivered to a self molecule, 
called an MHC molecule (fourth panel). It 
is in this form, as a complex of peptide 
and MHC molecule, that antigens are 
recognized by T-cell receptors (fifth panel). 

epitope 
peptide 

1-14 The development and survival of lymphocytes is determined by 
signals received through their antigen receptors. 

Equally amazing as the generation of millions of different antigen receptors is 
the shaping of this repertoire during lymphocyte development and the main­
tenance of an extensive repertoire in the periphery. How are potentially useful 
receptors maintained while those that could react against an individual's own 
antigens-their self antigens-are eliminated? How are the numbers of periph­
eral lymphocytes, and the percentages ofB cells and T cells, kept relatively con­
stant? The answer seems to be that throughout its lifetime, from its 
development in the central lymphoid organs onwards, the survival of a lym­
phocyte depends on signals received through its antigen receptor. If a lympho­
cyte fails to receive such survival signals, it dies by a form of cell suicide called 
apoptosis or programmed cell death. Lymphocytes that react strongly to self 
antigens are removed during development by clonal deletion, as predicted by 
Burnet's clonal selection theory, before they mature to a stage at which they 
could do damage. In contrast, a complete absence of signals from the antigen 
receptor during development can also lead to cell death. In addition, if a recep­
tor is not used within a relatively short time of its entering the repertoire in the 
periphery, the cell bearing it dies, making way for new lymphocytes with differ -
ent receptors. In this way, self-reactive receptors are eliminated, and receptors 
are tested to ensure they are potentially functional. The mechanisms that shape 
and maintain the lymphocyte receptor repertoire are examined in Chapter 7. 

Apoptosis, derived from a Greek word meaning the falling of leaves from the 
trees, is a general means of regulating the number of cells in the body. It is 
responsible, for example, for the death and shedding of old skin and intestinal 
epithelial cells, and the turnover of liver cells. Each day the bone marrow pro­
duces millions of new neutrophils, monocytes, red blood cells, and lympho­
cytes, and this production must be balanced by an equal loss. Most white blood 
cells are relatively short lived and die by apoptosis. The dying cells are phago­
cytosed and degraded by specialized macrophages in the liver and spleen. 

1-15 Lymphocytes encounter and respond to antigen in the peripheral 
lymphoid organs. 

Pathogens can enter the body by many routes and set up an infection any­
where in the tissues, whereas lymphocytes are normally found only in the 
blood, lymph, and lymphoid organs. How, then, are they to meet? Antigen 
and lymphocytes eventually encounter each other in the peripheral lym­
phoid organs-the lymph nodes, spleen, and the mucosal lymphoid tissues 

(see Fig. 1. 7). Mature naive lymphocytes are contin~ally recir~ulatin? thro~gh 
these tissues, to which pathogen antigens are carne_d from sites of mf~ct:on, 
primarily by dendritic cells. The peripheral lym~~01d orga_n~ ~re_ spec1al1zed 
to trap antigen-bearing dendritic cells and to fac1htate the m1tiat10n of adap-

tive immune responses. 

Peripheral lymphoid tissues are composed of agg_regation_s of lymph~cytes in 
a framework of non-leukocyte stromal cells, wh1~h pr?vide the basic stru~­
tural organization of the tissue and provide survival s1gn~s to help sust~n 
the life of the lymphocytes. Besides lymphocytes,_ penpheral lymphoid 
organs also contain resident macrophages and dendnt1c cells. 

When an infection occurs in a tissue such as the skin, free antigen and antigen­
bearing dendritic cells travel from the site of infect~on through _the afferent 
lymphatic vessels into the draining l~ph no~es (Fig. 1.17), penpher~ lym­
phoid tissues where they activate ant1gen-spec1fi~ lymphoc_ytes. T~e ~ctivated 
lymphocytes then undergo a period of proliferat10n and d1fferentiat1on, aft~r 
which most leave the lymph nodes as effector cells via the effer~nt lymph~t1c 
vessel. This eventually returns them to the bl?odstre~ (see Fig. 1.7), which 
then carries them to the tissues where they will act: This w~ole process takes 
about 4- 6 days from the time that antigen is recogmzed, which means that an 
adaptive immune response to an antigen not_ encou~tered before does not 
become effective until about a week after infect10n. Naive lymphocyte~ that do 
not recognize their antigen also leave through the_ efferent l~phat1c vessel 
and are returned to the blood, from which they contmue to rec1rculate through 
lymphoid tissues until they recognize antigen or die. 

The lymph nodes are highly organized lymphoid orga~s l?cated at the_ points 
of convergence of vessels of the lymphatic sy~tem, which 1s the ~xtens1ve sys­
tem that collects extracellular fluid from the tissues and ~eturns 1t to t~e bl~od 
(see Fig. 1.7). This extracellular fluid is produced contmuously by fil~rat1on 
from the blood and is called lymph. Lymph flows away fr~m the p~nph~ral 
tissues under the pressure exerted by its continual pr?duct1on, and ~s earned 
by lymphatic vessels, or lymphatics. One-way valves m the lymph~t1c ves~els 
prevent a reverse flow, and the movements of one part of the body m relation 
to another are important in driving the lymph along. 

Afferent lymphatic vessels drain fluid from the tissues and carry pa~hogens 
and antigen-bearing cells from infected tissues to the lymph nodes (Fig. 1. 18) -
Free antigens simply diffuse through t~e ex~racellular fluid to the lymph 
node, while the dendritic cells actively migrate mto the lymp~ node under the 
influence of chemotactic chemokines. The same chemokines also attr~ct 
lymphocytes from the blood, and these enter lymph nod~s by squeezi~g 
through the walls of specialized blood vessels called h1~h e_ndot~ehal 
venules (HEV). In the lymph nodes, B lymphocytes are l?cal1zed m folhcl~s, 
which make up the outer cortex of the lymph node, with T cells more dif­
fusely distributed in the surrounding paracortical areas, also ~efer~ed to as 
the deep cortex or T-cell zones (see Fig. 1.18) . Lymphoc~es migra~mg from 
the blood into lymph nodes enter the paracortical are~s first an~ •. smce they 
are attracted by the same chemokines, antigen-pre~entm? de~dnt1c cells and 
macrophages also become localized there. Free antigen d1ffusmg through the 
lymph node can become trapped on these dei:idritic cells and ~acrophages. 
This juxtaposition of antigen, antigen-presentmg cells, and naive T cells ~re­
ates an ideal environment in the T-cell zone in which naive T cells can bmd 
their antigen and thus become activated. 

As noted earlier, activation of B cells usually requ~es not only antigen, which 
binds to the B-cell receptor, but also the cooperat10n of helper T cells, a type 
of effector T cell (see Section 1-4). The organization of the lymph node 
ensures that before entering the follicles, naive B cells pass through the T-cell 
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Lymphocytes and 
lymph return to blood 
via the thoracic duct 

Naive lymphocytes 
enter lymph nodes 

from blood 

lymph 
node 

infected 
peripheral 
tissue 

Antigens from sites of infection 
reach lymph nodes via lymphatics 

Fig. 1.17 Circulating lymphocytes 
encounter antigen in peripheral 
lymphoid organs. Naive lymphocytes 
recirculate constantly through peripheral 
lymphoid tissue, here illustrated as a 
popliteal lymph node-a lymph node 
situated behind the knee. In the case of 
an infection in the foot , this will be the 
draining lymph node, where lymphocytes 
may encounter their specific antigens and 
become activated. Both activated and 
non-activated lymphocytes are returned 
to the bloodstream via the lymphatic 
system. 
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Fig. 1.18 Organization of a lymph node. 
As shown in the diagram on the left, 
which shows a lymph node in longitudinal 
section , a lymph node consists of an 
outermost cortex and an inner medulla. 
The cortex is composed of an outer 
cortex of B cells organized into lymphoid 
follicles, and deep, or paracortical, areas 
made up mainly of T cells and dendritic 
cells. When an immune response is under 
way, some of the follicles contain central 
areas of intense B-cell proliferation called 
germinal centers and are known as 
secondary lymphoid follicles. These 
reactions are very dramatic, but 
eventually die out as senescent germinal 
centers. Lymph draining from the 
extracellular spaces of the body carries 
antigens in phagocytic dendritic cells and 
phagocytic macrophages from the tissues 
to the lymph node via the afferent 
lymphatics. These migrate directly from 
the sinuses into the cellular parts of the 
node. Lymph leaves by the efferent 
lymphatics in the medulla. The medulla 
consists of strings of macrophages and 
antibody-secreting plasma cells known as 
the medullary cords. Naive lymphocytes 
enter the node from the bloodstream 
through specialized postcapillary venules 
(not shown) and leave with the lymph 
through the efferent lymphatic. The light 
micrograph shows a transverse section 
through a lymph node, with prominent 
follicles containing germinal centers. 
Magnification x7. Photograph courtesy of 
N. Rooney. 

zones, where they may encounter both their antigen and their cooperating 
helper T cells and become activated. Some of the B-cell follicles include ger­
minal centers, where activated B cells are undergoing intense proliferation 
and differentiation into plasma cells. 

In humans, the spleen is a fist-sized organ situated just behind the stomach 
(see Fig. 1.7). It has no direct connection with the lymphatic system; instead 
it collects antigen from the blood and is involved in immune responses to 
blood-borne pathogens. Lymphocytes enter and leave the spleen via blood 
vessels. The spleen also collects and disposes of senescent red blood cells. Its 
organization is shown schematically in Fig. 1.19. The bulk of the spleen is 
composed of red pulp, which is the site of red blood cell disposal. The lym­
phocytes surround the arterioles running through the spleen, forming iso­
lated areas of white pulp. The sheath of lymphocytes around an arteriole is 
called the periarteriolar lymphoid sheath (PALS) and contains mainly 
T cells. Lymphoid follicles occur at intervals along it, and these contain 
mainly B cells. A so-called marginal zone surrounds the follicle; it has few 
T cells, is rich in macrophages and has a resident, non-circulating population 
of B cells known as marginal zone B cells, about which little is known; they 
are discussed in Chapter 7. Blood-borne microbes, soluble antigens and anti­
gen:antibody complexes are filtered from the blood by macrophages and 
immature dendritic cells within the marginal zone. As with the migration of 
immature dendritic cells from peripheral tissues to the T-cell areas of lymph 
nodes, when dendritic cells in the splenic marginal zones take up antigens 
and become activated they migrate into the T-cell areas of the spleen, where 
they are able to present the antigens they carry to T cells. 

Most pathogens enter the body through mucosa! surfaces, and these are also 
exposed to a vast load of other potential antigens from the air, food, and the 
natural microbial flora of the body. Mucosa! surfaces are protected by an 
extensive system of lymphoid tissues known generally as the mucosa! 
immune system or mucosa-associated tissues (MALT) . Collectively, the 
mucosa! immune system is estimated to contain as many lymphocytes as all 
the rest of the body, and they form a specialized set of cells obeying somewhat 
different rules of recirculation from those in the other peripheral lymphoid 
organs. The gut-associated lymphoid tissues (GALT) include the tonsils, 
adenoids, appendix, and specialized structures called Peyer's patches in the 
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small intestine, and they collect antigen from the epithelial surfaces of the 
gastrointestinal tract. In Peyer's patches, w~ich a_re the most importa?t _and 
highly organized of these tissues, the antigen 1s collected by spec1al1zed 
epithelial cells called microfold or M cells (Fig. 1.20). The lymphocytes form 

The spleen 

capsule 

o~ a~ 
trabecular 

Transverse section of white pulp artery 

o--+--+--,--,--- 8-cell corona --+---'<--1--+< 
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Fig. 1.19 Organization of the lymphoid tissues of the spleen. The 
schematic at top right shows that the spleen consists of red pulp 
(pink areas in the top panel), which is a site of red blood cell 
destruction, interspersed with the lymphoid white pulp. An 
enlargement of a small section of a human spleen (center) shows 
the arrangement of discrete areas of white pulp (yellow and blue) 
around central arterioles. Most of the white pulp is shown in 
transverse section, with two portions in longitudinal section. The 
bottom two schematics show enlargements of a transverse section 
{lower center) and longitudinal section (lower right) of white pulp. 
Surrounding the central arteriole is the periarteriolar lymphoid 
sheath (PALS), made up of T cells. Lymphocytes and antigen­
loaded dendritic cells come together here. The follicles consist 
mainly of B cells; in secondary follicles a germinal center is 
surrounded by a B-cell corona. The follicles are surrounded by a so-

--+-- red pulp----+--

called marginal zone of lymphocytes. In each area of white pulp, 
blood carrying both lymphocytes and antigen flows from a 
trabecular artery into a central arteriole. From this arteriole smaller 
blood vessels fan out, eventually terminating in a specialized zone in 
the human spleen called the perifollicular zone (PFZ), which 
surrounds each marginal zone. Cells and antigen then pass into the 
white pulp through open blood-filled spaces in the perifollicular 
zone. The light micrograph at bottom left shows a transverse section 
of white pulp of human spleen immunostained for mature B cells. 
Both follicle and PALS are surrounded by the perifollicular zone. The 
follicular arteriole emerges in the PALS (arrowhead at bottom) 
traverses the follicle, goes through the marginal zone and opens into 
the perifollicular zone (upper arrowheads). Co, follicular B-cell 
corona; GC, germinal center; MZ, marginal zone; RP, red pulp; 
arrowheads, central arteriole. Photograph courtesy of N.M. Milicevic. 
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Fig. 1.20 Organization of a Peyer's 
patch in the gut mucosa. As the diagram 
on the left shows, a Peyer's patch 
contains numerous B-cell follicl.es with 
germinal centers. T cells occupy the areas 
between follicles, the T-cell-dependent 
areas. The layer between the surface 
epithelium and the follicles is known as 
the subepithelial dome, and is rich in 
dendritic cells, T cells, and B cells. Peyer's 
patches have no afferent lymphatics and 
the antigen enters directly from the gut 
across a specialized epithelium made up 
of so-called microfold (M) cells. Although 
this tissue looks very different from other 
lymphoid organs, the basic divisions are 
maintained. As in the lymph nodes, 
lymphocytes enter Peyer's patches from 
the blood across the walls of high 
endothelial venules (not shown), and leave 
via the efferent lymphatic. The light 
micrograph in panel a shows a section 
through a Peyer's patch in the gut wall of 
the mouse. The Peyer's patch can be 
seen lying beneath the epithelial tissues. 
GC, germinal center; TOA, T-Cell­
dependent area. Panel b is a scanning 
electron micrograph of the follicle­
associated epithelium boxed in (a), 
showing the M cells, which lack the 
microvilli and the mucous layer present on 
normal epithelial cells. Each M cell 
appears as a sunken area on the epithelial 
surface. Panel c is a higher-magnification 
view of the boxed area in (b), showing the 
characteristic ruffled surface of an M cell. 
M cells are the portal of entry for many 
pathogens and other particles. (a) 
Hematoxylin and eosin stain. 
Magnification x100; (b) x5000; (c) x23,000. 
Source: Mowat, A., Viney, J.: lmmunol. 
Rev. 1997, 156:145-166. 

a follicle consisting of a large central dome of B lymphocytes surrounded by 
smaller numbers ofT lymphocytes. Dendritic cells resident within the Peyer's 
patch present the antigen to T lymphocytes. Lymphocytes enter Peyer's 
patches from the blood and leave through efferent lymphatics. Effector lym­
phocytes generated in Peyer's patches travel through the lymphatic system 
and into the bloodstream, from where they are disseminated back into 
mucosal tissues to carry out their effector actions. 

Similar but more diffuse aggregates of lymphocytes are present in the respi­
ratory tract and other mucosa: nasal-associated lymphoid tissue (NALT) and 
bronchus-associated lymphoid tissue (BALT) are present in the respiratory 
tract. Like the Peyer's patches, these mucosal lymphoid tissues are also over­
laid by M cells, through which inhaled microbes and antigens that become 
trapped in the mucous covering of the respiratory tract can pass. The mucosal 
immune system is discussed in Chapter 11. 

Although very different in appearance, the lymph nodes, spleen, and 
mucosa-associated lymphoid tissues all share the same basic architecture. 
They all operate on the same principle, trapping antigens and antigen-pre­
senting cells from sites of infection and enabling them to present antigen to 
migratory small lymphocytes, thus inducing adaptive immune responses. 
The peripheral lymphoid tissues also provide sustaining signals to lympho­
cytes that do not encounter their specific antigen immediately, so that they 
survive and continue to recirculate. 

Because they are involved in initiating adaptive immune responses, the 
peripheral lymphoid tissues are not static structures but vary quite dramati­
cally, depending on whether or not infection is present. The diffuse mucosal 
lymphoid tissues may appear in response to infection and then disappear, 
whereas the architecture of the organized tissues changes in a more defined 
way during an infection. For example, the B-cell follicles of the lymph nodes 
expand as B lymphocytes proliferate to form germinal centers (see Fig. 1.18), 
and the entire lymph node enlarges, a phenomenon familiarly known as 
swollen glands. 

Finally, specialized populations of lymphocytes can be found distributed 
throughout particular sites in the body rather than being found in organized 
lymphoid tissues. Such sites include the liver and the lamina propria of the 
gut, as well as the base of the epithelial lining of the gut, reproductive epithe­
lia, and, in mice but not in humans, the epidermis. These lymphocyte popu­
lations seem to play an important role in protecting these tissues from 
infection, and are described further in Chapters 7 and 11. 

Peyer's patches are covered by an epithelial layer containing specialized cells called M cells which have characteristic membrane ruffles 

1-16 Interaction with other cells as well as with antigen is necessary for 
lymphocyte activation. 

As we have seen in Sections 1-3 and 1-6, peripheral lymphoid tissues are spe­
cialized not only to trap phagocytic cells that have ingested antigen but also 
to promote their interactions with lymphocytes that are needed to initiate an 
adaptive immune response. 

All lymphocyte responses to antigen require not only the signal that results 
from antigen binding to lymphocyte receptors but also a second signal, 
which is delivered by another cell by means of cell-surface molecules known 
generally as co-stimulatory molecules (see Section 1-7) . Naive T cells are u~u­
ally stimulated by activated dendritic cells (Fig. 1.21, left panel), but for naive 
B cells (Fig. 1.21, right panel) the second signal is delivered by an activated 
helper T cell. Macrophages and B cells presenting foreign antigen on their 
surface can also be induced to express co-stimulatory molecules and thus 
can activate naive T cells. These three specialized antigen-presenting cells of 
the immune system are illustrated in Fig. 1.22. Dendritic cells are the most 
important of the three in this respect, with a central role in the initiation of 
adaptive immune responses. 

The induction of co-stimulatory molecules is important in initiating an adap­
tive immune response because contact with antigen without accompanying 
co-stimulatory molecules inactivates naive lymphocytes rather than activat­
ing them, leading either to clonal deletion or an inactive state known as 
anergy. We shall return to this topic in Chapter 7. Thus, we need to add a final 
postulate to the clonal selection theory. A naive lymphocyte can only be acti­
vated by cells that bear not only specific antigen but also co-stimulatory mol­
ecules, whose expression is regulated by innate immunity. 

1-17 Lymphocytes activated by antigen proliferate in the peripheral 
lymphoid organs, generating effector cells and immunological 
memory. 

The great diversity of lymphocyte receptors means that there will usually be 
at least a few that can bind to a given foreign antigen. However, this number 
will be very small, certainly not enough to mount a response against a 
pathogen. To generate sufficient antigen-specific effector lymphocytes to 
fight an infection, a lymphocyte with an appropriate receptor specificity is 

Antigen-receptor binding and co-stimulation 
of T cell by dendritic cell 

dendritic .cell T lymphocyte 

Proliferation and differentiation of T cell 
to acquire effector function 

Antigen-receptor binding and activation 
of B cell byT cell 

T lymphocyte B lymphocyte 

Proliferation and differentiation of B cell 
to acquire effector function 

Principles of innate and adaptive immunity 

Fig. 1.21 Two signals are required for 
lymphocyte activation. As well as 
receiving a signal through their antigen 
receptor (signal 1), mature naive 
lymphocytes must also receive a second 
signal (signal 2) to become activated. For 
T cells (left panel), this second signal is 
delivered by an antigen-presenting cell 
such as the dendritic cell shown here. For 
B cells (right panel), the second signal is 
usually delivered by an activated T cell, 
which recognizes antigenic peptides 
taken up, processed, and presented by 
the B cell on its surface. 
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Fig. 1.22 The antigen-presenting cells. The three types of 
antigen-presenting cells are shown in the form in which they will be 
depicted throughout this book (top row), as they appear in the light 
microscope (second row; the relevant cell is indicated by an arrow), 
by transmission electron microscopy (third row) and by scanning 
electron microscopy (bottom row). Mature dendritic cells are found 
in lymphoid tissues and are derived from immature tissue dendritic 

cells that interact with many distinct types of pathogens. 
Macrophages are specialized to internalize extracellular pathogens, 
especially after they have been coated with antibody, and to 
present their antigens. B cells have antigen-specific receptors that 
enable them to internalize large amounts of specific antigen, 
process it, and present it. Photographs courtesy of R.M. Steinman 
(a); N. Rooney (b, c, e, f) ; S. Knight (d, g); and P.F. Heap (h, i). 

activated first to proliferate. Only when a large clone of identical ~ells has 
been produced do these finally differentiate into effector cells. This clonal 
expansion is a feature common to all ~daptive i~mune resp~nses. On rec~g­
nizing its specific antigen on an activated antigen-prese~tm? c~ll, a naive 
lymphocyte stops migrating and enlarges. The chromatm m its nucleus 
becomes less dense, nucleoli appear, the volume of both the nucleus and the 
cytoplasm increases, and new mRNAs and ~ew protein~ are synthesized. 
Within a few hours, the cell looks completely different and is known as a lym­
phoblast (Fig. 1.23) . 

The lymphoblasts now begin to divide, normally duplic~ting themselves ~o 
to four times every 24 hours for 3-5 days, so that one naive lymphocyte gives 
rise to a clone of around 1000 daughter cells of identical specificity. These then 
differentiate into effector cells. In the case ofB cells, the differentiated effector 

Small resting lymphocyte 

Principles of innate and adaptive immunity 

Fig. 1.23 Transmission electron 
micrographs of lymphocytes at various 
stages of activation to effector function. 
Small resting lymphocytes (top panel) 
have not yet encountered antigen. Note 
the scanty cytoplasm, the absence of 
rough endoplasmic reticulum, and the 
condensed chromatin , all indicative of an 
inactive cell. This could be either a T cell 
or a B cell. Small circulating lymphocytes 
are trapped in lymph nodes when their 
receptors encounter antigen on antigen­
presenting cells. Stimulation by antigen 
induces the lymphocyte to become an 
active lymphoblast (center panel). Note 
the larger size, enlarged nucleus and more 
diffuse chromatin; again, T and B 
lymphoblasts are similar in appearance. 
This cell undergoes repeated division, 
which is followed by differentiation to 
effector function. The bottom panels show 
effector T and B lymphocytes. Note the 
large amount of cytoplasm, abundant 
mitochondria, and the presence of rough 
endoplasmic reticulum, all hallmarks of 
active cells. The rough endoplasmic 
reticulum is especially prominent in 
plasma cells (effector B cells) , which are 
synthesizing and secreting very large 
amounts of protein in the form of antibody. 
Photographs courtesy of N. Rooney. 
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Fig. 1.24 The course of a typical 
antibody response. The first encounter 
with an antigen produces a primary 
response. Antigen A introduced at time 
zero encounters little specific antibody in 
the serum. After a lag phase (light blue), 
antibody against antigen A (dark blue) 
appears; its concentration rises to a 
plateau, and then gradually declines. This 
is typical of a primary response. When 
the serum is tested for antibody against 
another antigen, B (yellow), there is little 
present, demonstrating the specificity of 
the antibody response. When the animal 
is later challenged with a mixture of 
antigens A and B, a very rapid and 
intense secondary response to A occurs. 
This illustrates immunological memory, 
the ability of the immune system to make 
a second response to the same antigen 
more efficiently and effectively, providing 
the host with a specific defense against 
infection. This is the main reason for 
giving booster injections after an initial 
vaccination. Note that the response to B 
resembles the initial or primary response 
to A, as this is the first encounter of the 
host with antigen B. 
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cells are the plasma cells, which secrete antibody; in the case of T cells, the 
effector _cells are cytotoxic T cells able to destroy infected cells or helper T cells 
tha~ activat~ othe~ cells of the immune system. Effector lymphocytes do not 
recirculate hke naive lymphocytes. Some effector T cells detect sites of infec­
tion ~d migrate into them from the blood; others stay in the lymphoid tissues 
to activate B _cells. Some antibody-secreting plasma cells remain in the periph­
eral lymphoi~ organs, but most plasma cells generated in the lymph nodes 
and spl~en 1:mg:ate to the bone marrow and take up residence there, pouring 
?ut antibodies mto the blood system. Effector cells generated in the mucosal 
immune system generally stay within the mucosal tissues. 

After a naive lymphocyte has been activated, it takes 4-5 days before clonal 
expansion is complete and the lymphocytes have differentiated into effector 
cells. The first adaptive immune response to a pathogen thus only occurs sev­
~ral days after the infection begins and has been detected by the innate 
~mmun~ syst_em. Most of the lymphocytes generated by the clonal expansion 
m an~ given immune response eventually die. However, a significant number 
of activated antigen-specific B cells and T cells persist after antigen has been 
eliminated. These cells are known as memory cells and form the basis of 
immunological memory. They can be reactivated much more quickly than 
naive lymphocytes, which ensures a more rapid and effective response on a 
second encounter with a pathogen and thereby usually provides lasting pro­
tective immunity. 

Th~ characteri~tics of immunological memory are readily observed by com­
p~rm? the ~tibody response of an individual to a first or primary immu­
mzat10n with the same response elicited in the same individual by a 
secondary or booster immunization with the same antigen. As shown in Fig. 
1.2~, the secondary ~tibody response occurs after a shorter lag phase, 
achieves a mark~dl! higher level, a_nd produces antibodies of higher affinity, 
or strength of bmdmg, for the antigen. The increased affinity for antigen is 
called affinity ma!ura~ion and is the r~sult of events that select B-cell recep­
tor~, and thus antibodies, for progressively higher affinity for antigen during 
an imm~ne response. Importantly, T-cell receptors do not undergo affinity 
maturat~on, a~d the lower threshold for activation of memory T cells com­
pared with naive T cells results from a change in the responsiveness of the 

cell, not from a change in the receptor. We describe the mechanisms of these 
remarkable changes in Chapters 4, 9, and 10. The cellular basis of immuno­
logical memory is the clonal expansion and clonal ~ifferent~ation of c~~s spe­
cific for the eliciting antigen, and it is therefore entirely antigen specific. 

It is immunological memory that enables successful vaccination and pre­
vents reinfection with pathogens that have been repelled successfully by an 
adaptive immune response. Immunological memory is the most important 
biological consequence of adaptive immunity, although its cellular and 
molecular basis is still not fully understood, as we shall see in Chapter 10. 

Summary. 

The effector mechanisms of adaptive immunity 

The early innate systems of defense, which depend on invariant receptors 
recognizing common features of pathogens, are crucially important, but they 
can be overcome by many pathogens and they do not lead to immunological 
memory. Recognizing a particular pathogen and providing enhanced protec­
tion against reinfection is unique to adaptive immunity. An adaptive immune 
response involves the selection and amplification of clones of lymphocytes 
bearing receptors that recognize the foreign antigen. This clonal selection 
provides the theoretical framework for understanding all the key features of 
an adaptive immune response. There are two major types of lymphocytes: B 
lymphocytes, which mature in the bone marrow and are the source of circu­
lating antibodies, and T lymphocytes, which mature in the thymus and rec­
ognize peptides from pathogens presented by MHC molecules on infected 
cells or antigen-presenting cells. Each lymphocyte carries cell-surface recep­
tors of a single antigen specificity. These receptors are generated by the ran­
dom recombination of variable receptor gene segments and the pairing of 
distinct variable protein chains: heavy and light chains in immunoglobulins, 
or the two chains ofT-cell receptors. This process produces a large collection 
of lymphocytes each bearing a distinct receptor, so that the total receptor 
repertoire can recognize virtually any antigen. If the receptor is specific for a 
ubiquitous self antigen, the lymphocyte is eliminated by encountering the 
antigen early in its development, while survival signals received through the 
antigen receptor select and maintain a repertoire of potentially useful lym­
phocytes. Adaptive immunity is initiated when an innate immune response 
fails to eliminate a new infection, and activated antigen-presenting cells 
bearing pathogen antigens are delivered to the draining lymphoid tissues. 
When a recirculating lymphocyte encounters its corresponding antigen in 
peripheral lymphoid tissues, it is induced to proliferate, and its progeny then 
differentiate into effector T and B lymphocytes that can eliminate the infec­
tious agent. A subset of these proliferating lymphocytes differentiates into 
memory cells, ready to respond rapidly to the same pathogen if it is encoun­
tered again. The details of these processes of recognition, development, and 
differentiation form the main material of the central three parts of this book. 

The effector mechanisms of adaptive immunity 

We have seen in the first part of this chapter how naive lymphocytes are 
selected by antigen to differentiate into clones of activated effector lympho­
cytes. We now expand on the mechanisms by which activated effector lym­
phocytes target different pathogens for destruction in a successful adaptive 
immune response. The distinct lifestyles of different pathogens require dif­
ferent responses for both their recognition and their destruction (Fig. 1.25). 
B-cell receptors recognize antigens from the extracellular environment and 
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Fig. 1.25 The major types of pathogens 
confronting the immune system and 
some of the diseases they cause. 

The immune system protects against four classes of pathogens 

Type of pathogen Examples Diseases 

Extracellular bacteria, Streptococcus pneumoniae Pneumonia 
Clostridium tetani Tetanus parasites, fungi 
Trypanosoma brucei Sleeping sickness 
Pneumocystis carinii Pneumocystis pneumonia 

Intracellular bacteria, Mycobacterium leprae Leprosy 
parasites Leishmania donovani Leishmaniasis 

Plasmodium falciparum Malaria 

Variola Smallpox Viruses (intracellular) Influenza Flu 
Varicella Chickenpox 

Parasitic worms (extracellular) I Ascaris I I Ascariasis j Schistosoma Schistosomiasis 

differentiate into effector plasma cells that secrete antibody back into that 
environment. T-cell receptors are specialized to detect antigens that have 
been generated inside the body's cells, and this is reflected in the effector 
actions of T cells. Some effector T cells directly kill cells infected with intra­
cellular pathogens such as viruses, while others participate in responses 
against extracellular pathogens by interacting with B cells to help them make 
antibody. 

Most of the other effector mechanisms that dispose of pathogens targeted by 
an adaptive immune response are essentially identical to those of innate 
immunity and involve cells such as macrophages and neutrophils and pro­
teins such as complement. Indeed, it seems likely that the vertebrate adaptive 
immune response evolved by the late addition of specific recognition by don­
ally distributed receptors to innate defense mechanisms already existing in 
invertebrates. This is discussed in Chapter 16. We begin by outlining the effec­
tor actions of antibodies, which depend almost entirely on recruiting cells 
and molecules of the innate immune system. 

1-18 Antibodies deal with extracellular forms of pathogens and their 
toxic products. 

Antibodies are found in the fluid component of blood, or plasma, and in 
extracellular fluids. Because body fluids were once known as humors, immu­
nity mediated by antibodies is known as humoral immunity. 

As we saw in Fig. 1.13, antibodies are Y-shaped molecules whose arms form 
two identical antigen-binding sites. These are highly variable from one mole­
cule to another, providing the diversity required for specific antigen recogni­
tion. The stem of the Y is far less variable. There are only five major forms of 
this constant region of an antibody, and these are known as the antibody 
classes or isotypes. The constant region determines an antibody's functional 
properties-how it will engage with the effector mechanisms that dispose of 
antigen once it is recognized-and each class carries out its particular func­
tion by engaging a distinct set of effector mechanisms. We describe the anti­
body classes and their actions in Chapters 4 and 9. 

The first and most direct way in which antibodies can protect against 
pathogens or their products is by binding to them and thereby blocking their 
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access to cells that they might infect or destroy (Fig. 1.26: left p~els). !his is 
known as neutralization and is important for protect10n agai~st viruses, 
which are prevented from entering cells and replicating, and agamst bacter­
ial toxins. 

For bacteria, however, binding by antibodies is not sufficient to stop the!r 
replication. In this case, the function of the antibody is to enable a phago~ytic 
cell such as a macrophage or a neutrophil to ingest and destroy the bactenum. 
Many bacteria evade the innate immune systen::i ?ecause they have an outer 
coat that is not recognized by the pattern recogmt10n receptor~ of phagocytes. 
However, antigens in the coat can be recognized b~ ant~bod1es, _and phago­
cytes have receptors that bind the stems of the antlbod1es coatmg th~ bac­
terium, leading to phagocytosis (see Fig. 1.26, middle panels). _Th~ coatmg of 
pathogens and foreign particles in this way is known as opsomzat10n. 

Fig. 1.26 Antibodies can participate in 
host defense in three main ways. The 
left panels show antibodies binding to 
and neutralizing a bacterial toxin, thus 
preventing it from interacting with host 
cells and causing pathology. Unbound 
toxin can react with receptors on the host 
cell whereas the toxin:antibody complex 
can

1

not. Antibodies also neutralize 
complete virus particles and bacterial 
cells by binding and inactivating them . 
The antigen:antibody complex is 
eventually scavenged and degraded by 
macrophages. Antibodies coating an 
antigen render it recognizable as foreign 
by phagocytes (macrophages and 
neutrophils), which then ingest and 
destroy it; this is called opsonization. The 
middle panels show opsonization and 
phagocytosis of a bacterial cell. The right 
panels show activation of the 
complement system by antibodies 
coating a bacterial cell. Bound antibodies 
form a receptor for the first protein of the 
complement system, which eventually 
forms a protein complex on the surface of 
the bacterium that, in some cases, can 
kill the bacterium directly. More generally, 
complement coating favors the taking up 
and destroying of the bacterium by 
phagocytes. Thus, antibodies target 
pathogens and their toxic products for 
disposal by phagocytes. 
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Fig. 1.27 Mechanism of host defense 
against intracellular infection by 
viruses. Cells infected by viruses are 
recognized by specialized T cells called 
cytotoxic T cells, which kill the infected 
cells directly. The killing mechanism 
involves the activation of enzymes known 
as caspases, which contain cysteine in 
their active site and cleave after aspartic 
acid . These in turn activate a cytosolic 
nuclease in the infected cell, which 
cleaves host and viral DNA. Panel a is a 
transmission electron micrograph 
showing the plasma membrane of a 
cultured CHO cell (the Chinese hamster 
ovary cell line) infected with influenza 
virus. Many virus particles can be seen 
budding from the cell surface. Some of 
these have been labeled with a 
monoclonal antibody that is specific for a 
viral protein and is coupled to gold 
particles, which appear as the solid black 
dots in the micrograph. Panel b is a 
transmission electron micrograph of a 
virus-infected cell M surrounded by 
cytotoxic T lymphocytes. Note the close 
apposition of the membranes of the virus­
infected cell and the T cell (T) in the upper 
left corner of the micrograph, and the 
clustering of the cytoplasmic organelles in 
the T cell between its nucleus and the 
point of contact with the infected cell. 
Panel a courtesy of M. Bui and A. 
Helenius; panel b courtesy of N. Rooney. 

Th~ third ~nctio1:1 of a~ti?odies is complement activation. Complement, 
wh1c? we _discuss m det~ m Chapter 2, is first activated in innate immunity 
by m1~rob~al surfaces, without the help of antibodies. But the constant regions 
of ant1bod1es bound to bacterial surfaces form receptors for the first protein of 
the_ cor.npl~ment system, so that once antibodies are produced, cpmplement 
act1va_t10n mcreases. Complement components bound to the bacterial surface 
~an d~rectly destroy certain bacteria, and this is important in a few bacterial 
mfect10ns (see Fig. 1.26, right panels). The main function of complement 
however, like that of antibodies, is to coat the pathogen surface and enabl~ 
pha?ocytes to engulf and destroy bacteria that they would not otherwise rec­
?gmze. ~~mplement also e~a~ces the bactericidal actions of phagocytes; 
mdeed, 1t 1s so called because 1t complements' the activities of antibodies. 

Antibodies ?f di~erent classes are found in different compartments of the 
body and differ m the effector mechanisms they recruit, but all pathogens 
an~ free ~olecules bound by antibody are eventually delivered to phagocytes 
for mgest10n, degradation, and removal from the body (see Fig. 1.26, bottom 
panels). The complement system and the phagocytes that antibodies recruit 
are not themselv~s antigen-specific; they depend upon antibody molecules 
to m~rk the particles as foreign. Producing antibodies is the sole effector 
funct10n of B cells. T cells, by contrast, have a variety of effector actions. 

1-19 T cells are needed to control intracellular pathogens and to activate 
8-cell responses to most antigens. 

Pathogens are accessible to antibodies only in the blood and the extracellular 
spaces. However, some bacteria and parasites, and all viruses, replicate inside 
cells, where they cannot be detected by antibodies. The destruction of these 

Virus-infected cell Cytotoxic T cell kills infected cell 

infected cell 

invaders is the function of the T lymphocytes, which are responsible for the 
cell-mediated immune responses of adaptive immunity. 

The action of cytotoxic T cells is the most direct. These effector T cells act 
against cells infected with viruses. Antigens derived from the virus multiply­
ing inside the infected cell are displayed on the cell's surface, where they are 
recognized by the antigen receptors of cytotoxic T cells. These T cells can then 
control the infection by killing the infected cell before viral replication is com­
plete and new viruses are released (Fig. 1.27) . 

From the end of their development in the thymus, T lymphocytes are com­
posed of two main classes, one of which carries the cell-surface protein called 
CD8 on its surface and the other bears a protein called CD4. These are not 
just random markers, but are important for a T cell's function, as they help to 
determine the interactions the T cell makes with other cells. Cytotoxic T cells 
carry CDS, while the class of T cells involved in activating the cells they rec­
ognize, rather than killing them, carry CD4. 

CDS T cells are destined to become cytotoxic T cells by the time they leave the 
thymus as naive lymphocytes. Naive CD4 T cells, in contrast, can differentiate 
into different types of effector T cells after their initial activation by antigen. The 
two major types of CD4 effector T cells are called THI and TH2 cells, although 
more have been described, as we shall see in Chapter 8. These two types are both 
involved in combating bacterial infections, but in quite different ways. THI cells 
have a dual function. The first is to control certain intracellular bacterial infec­
tions. Some bacteria grow only in the intracellular membrane-bounded vesicles 
of macrophages; important examples are Mycobacterium tuberculosis and 
M. leprae, the pathogens that cause tuberculosis and leprosy, respectively. 
Bacteria phagocytosed by macrophages are usually destroyed in the lysosomes, 
which contain a variety of enzymes and antimicrobial substances. Mycobacteria 
and some other bacteria survive intracellularly because they prevent the vesicles 
they occupy from fusing with lysosomes (Fig. 1.28) . These infections can be con­
trolled by THl cells that recognize bacterial antigens displayed on the 
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The effector mechanisms of adaptive immunity 

Fig. 1.28 Mechanism of host defense 
against intracellular infection by 
mycobacteria. Mycobacteria are 
engulfed by macrophages but resist 
being destroyed by preventing the 
intracellular vesicles in which they reside 
from fusing with lysosomes containing 
bactericidal agents. Thus the bacteria are 
protected from being killed. In resting 
macrophages, mycobacteria persist and 
replicate in these vesicles. When the 
phagocyte is recognized and activated by 
a T H1 cell, however, the phagocytic 
vesicles fuse with lysosomes, and the 
bacteria can be killed. Macrophage 
activation is controlled by T H1 cells, both 
to avoid tissue damage and to save 
energy. The light micrographs (bottom 
row) show resting (left) and activated 
(right) macrophages infected with 
mycobacteria. The cells have been 
stained with an acid-fast red dye to reveal 
mycobacteria. These are prominent as 
red-staining rods in the resting 
macrophages but have been eliminated 
from the activated macrophages. 
Photographs courtesy of G. Kaplan. 
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Fig. 1.29 MHC molecules on the cell 
surface display peptide fragments of 
antigens. MHC molecules are membrane 
proteins whose outer extracellular 
domains form a cleft in which a peptide 
fragment is bound. These fragments are 
derived from proteins degraded inside the 
cell , including both self and foreign 
protein antigens. The peptides are bound 
by the newly synthesized MHC molecule 
before it reaches the cell surface. There 
are two kinds of MHC molecules-MHC 
class I and MHC class II-with related but 
distinct structures and functions. Although 
not shown here for simplicity, both MHC 
class I and MHC class II molecules are 
trimers of two protein chains and the 
bound self or nonself peptide. 

Fig. 1.30 MHC class I molecules 
present antigen derived from proteins 
in the cytosol. In cells infected with 
viruses, viral proteins are synthesized in 
the cytosol. Peptide fragments of viral 
proteins are transported into the 
endoplasmic reticulum (ER), where they 
are bound by MHC class I molecules, 
which then deliver the peptides to the 
cell surface. 

macrophage surface. THl cells activate the infected macrophages, inducing 
the fusion of their lysosomes with the vesicles containing the bacteria and 
stimulating the macrophage's antibacterial mechanisms (Fig. 1.28) . The sec­
ond role ofTHl cells is as helper T cells to stimulate the production of anti­
bodies by producing co-stimulatory signals and interacting with 
B lymphocytes. We shall see in Chapter 9, when we discuss the humoral 
immune response in detail, that only a few antigens with special properties 
can activate naive B lymphocytes on their own; an accompanying co-stimu­
latory signal from T cells is usually required (see Fig. 1.21). 

Whereas THI cells have a dual role, helper TH2 cells are entirely dedicated to 
the activation of naive B cells to produce antibody. The term 'helper T cell' is 
sometimes used by researchers to describe all CD4 T cells. It was originally 
coined, however, to describe T cells that 'help' B cells produce antibody, 
before the existence of two subtypes of CD4 T cells was recognized. When the 
macrophage-activating role of CD4 T cells was discovered, the designation 
'helper' was extended to cover these as well (hence the Hin THl). We consider 
this blanket usage confusing, and throughout this book we will only use the 
term 'helper T cell' in connection with the activation of B cells for antibody 
production, whether byTHl or TH2 cells. 

Naive T lymphocytes recognize their corresponding antigens on specialized 
antigen-presenting cells, which can also activate them. Effector T cells simi­
larly recognize peptide antigens bound to MHC molecules, but in this case 
the T cell is already activated and thus does not need co-stimulatory signals. 

1-20 CD4 and CDS T cells recognize peptides bound to two different 
classes of MHC molecules. 

The different types of effector T cells must be directed to act against the 
appropriate target cells. Antigen recognition is obviously crucial, but correct 
target recognition is also ensured by additional interactions between the CD8 
and CD4 molecules on the T cells and the MHC molecules on the target cell. 

As we saw in Section 1-13, T cells detect peptides derived from foreign anti­
gens after antigens are degraded within cells, their peptide fragments are cap­
tured by MHC molecules, and this complex is displayed at the cell surface 
(see Fig. 1.16). There are two main types ofMHC molecules, called MHC class 
I and MHC class II. They have slightly different structures but both have an 
elongated cleft in the extracellular surface of the molecule, in which a single 
peptide is trapped during the synthesis and assembly of the MHC molecule 
inside the cell. The MHC molecule bearing its cargo of peptide is transported 
to the cell surface, where it displays the peptide to T cells (Fig. 1.29) . 

The most important differences between the two classes of MHC molecule lie 
not in their structure but in the source of the peptides that they trap and carry to 
the cell surface. MHC class I molecules collect peptides derived from proteins 
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synthesized in the cytosol and are thus able to display fragments of viral proteins 
on the cell surface (Fig. 1.30). MHC class II molecules bind peptides derived 
from proteins in intracellular vesicles, and thus display peptides de_rived from 
pathogens living in macrophage vesicles or internalized by p_hagocytic cells ~d 
B cells (Fig. 1.31). We shall see in Chapter 5 exactly how peptides from these dif­
ferent sources are made available to the two types of MHC molecule. 

Having reached the cell surface with their peptide cargo, the two classes ~f 
MHC molecule are recognized by different functional classes of T cell. This 
occurs because the CD8 molecule binds preferentially to MHC class I mole­
cules whereas CD4 binds preferentially to MCH class II molecules. Thus, MHC 
class 'r molecules bearing viral peptides are recognized by CDS-bearing cyto­
toxic T cells which then kill the infected cell (Fig. 1.32); MHC class II molecules 
bearing pe~tides derived from pathogens taken up into vesicles are recognized 
by CD4-bearingT cells (Fig. 1.33). CD4 and CD8 are thus known as co-recep­
tors, as they are inextricably involved in signaling to the T cell that the receptor 
has bound the correct antigen. Useful interactions are further ensured by the 
fact that all cells express MHC class I molecules, and thus any virus-infected 

T H1 cell recognizes complex of 
bacterial peptide with MHC class II 

and activates macrophage 

Helper T cell recognizes complex 
of antigenic peptide with MHC class II 

and activates B cell 

Fig. 1.31 MHC class II molecules 
present antigen originating in 
intracellular vesicles. Some bacteria 
infect cells and grow in intracellular 
vesicles. Peptides derived from such 
bacteria are bound by MHC class II 
molecules and transported to the cell 
surface (top row). MHC class II molecules 
also bind and transport peptides derived 
from antigen that has been bound and 
internalized by 8-cell antigen receptor­
mediated uptake into intracellular vesicles 
(bottom row). 

Cytotoxic T cell recognizes complex of 
viral peptide with MHC class I 

and kills infected cell 

Fig. 1.32 Cytotoxic CDS T cells 
recognize antigen presented by MHC 
class I molecules and kill the cell. The 
peptide:MHC class I complex on virus­
infected cells is detected by antigen­
specific cytotoxic T cells. Cytotoxic T 
cells are preprogrammed to kill the cells 
they recognize. 

Fig. 1.33 CD4 T cells recognize antigen 
presented by MHC class II molecules. 
On recognition of their specific antigen on 
infected macrophages, T H1 cells activate 
the macrophage, leading to the 
destruction of the intracellular bacteria 
(left panel). When T H2 or T H1 helper T 
cells recognize antigen on 8 cells, they 
activate these cells to proliferate and 
differentiate into antibody-producing 
plasma cells (right panel). 
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cell can be recognized and killed by a CD8 cytotoxic T cell, while the only cells 
that normally express MHC class II molecules are dendritic cells, macrophages, 
and B cells- the cells that must activate, or be activated by, CD4 T cells. 

Because the T-cell receptor is specific for a combination of peptide and MHC 
molecule, any given T-cell receptor will recognize either an MHC class I mol­
ecule or an MHC class II molecule. To be useful, T lymphocytes bearing anti­
gen receptors that recognize MHC class I must also express CD8 co-receptors, 
whereas T lymphocytes bearing receptors specific for MHC class II must 
express CD4. The matching of a T-cell receptor with a co-receptor of the 
appropriate type occurs during lymphocyte development, and naive T cells 
emerge from the central lymphocyte organs bearing the correct combination 
of receptors and co-receptors. The maturation of T cells into either CD8 or 
CD4 T cells reflects a testing of T-cell receptor specificity that occurs during 
development. Exactly how this selective process works and how it maximizes 
the usefulness of the T-cell repertoire is a central question in immunology, 
and is a major topic of Chapter 7. 

On recognizing their targets, the various types of effector T cells are stimu­
lated to release different sets of effector molecules. These can directly affect 
their target cells or help to recruit other effector cells in ways we discuss in 
Chapter 8. These effector molecules include many cytokines, which have a 
crucial role in the clonal expansion of lymphocytes as well as in innate 
immune responses and in the effector actions of most cells of the immune 
system. Thus, understanding the actions of cytokines is central to under­
standing the various behaviors of the immune system. The actions of all the 
known cytokines are summarized in Appendix III, some are introduced in 
Chapter 2, and the T-cell-derived cytokines are discussed in Chapter 8. 

1-21 Defects in the immune system result in increased susceptibility 
to infection. 

We tend to take for granted the ability of our immune systems to free our bod­
ies of infection and prevent its recurrence. In some people, however, parts of 
the immune system fail. In the most severe of these immunodeficiency dis­
eases, adaptive immunity is completely absent, and death occurs in infancy 
from overwhelming infection unless heroic measures are taken. Other less 
catastrophic failures lead to recurrent infections with particular types of 
pathogen, depending on the particular deficiency. Much has been learned 
about the functions of the different components of the human immune sys­
tem through the study of these immunodeficiencies, many of which are 
caused by inherited genetic defects. 

More than 25 years ago, a devastating form of immunodeficiency appeared, 
~he a~quired immune deficiency syndrome, or AIDS, which is caused by an 
mfect10us agent, the human immunodeficiency viruses HIV-1 and HIV-2. This 
disease destroys T cells, dendritic cells, and macrophages bearing CD4, lead­
ing to infections caused by intracellular bacteria and other pathogens nor­
mally controlled by such cells. These infections are the major cause of death 
from this increasingly prevalent immunodeficiency disease, which is dis­
cussed fully in Chapter 12 together with the inherited immunodeficiencies. 

1-22 Understanding adaptive immune responses is important for the 
control of allergies, autoimmune disease, and organ graft rejection. 

The main function of our immune system is to protect the human host from 
infectious agents. However, many medically important diseases are associated 
with a normal immune response directed against an inappropriate antigen, 

often in the absence of infectious disease. Immune responses directed at non­
infectious antigens occur in allergy, in which the antigen is an innocuous for­
eign substance, in autoimmune disease, in which the response is to a self 
antigen, and in graft rejection, in which the antigen is borne by a transplanted 
foreign cell. The major antigens provoking graft rejection are, in fact, the MHC 
molecules, as each of these is present in many different versions in the human 
population-that is, they are highly polymorphic-and most unrelated peo­
ple differ in the set of MHC molecules they express. The MHC was originally 
recognized in mice as a gene locus, the H2 locus, that controlled the accept­
ance or rejection of transplanted tissues, while the human MHC molecules 
were first discovered after attempts to use skin grafts from donors to repair 
badly burned pilots and bomb victims during the Second World War. The 
patients rejected the grafts, which were recognized by their immune systems 
as being 'foreign'. What we call a successful immune response or a failure, and 
whether the response is considered harmful or beneficial to the host, depends 
not on the response itself but rather on the nature of the antigen and the cir­
cumstances in which the response occurs (Fig. 1.34). 

Allergic diseases, which include asthma, are an increasingly common cause 
of disability in the developed world. Autoimmunity is also now recognized as 
the cause of many important diseases. An autoimmune response directed 
against pancreatic ~ cells is the leading cause of diabetes in the young. In 
allergies and autoimmune diseases, the powerful protective mechanisms of 
the adaptive immune response cause serious damage to the patient. 

Immune responses to harmless antigens, to body tissues, or to organ grafts 
are, like all other immune responses, highly specific. At present, the usual way 
to treat these responses is with immunosuppressive drugs, which inhibit all 
immune responses, desirable and undesirable. If it were possible to suppress 
only those lymphocyte clones responsible for the unwanted response, the 
disease could be cured or the grafted organ protected without impeding pro­
tective immune responses. There is hope that this dream of antigen-specific 
immunoregulation to control unwanted immune responses could become a 
reality, as antigen-specific suppression of immune responses can be induced 
experimentally, although the molecular basis of this suppression is not fully 
understood. We shall discuss the present state of understanding of allergies, 
autoimmune disease, graft rejection, and immunosuppressive drugs in 
Chapters 13-15, and we shall see in Chapter 14 how the mechanisms of 
immune regulation are beginning to emerge from a better understanding of 
the functional subsets of lymphocytes and the cytokines that control them. 

Effect of response to antigen 
Antigen 

Normal response Deficient response 

Infectious agent I Protective immunity I Recurrent infection 

Innocuous substance I Allergy No response 

Grafted organ 
I Rejection Acceptance 

Self organ I Autoimmunity Self tolerance 

Tumor 
I Tumor immunity Cancer 

The effector mechanisms of adaptive immunity 

Fig. 1.34 Immune responses can be 
beneficial or harmful, depending on the 
nature of the antigen. Beneficial 
responses are shown in white, harmful 
responses in red shaded boxes. Where 
the response is beneficial, its absence is 
harmful. 
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Fig. 1.35 Successful vaccination 
campaigns. Diphtheria, polio, and 
measles and its consequences have been 
virtually eliminated in the United States 
as shown in these three graphs. SSPE ' 
stands for subacute sclerosing 
panencephalitis, a brain disease that is a 
late consequence of measles infection in 
a few patients. When measles was 
prevented, SSPE disappeared 15-20 
years later. However, as these diseases 
have not been eradicated worldwide 
immunization must be maintained in 

1

a 
very high percentage of the population to 
prevent their reappearance. 

1-23 V~ccination is the most effective means of controlling infectious 
diseases. 

-'.'-1tho~gh the specific suppression of immune responses must await advances 
m_ basic _research on immune regulation and its application, the deliberate 
stn~ulat10n of an immune response by immunization, or vaccination, has 
ach1e~ed many successes in the two centuries since Jenner's pioneering 
expenment. 

~ass immunization programs have led to the virtual eradication of several 
d1seas~s tha_t used to be associated with significant morbidity (illness) and 
mortality (Fig. 1.3~) . Immu~ization is considered so safe and so important 
tha~ most states m the Umted States require children to be immunized 
agamst ~p to seven common childhood diseases. Impressive as these 
~ccompl~shments are, there are still many diseases for which we lack effec­
tive vaccmes. And e~en w?ere vaccines for diseases such as measles or polio 
can be used effectively m developed countries, technical and economic 
proble?1s can prevent their widespread use in developing countries where 
mortality from th~se diseases is still high. The tools of modern imm~nology 
~nd molecular b10logy are being applied to develop new vaccines and 
improve old ones, _and we ~iscuss these advances in Chapter 15. The 
prospect of controllmg these important diseases is tremendously exciting. 
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The guarantee of good health is a critical step toward population control and 
economic development. At a cost of pennies per person, great hardship and 
suffering can be alleviated. 

Many serious pathogens have resisted efforts to develop vaccines against 
them, often because they can evade or subvert the protective mechanisms of 
an adaptive immune response. We examine some of the evasive strategies 
used by successful pathogens in Chapter 12. The conquest of many of the 
world's leading diseases, including malaria and diarrheal diseases (the lead­
ing killers of children) as well as the more recent threat from AIDS, depends 
on a better understanding of the pathogens that cause them and their inter­
actions with the cells of the immune system. 

Summary. 

Lymphocytes have two distinct recognition systems specialized for the detec­
tion of extracellular and intracellular pathogens. B cells have cell-surface 
immunoglobulin molecules as receptors for antigen and, upon activation, 
secrete the immunoglobulin as soluble antibody that provides a defense 
against pathogens in the extracellular spaces of the body. T cells have recep­
tors that recognize peptide fragments of intracellular pathogens transported 
to the cell surface by the glycoproteins of the MHC. Two classes ofMHC mol­
ecules transport peptides from different intracellular compartments to the 
cell surface to present them to distinct types of effector T cells: cytotoxic CDS 
T cells that kill infected target cells, and CD4 T cells that mainly activate 
macrophages and B cells. Thus, T cells are crucially important for both the 
humoral and cell-mediated responses of adaptive immunity. The adaptive 
immune response seems to have engrafted specific antigen recognition by 
highly diversified receptors onto innate defense systems, which have a cen­
tral role in the effector actions of both B and T lymphocytes. The vital role of 
adaptive immunity in fighting infection is illustrated by the immunodefi­
ciency diseases and the problems caused by pathogens that succeed in evad­
ing or subverting an adaptive immune response. The antigen-specific 
suppression of adaptive immune responses is the goal of treatment for 
important human diseases involving inappropriate activation of lympho­
cytes, whereas the specific stimulation of an adaptive immune response is the 
basis of successful vaccination. 

Summary to Chapter 1. 

The immune system defends the host against infection. Innate immunity 
serves as a first line of defense but lacks the ability to recognize certain 
pathogens and to provide the specific protective immunity that prevents 
reinfection. Adaptive immunity is based on clonal selection from a repertoire 
oflymphocytes bearing highly diverse antigen-specific receptors that enable 
the immune system to recognize any foreign antigen. In the adaptive 
immune response, antigen-specific lymphocytes proliferate and differentiate 
into clones of effector lymphocytes that eliminate the pathogen. Host 
defense requires different recognition systems and a wide variety of effector 
mechanisms to seek out and destroy the wide variety of pathogens in their 
various habitats within the body and at its external and internal surfaces. Not 
only can the adaptive immune response eliminate a pathogen but, in the 
process, it also generates increased numbers of differentiated memory lym­
phocytes through clonal selection, and this allows a more rapid and effective 
response upon reinfection. The regulation of immune responses, whether to 
suppress them when unwanted or to stimulate them in the prevention of 
infectious disease, is the major medical goal of research in immunology. 

Summary to Chapter 1 37 
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Innate Immunity 

Throughout most of this book we will examine the ways in which the adap­
tive immune response protects the host from microorganisms that otherwise 
would cause disease. In this chapter, however, we will examine the role of the 
innate, nonadaptive defenses that form the earliest barriers to infection. The 
microorganisms that are encountered daily in the life of a healthy individual 
only occasionally cause perceptible disease. Most are detected and destroyed 
within minutes or hours by defense mechanisms that do not rely on the 
clonal expansion of antigen-specific lymphocytes (see Section 1-9) and thus 
do not require a prolonged period of induction: these are the mechanisms of 
innate immunity. 

The time course and different phases of an encounter with a new pathogen 
are summarized in Fig. 2.1. Some innate immune mechanisms start acting 
immediately on encounter with infectious agents. Others are activated and 
amplified in the presence of infection and then return to baseline levels after 
the infection is finished. Innate immune mechanisms do not generate long­
term protective immunological memory. Only if an infectious organism can 
breach these lines of defense will an adaptive immune response ensue, with 
the generation of antigen-specific effector cells that target the specific 
pathogen, and memory cells that provide long-lasting immunity against rein­
fection with the same microorganism. The power of adaptive immune 
responses is due to their antigen specificity, which we will be studying in the 
following chapters. However, they harness, and also depend upon, many of 
the effector mechanisms used by the innate immune system to remove 
pathogens, which we will describe in this chapter. 
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Fig. 2.1 The response to an initial 
infection occurs in three phases. These 
are the innate phase, the early induced 
innate response, and the adaptive 
immune response. The first two phases 
rely on the recognition of pathogens by 
germline-encoded receptors of the innate 
immune system, whereas adaptive 
immunity uses variable antigen-specific 
receptors that are produced as a result of 
gene segment rearrangements. Adaptive 
immunity occurs late, because the rare 
B and T cells specific for the invading 
pathogen must first undergo clonal 
expansion before they differentiate into 
effector cells that can clear the infection. 
The effector mechanisms that remove the 
infectious agent are similar or identical in 
each phase. 

Removal of 
infectious agent 
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and differentiation 
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Removal of 
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Whereas the adaptive immune system uses a large repertoire of receptors 
encoded by rearranging gene segments to recognize a huge variety of anti­
gens (see Section 1-12), innate immunity depends upon gerrnline-encoded 
receptors to recognize features that are common to many pathogens. In fact, 
the mechanisms of innate immunity discriminate very effectively between 
host cells and pathogens, and this ability to discriminate between self and 
nonself, and to recognize broad classes of pathogens, contributes to the 
induction of an appropriate adaptive immune response. 

In the first part of the chapter we will consider the fixed defenses of the body: 
the epithelia that line the internal and external surfaces of the body, and the 
phagocytes that lie beneath all epithelial surfaces and that engulf and digest 
invading microorganisms. As well as killing microorganisms directly, these 
phagocytes induce the next phase of the innate immune response, inducing 
an inflammatory response that recruits new phagocytic cells and circulating 
effector molecules to the site of infection. Second, we will take a closer look at 
the ancient system of pattern-recognition receptors used by the phagocytic 
cells of the innate immune system to identify pathogens and distinguish 
them from self antigens. We shall see how, as well as directing the immediate 
destruction of pathogens, stimulation of some of these receptors on 
macrophages and dendritic cells leads to their becoming cells that can effec­
tively present antigen to T lymphocytes, thus initiating an adaptive immune 
response. The third part of the chapter is devoted to a system of plasma pro­
teins known as the complement system. This important element of so-called 
humoral innate immunity interacts with microorganisms to promote their 
removal by phagocytic cells. In the last part of the chapter we shall describe 
how the cytokines and chemokines produced by activated phagocytes and 
dendritic cells induce the later phases of the innate immune response, such 
as the so-called acute-phase response. We shall also meet another cell of the 
innate immune system, the natural killer cell (NK cell), which contributes to 
innate host defenses against viruses and other intracellular pathogens. In this 
phase, the first steps towards initiating an adaptive immune response take 
place, so that if the infection is not cleared by the innate responses, a full 
immune response will ensue. 

The front line of host defense. 

Microorganisms that cause disease in humans and animals enter the body at 
different sites and produce disease symptoms by a variety of mechanisms. 
Many different infectious agents can cause disease and damage to tissues, or 
pathology, and are referred to as pathogenic microorganisms or pathogens. 
In vertebrates, microbial invasion is initially countered by innate defenses 
that preexist in all individuals and begin to act within minutes of encounter 
with the infectious agent. Only when the innate host defenses are bypassed, 
evaded, or overwhelmed is an adaptive immune response required. Although 
innate immunity is obviously sufficient to prevent the body from being rou­
tinely overwhelmed by the vast number of microorganisms that live on and in 
it, pathogens, almost by definition, are microorganisms that have evolved 
ways of overcoming the body's innate defenses more effectively than other 
microorganisms. Once they have gained a hold, they require the concerted 
efforts of both innate and adaptive immune responses to clear them from the 
body. Even in these cases, however, the innate immune system usually per­
forms a valuable delaying function, keeping pathogen numbers in check 
while the adaptive immune system gears up for action. In the first part of this 
chapter we will describe briefly the different types of pathogens and their 

invasive strategies, and then examine the innate defenses that,_ in mos~ cases, 
revent microorganisms from establishing an infection. We will examme th_e 

~efense functions of the epithelial surfaces of the body, ~he role of anti­
microbial peptides and proteins, and the defense of body tissues by phago­
cytic cells-the macrophages and neutrophils- which bind to and ingest 
invading microorganisms. 

2-1 Infectious diseases are caused by diverse living agents that replicate 
in their hosts. 

The agents that cause disease fall into five groups: viruses, bacteria, fungi, 
protozoa, and helminths (worms) . Protozoa and w~r~s ~re usually g:ouped 
together as parasites, and are the subject of th~ d1sc1ph?e of_ paras1tolo~, 
whereas viruses, bacteria, and fungi are the subJect of m1cr?b10logy. I1: Fig. 
2 2 the classes of microorganisms and parasites that cause disease are hsted, 
~ {h typical examples of each. The char~cteristic f~at11;res ~f each pat~ogen 
are its mode of transmission, its mechamsm of rephcat10n, its mechanism ~f 
pathogenesis-the means by which it causes diseas~-and the res~onse 1t 
elicits from the host. The distinct habitats and hfe cycles . of ?1fferent 

athogens mean that a range of different innate and adaptive immune 
~ echanisms have to be deployed for their destruction. 

Infectious agents can grow in all body compartm~nts, as shown schemati­
cally in Fig. 2.3. We saw in Chapter 1 that two_maJor compart~ent~ can be 
defined-extracellular and intracellular. Both mnate and adapt~ve immune 
responses have different ways of dealing wi~h pathogen~ fou1;1d m these two 
compartments. Many bacterial pathogens hve and repl_1cat~ m extr~cellular 
spaces, either within tissues or on the surface of th~ ep1thel~a _that lme body 
cavities. Extracellular bacteria are usually susceptible to killmg by phago­
cytes, an important arm of the innate immune ~ystem, but some pathogens, 
such as Staphylococcus and Streptococcus spec~es, are protected by a poly­
saccharide capsule that resists engulfment. Thi~ can b~ overc~me to some 
extent by the help of another component of 1?nate 1mmumty--:comple­
ment-which renders the bacteria more susceptible to phagocytos1s._ In the 
adaptive immune response, bacteri~ ar~ rendered more susceptible to 
phagocytosis by a combination of ant1bod1es and complement. 

Obligate intracellular pathogens, such as all viruses, must invade host cells _to 
replicate, whereas facultative intracellular pathogens, such as mycobactena, 
can replicate either intracellularly or outside the cell. Intracellular P~~ogens 
must either be prevented from entering cells or be dete~ted and ehmmate?­
once they have done so. They can be subdivided fu_rther mto_ those that reph­
cate free in the cell, such as viruses and certam bactena (for examp~e, 
Chlamydia, Rickettsia, and Listeria), and those_, such as the m~co~actena, 
that replicate inside intracellular vesicles. I1:fect10u_s ~gents that hve mtracel­
lularly frequently cause disease by damagmg or killmg the cells that ho_use 
them. The innate immune system has two general means of defense_ agamst 
this type of pathogen. Phagocytes may t~e up th~ patho?en before. 1t enters 
cells, while NK cells can directly recogmze and kill c~lls mfe~ted with so~e 
intracellular pathogens. NK cells are instrumental m keepmg some vrral 
infections in check until an adaptive immune response has bee°: g_ener~ted, 
after which cytotoxic T cells are able to take over the ro~e of killmg virus­
infected cells. Pathogens that live inside macrophage vesicles may become 
susceptible to killing after activation of the macrophage as a result of NK cell 
or T cell actions (see Fig. 2.3) . 

Once pathogens have overcome the defenses of_innate iri:imunity, they grow 
and replicate in the body, causing mark~dly d1ff~rent diseases that reflect 
the diverse ways in which they damage tissues (Fig. 2.4). Many of the most 
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Fig. 2.2 A variety of microorganisms 
can cause disease. Pathogenic 
organisms are of five main types: viruses, 
bacteria, fungi , protozoa, and worms. 
Some well-known pathogens in each 
group are listed. 

I 

Viruses 

Bacteria 

Fungi 

Protozoa 

Worms 

Some common causes of disease in humans 

Adenoviruses Human adenoviruses (e.g ., types 3, 4, and 7) 

Herpesviruses Herpes simplex, varicella zoster, Epstein-Barr 
virus, cytomegalovirus, HHV8 

DNA viruses 
Poxviruses Variola, vaccinia virus 

Parvoviruses Human parvovirus 

Papovaviruses Papilloma virus 

Hepadnaviruses Hepatitis B virus 

Orthomyxoviruses Influenza virus 

Paramyxoviruses Mumps, measles, respiratory syncytial virus 

Coronaviruses Cold viruses, SARS 

Picornaviruses Polio, coxsackie, hepatitis A, rhinovirus 

Reoviruses Rotavirus, reovirus 

RNA viruses Togaviruses Rubella, arthropod-borne encephalitis 

Flaviviruses 
Arthropod-borne viruses, 
(yellow fever, dengue fever) 

Arenaviruses Lymphocytic choriomeningitis, Lassa fever 

Rhabdoviruses Rabies 

Retroviruses Human T-cell leukemia virus, HIV 

Staphylococci Staphylococcus aureus 
Gram +ve cocci 

Streptococci Streptococcus pneumoniae, Strep. pyogenes 

Gram -ve cocci Neisseriae Neisseria gonorrhoeae, N. meningitidis 

Gram +ve bacilli Corynebacterium diphtheriae Bacillus anthracis 
Listeria monocytogenes ' ' 

Salmonella typhi, Shigella f/exneri, 
Gram -ve bacilli Campylobacter jejuni, Vibrio cholerae 

Yersinia pestis, Pseudomonas aerugi~osa, 
Bruce/la me/Jtens1s, Haemophilus inffuenzae, 
Leg1onella pneumophilus, Bordetella pertussis 

Firmicutes Clostridia Clostridium tetani, C. botulinum, C. perfringens 

Spirochaetes Spirochetes Treponema pallidum, Borrelia burgdorferi 
Leptospira interrogans ' 

Actinobacteria Mycobacteria Mycobacterium tuberculosis, M. leprae, M. avium 

Protobacteria Rickettsias Rickettsia prowazekii 

Chlamydiae Chlamydias Chlamydia trachomatis 

Mollicutes Mycoplasmas Mycoplasma pneumoniae 

Ascomycetes 
Candida albicans, Cryptococcus neoformans 
Aspergil/us fumigatus, Histoplasma capsulat~m, 
Cocc1d101des 1mm1fls, Pneumocystis carinii 

Entamoeba histolytica, Giardia intestinalis 
Leishmania donovani, Plasmodium talcipa'rum, 
Trypanosoma brucei, Toxoplasma gondii 
Cryptosporidium parvum ' 

Trichuris trichura, Trichinella spiralis, 
Intestinal Enterob1us vermicularis, Ascaris lumbricoides, 

Nematodes 
Ancylostoma duodenale, Strongyloides stercoralis 

Tissues Onchocerca volvulus, Loa loa, 
Dracuncula medinensis 

Flukes Blood, liver Schistosoma mansoni, Clonorchis sinensis 

Extracellular 

Interstitial spaces, Epithelial 
blood, lymph surfaces 

Site of 

~ infection . -~- . . . 
0 ojo\o 

Viruses Neisseria 
Bacteria gonorrhoeae 
Protozoa Mycoplasma spp. 
Fungi Streptococcus 
Worms pneumoniae 

Organisms 
Vibrio cholerae 
Escherichia coli 
Helicobacter 
pylori 

Candida albicans 
Worms 

Complement Antimicrobial 
Protective Phagocytosis peptides 
immunity Antibodies Antibodies, 

especially lgA 

Intracellular 

Cytoplasmic 

Viruses 
Chlamydia spp. 
Rickettsia spp. 
Listeria 
monocytogenes 

Protozoa 

NK cells 
Cytotoxic T cells 

Vesicular 

Mycobacterium spp. 
Salmonella 

typhimurium 
Yersinia pestis 
Listeria spp. 
Legionella 
pneumophila 

Cryptococcus 
neoformans 

Leishmania spp. 
Trypanosoma spp. 
Histoplasma 

T-cell and NK-cell 
dependent 
macrophage 
activation 

dangerous extracellular bacterial pathogens cause disease by releasing pro­
tein toxins, against which the innate immune system has little defense. The 
highly specific antibodies produced by the adaptive immune system are 
required to neutralize the action of such toxins (see Fig. 1.26) . The damage 
caused by a particular infectious agent also depends on the site in which it 
grows; Streptococcus pneumoniae in the lung causes pneumonia, for exam­
ple, whereas in the blood it causes a rapidly fatal systemic illness, pneumo-

coccal sepsis. 

As we will see in the following sections, for a microorganism to invade the 
body, it must first bind to or cross an epithelium. Intestinal pathogens such 
as Salmonella typhi, the causal agent of typhoid fever, or Vibrio cholerae, 
which causes cholera, are spread through fecally contaminated food and 
water, respectively. Immune responses to this type of pathogen occur in the 
specialized mucosal immune system once they have breached the epithelial 
barrier, as described in Chapter 11. The first defense against microorganisms 
invading through the gut consists of a healthy intestinal epithelium and 
intestinal flora, which competes with the pathogens for nutrients and epithe-
lial attachment sites. 

Most pathogenic microorganisms have evolved to be able to overcome innate 
immune responses and to continue to grow, making us ill. An adaptive 
immune response is required to eliminate them and to prevent subsequent 
reinfection. Other pathogens are never entirely eliminated by the immune 
system, and persist in the body for years. But most pathogens are not univer­
sally lethal. Those that have lived for thousands of years in the human popu­
lation are highly evolved to exploit their human hosts; they cannot alter their 
pathogenicity without upsetting the compromise they have achieved with the 
human immune system. Rapidly killing every host it infects is no better for 
the long-term survival of a pathogen than being wiped out by the immune 
response before the microbe has had time to infect someone else. In short, we 
have adapted to live with our enemies, and they with us. Nevertheless, the 

The front line of host defense ~ >-'\. 
Fig. 2.3 Pathogens can be found in 
various compartments of the body, 
where they must be combated by 
different host defense mechanisms. 
Virtually all pathogens have an 
extracellular phase in which they are 
vulnerable to the circulating molecules 
and cells of innate immunity and to the 
antibodies of the adaptive immune 
response. All these clear the 
microorganism primarily by promoting its 
phagocytosis by the phagocytes of the 
immune system. Intracellular phases of 
pathogens such as viruses are not 
accessible to these mechanisms; instead 
the infected cell is attacked by the NK 
cells of innate immunity or by the 
cytotoxic T cells of adaptive immunity. 
Activation of macrophages as a result of 
NK-cell or T-cell activity can induce the 
macrophage to kill pathogens that are 
living inside macrophage vesicles. 

·,·~ ,.,, 
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Direct mechanisms of tissue damage by pathogens 
Indirect mechanisms of tissue damage by pathogens 

Exotoxin 
Endotoxin Direct 

production cytopathic effect 
Immune 

complexes 
Anti-host 
antibody 

Cell-mediated 
immunity 

Pathogenic 

® 
mechanism 

"' (Q 
. . . . . . 

1 -.:.- : . . . , _. . . . . . . . . . 
Streptococcus Escherichia coli Variola Hepatitis B virus 

Malaria 
Streptococcus 

Streptococcus 
pyogenes 

Mycoplasma 
pneumoniae 

pyogenes Haemophilus 
Staphylococcus 

Varicella-zoster Mycobacterium 
tuberculosis 

Mycobacterium 
leprae 

Lymphocytic 
choriomeningitis 
virus 

influenzae 
Infectious 

aureus 
Corynebacterium 

Hepatitis B virus 
Salmonella typhi Polio virus pyogenes 

Treponema 
pallidum 

Most acute 
infections 

agent diphtheriae 
Shigella Measles virus 

Clostridium tetani 
Pseudomonas Influenza virus 

Vibrio cholerae 
aeruginosa Herpes simplex 

Yersinia pestis virus 
Borrelia burgdorferi 
Schistosoma mansoni 
Herpes simplex virus 

Human herpes 
virus 8 (HHV8) 

Tonsilitis, scarlet Gram-negative Smallpox 
fever Kidney disease 

Vascular deposits 
Glomerulonephritis 
Kidney damage 

Rheumatic fever 
Hemolytic anemia 

Tuberculosis 
Tuberculoid leprosy 
Aseptic meningitis 
Lyme arthritis 
Schistosomiasis 
Herpes stromal 

Boils, toxic shock 
sepsis Chickenpox, 

Meningitis, shingles 
Disease syndrome, pneumonia Hepatitis 

food poisoning Typhoid fever Poliomyelitis in seconda,y 
syphilis 

Transient renal 
deposits 

Diphtheria Bacilla,y dysente,y 
Wound infection 

Measles, subacute 
Tetanus 
Cholera Plague 

Fig. 2.4 Pathogens can damage tissues 
in a variety of different ways. The 
mechanisms of damage, representative 
infectious agents, and the common 
names of the diseases associated with 
each are shown. Exotoxins are released 
by microorganisms and act at the surface 
of host cells, for example by binding to 
receptors. Endotoxins, which are intrinsic 
components of microbial structure, trigger 
phagocytes to release cytokines that 
produce local or systemic symptoms. 
Many pathogens are cytopathic, directly 
damaging the cells they infect. Finally, an 
adaptive immune response to the 
pathogen can generate antigen:antibody 
complexes that activate neutrophils and 
macrophages, antibodies that can cross­
react with host tissues, or T cells that kill 
infected cells. All of these have some 
potential to damage the host's tissues. In 
addition, neutrophils, the most abundant 
cells early in infection, release many 
proteins and small-molecule inflammatory 
mediators that both control infection and 
cause tissue damage (see Fig. 2.9). 

sclerosing 
panencephalitis 

Influenza 
keratitis 

Cold sores 
Kaposi's sarcoma 

recent concern about highly pathogenic strains of avian influenza and the 
episode in ~002-2003 of SARS (severe acute respiratory syndrome) , ;a used by 
a corona virus from bats that caused severe pneumonia in humans, remind 
us that new and deadly infections can transfer to humans from animal reser­
voirs. These are known as zoonotic infections-and we must be on the alert 
at all times for the emergence of new pathogens and new threats to health. 
The human immunodeficiency virus that causes AIDS (discussed in Chapter 
12) serves as a warning that we remain constantly vulnerable. 

2-2 Infectious agents must overcome innate host defenses to establish a 
focus of infection. 

Our bodies are constantly exposed to microorganisms present in our envi­
ronment, including infectious agents that have been shed from other infected 
in~ividuals. C?nta~t with these microorganisms may occur through external 
or mternal epithelial surfaces: the respiratory tract mucosa provides a route 
of entry for airborne microorganisms, and the gastrointestinal mucosa does 
the same for microorganisms in food and water. Insect bites and wounds 
allow microorganisms to penetrate the skin, and direct contact between indi­
viduals offers opportunities for infection of the skin, the gut, and the mucosa 
of the reproductive tract (Fig. 2.5). 

In spit~ of ~his exposure, infectious disease is fortunately quite infrequent. 
T~e epithel~al surfaces of the body serve as an effective barrier against most 
microorgamsms, and they are rapidly repaired if wounded. Furthermore, 
most ~f ~e microorganisms that do succeed in crossing an epithelial surface 
are efficiently removed by innate immune mechanisms that function in the 
underlying tissues. Thus, in most cases these defenses prevent infection from 

Routes of infection for pathogens 

Route of entry I Mode of transmission Pathogen Disease 

Mucosal surfaces 

I Inhaled droplet 
11 

Influenza virus 
11 

Influenza I 
Airway 

I 
11 

Neisseria meningitidis l Meningococcal meningitis 
Spores 

Bacillus anthracis I Inhalation anthrax I 
Contaminated Salmonella typhi I Typhoid fever I Gastrointestinal tract water or food 

I Diarrhea I Rotavirus 

Treponema pallidum I Syphilis I Reproductive tract Physical contact 

I I AIDS I HIV 

External epithelia 

External surface I Physical contact 
11 

Trichophyton I Athlete's foot 

I Minor skin abrasions 
11 

Bacillus anthracis I Cutaneous anthrax 

Wounds and abrasions I Puncture wounds 
11 

Clostridium tetani I Tetanus 

Handling infected animals Francisella tularensis Tularemia 

I 
Mosquito bites 

I Flavivirus I Yellow fever (Aedes aegyptl) 
Insect bites 

I Deer tick bites 
11 

Borrelia burgdorferi I Lyme disease 

I 
Mosquito bites 

I 
Plasmodium spp. 

I 
Malaria 

(Anopheles) 

becoming established. It is difficult to know how many infections are repelled 
in this way, because they cause no symptoms and pass undetected. It is clear, 
however, that the microorganisms that a normal human being inhales or 
ingests, or that enter through minor wounds, are mostly held at bay or elimi­
nated, because they seldom cause clinical disease. 

Disease occurs when a microorganism succeeds in evading or overwhelming 
innate host defenses to establish a local site of infection, and then replicates 
there to allow its further transmission within our bodies. In some cases, such 
as the fungal disease athlete's foot, the initial infection remains local and does 
not cause significant pathology. In other cases, the infectious agent causes 
significant damage and serious illness as it spreads through the lymphatics or 
the bloodstream, invades and destroys tissues, or disrupts the body's work­
ings with its toxins, as in the case of the agent of tetanus ( Clostridium tetani), 
which secretes a powerful neurotoxin. 

The spread of a pathogen is often initially countered by an inflammatory 
response that recruits more effector cells and molecules of the innate 
immune system from local blood vessels (Fig. 2.6.) , while inducing clotting 
further downstream so that the microbe cannot spread through the blood. 
The induced responses of innate immunity act over several days, during 
which time an adaptive immune response gets under way in response to 
pathogen antigens delivered to local lymphoid tissue by dendritic cells (see 
Section 1-15) . An adaptive immune response differs from innate immunity in 
its ability to target structures that are specific to particular strains and variants 

Fig. 2.5 Pathogens infect the body 
through a variety of routes. 
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Adherence to epithelium Local infection, penetration 
of epithelium Local infection of tissues Adaptive immunity 

blood vessel 
0 0 0 0 0 

0 0 (Q) 

Protection against infection 

Normal flora 
Local chemical factors 

Phagocytes ( especially in lung) 

Wound healing induced 
Antimicrobial proteins and peptides, 

phagocytes,_ and complement destroy 
invading microorganisms 
Activation of y:8 T cells? 

Complement, cytokines, chemokines, 
Phagocytes, NK cells 

Activation of macrophages 
Dendritic cells migrate to lymph nodes 

to initiate adaptive immunity 
Blood clotting helps limit spread of 

infection 

Infection cleared by specific antibody, 
T-cell _dependent macrophage 
act1vat1on and cytotoxic T cells 

Fig. 2.6 An infection and the response 
to it can be divided into a series of 
stages. These are illustrated here for an 
infectious microorganism entering 
through a wound in the skin . The 
infectious agent must first adhere to the 
epithelial cells and then cross the 
epithelium. A local immune response may 
prevent the infection from becoming 
established. If not, it helps to contain the 
infection and also delivers the infectious 
agent, carried in lymph and inside 
dendritic cells, to local lymph nodes. This 
initiates the adaptive immune response 
and eventual clearance of the infection. 
The role of y:8 T cells is uncertain, as we 
shall see in Section 2-34, and this is 
indicated by the question mark. 

Fig. 2.7 Many barriers prevent 
pathogens from crossing epithelia and 
colonizing tissues. Surface epithelia 
provide mechanical , chemical , and 
microbiological barriers to infection. 

of patho?ens. ~his response will usually clear the infection, and protect the 
host ag~mst_remfe~tion with the same pathogen, by producing effector cells 
and ant1bod1es agamst the pathogen and by generating immunological mem­
ory of that pathogen. 

2-3 . The_ epit~elial. surfaces of the body make up the first lines of defense 
against mfect1on. 

Our body sur~aces are defended by epithelia, which provide a physical barrier 
b~tween the ~nter_nal milieu and the external world that contains pathogens 
(~ig. 2.7). Ep1thehal c~lls are held together by tight junctions, which effec­
ti~ely form a s~~ agamst the external environment. Epithelia comprise the 
skin. and the lmmgs of. the body's tubular structures-the gastrointestinal, 
respiratory, and urogemtal tracts. Infections occur only when the pathogen 
can colomze or _cross through these barriers, and because the dry, protective 
layers of the skin presen~ a more formidable barrier, pathogen entry most 
oft~n ?ccurs t~rou~h the mternal epithelial surfaces, which make up the vast 
maJonty of ep1~heh'.11 surfaces of our bodies. The importance of epithelia in 
protect10n agamst mfection is obvious when the barrier is breached as in 
wounds, burns, and loss of the integrity of the body's internal epithelia, ~here 

Skin Gut Lungs Eyes/nose 

Mechanical 
I Epithelial cells joined by tight junctions 

Longitudinal flow of air or fluid 
I 

Movement of 
I 

Tears 
mucus by cilia Nasal cilia 

Fatty acids I Low pH I 
Chemical 

Enzymes in tears 

I Enzymes (pepsin) I (lysozyme) 

f Antibacterial peptides 

Microbiological Normal flora I 

infection is a major cause of mortality and morbidity. In the absence of 
wounding or disruption, pathogens normally cross epithelial barriers by 
binding to molecules on the epithelial surfaces of our internal organs, or 
establish an infection by adhering to and colonizing these surfaces. This spe­
cific attachment allows the pathogen to infect the epithelial cell, to damage 
the epithelium so it can be crossed, or, in the case of colonizing pathogens, to 
avoid being dislodged by the flow of air or fluid across the epithelial surface. 

The internal epithelia are known as mucosa! epithelia because they secrete a 
viscous fluid called mucus, which contains many glycoproteins called 
mucins. Microorganisms coated in mucus may be prevented from adhering 
to the epithelium, and in mucosa! epithelia such as that of the respiratory 
tract, microorganisms can be expelled in the flow of mucus driven by the 
beating of epithelial cilia. The efficacy of mucus flow in clearing infection is 
illustrated by people with defective mucus secretion or inhibition of ciliary 
movement, as occurs in the inherited disease cystic fibrosis. Such individuals 
frequently develop lung infections caused by bacteria that colonize the 
epithelial surface but do not cross it. In the gut, peristalsis is an important 
mechanism for keeping both food and infectious agents moving through the 
body. Failure of peristalsis is typically accompanied by the overgrowth of 
pathogenic bacteria within the lumen of the gut. 

Our surface epithelia are more than mere physical barriers to infection; they 
also produce chemical substances that are microbicidal or that inhibit micro­
bial growth. For example, the antibacterial enzymes lysozyme and phospho­
lipase A are secreted in tears and saliva, and saliva contains several 
histatins-histidine-rich peptides with antimicrobial properties. The acid pH 
of the stomach and the digestive enzymes, bile salts, fatty acids, and 
lysolipids found in the upper gastrointestinal tract create a substantial chem­
ical barrier to infection. Further down the intestinal tract, antibacterial and 
antifungal peptides called cryptdins or a-defensins are made by Paneth cells, 
which are resident in the base of the crypts in the small intestine beneath the 
epithelial stem cells. Related antimicrobial peptides, the ~-defensins, are 
made by other epithelia, primarily in the respiratory and urogenital tracts, 
skin, and tongue. Antimicrobial peptides have a role in the immune defenses 
of many organisms, even in humans and other vertebrates that can make an 
adaptive immune response. Even more striking is resistance to infection in 
insects and other invertebrates, and even plants, in which innate immunity 
comprises the only system of host defense. In all these organisms, antimicro­
bial peptides are an important part of the defenses. Antimicrobial peptides 
such as the defensins are cationic peptides that are thought to kill bacteria by 
damaging the bacterial cell membrane. 

Antimicrobial proteins that work by a different mechanism are secreted into 
the fluids that bathe the epithelial surfaces of the lung and gut. These proteins 
coat the surface of pathogens so that they are more easily phagocytosed by 
macrophages. They are members of a family of receptors able to recognize 
common features of microbial surfaces and are considered in detail later in 

this chapter. 

In addition to these defenses, most epithelial surfaces are associated with a 
normal flora of nonpathogenic bacteria, known as commensal bacteria, that 
compete with pathogenic microorganisms for nutrients and for attachment 
sites on epithelial cells. This flora can also produce antimicrobial substances, 
such as the lactic acid produced by vaginal lacto bacilli, some strains of which 
also produce antimicrobial peptides (bacteriocins). When the nonpathogenic 
bacteria are killed by antibiotic treatment, pathogenic microorganisms fre­
quently replace them and cause disease. Under some circumstances com­
mensal bacteria can cause disease. Their survival on our body surfaces is 
regulated by a balance between bacterial growth and elimination by the 

The front line of host defense 
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The macrophage expresses receptors for 
many bacterial constituents 

mannose 
receptor 

glucan 
receptor 

TLR-4 

scavenger 
receptor 

Bacteria binding to macrophage receptors 
initiate the release of cytokines and small 

lipid mediators of inflammation 

lipid 
mediators 

Macrophages engulf and digest bacteria 
to which they bind 

phagosome 

phagolysosome 

Fig. 2.8 Macrophages are activated by 
pathogens and both engulf them and 
initiate inflammatory responses. 
Macrophages derive from circulating 
monocytes. They have many of the same 
characteristics but acquire new functions 
and new receptors when they become 
resting cells in connective tissues 
throughout the body. Macrophages 
express receptors for many bacterial 
components, including bacterial 
carbohydrates (mannose and glucan 
receptors), lipids (LPS receptor) and other 
pathogen-derived components (Toll-like 
receptors (TLRs) and scavenger receptor). 
Binding of bacteria to macrophage 
receptors stimulates the phagocytosis 
and uptake of pathogens into intracellular 
vesicles, where they are destroyed. 
Signaling through some receptors, such 
as the Toll receptors, in response to 
bacterial components causes the 
secretion of 'pro-inflammatory cytokines' 
such as interleukin-1P (IL-1P), IL-6, and 
tumor necrosis factor-a (TNF-a). 

mechanisms of innate immunity; failures in this regulation, such as those 
caused by the inherited deficiencies of proteins of innate immunity that we 
discuss in Chapter 12, can allow normally nonpathogenic bacteria to grow 
excessively and cause disease. 

2-4 After entering tissues, many pathogens are recognized, ingested, and 
killed by phagocytes. 

If a microorganism crosses an epithelial barrier and begins to replicate in the 
tissues of the host, in most cases it is immediately recognized by the 
mononuclear phagocytes, or macrophages, that reside in these tissues. 
Macrophages mature continuously from monocytes that leave the circulation 
to migrate into tissues throughout the body. Macrophages in different tissues 
were historically given different names, for example, microglial cells in neu­
ral tissue and Kupffer cells in the liver; generically these cells are referred to 
as mononuclear phagocytes. They are found in especially large numbers in 
connective tissue, in the submucosal layer of the gastrointestinal tract, in the 
lung (where they are also found in both the interstitium and the alveoli), 
along certain blood vessels in the liver, and throughout the spleen, where 
they remove senescent blood cells. The second major family of phagocytes­
the neutrophils, or polymorphonuclear neutrophilic leukocytes (PMNs or 
polys)-are short-lived cells that are abundant in the blood but are not pres­
ent in normal, healthy tissues. Both of these phagocytic cells have a key role 
in innate immunity because they can recognize, ingest, and destroy many 
pathogens without the aid of an adaptive immune response. 

As most microorganisms enter the body through the mucosa of the gut and 
respiratory system, the macrophages located in the submucosal tissues are 
the first cells to encounter most pathogens, but they are soon reinforced by 
the recruitment of large numbers of neutrophils to sites of infection. 
Macrophages and neutrophils recognize pathogens by means of cell-surface 
receptors that can discriminate between the surface molecules displayed by 
pathogens and those of the host. These receptors, which we will examine in 
more detail later in this chapter, include the macrophage mannose receptor, 
which is found on macrophages but not on monocytes or neutrophils; scav­
enger receptors, which bind many negatively charged ligands such as lipote­
ichoic acids, which are cell-wall components of Gram-positive bacteria; and 
CD14, found predominantly on monocytes and macrophages (Fig. 2.8). This 
binds the lipopolysaccharide present on the surface of Gram-negative bacte­
ria and allows it to be recognized by other receptors called Toll-like receptors. 
In many cases, binding of a pathogen to these cell-surface receptors leads to 
phagocytosis, followed by the death of the pathogen inside the phagocyte. 
Phagocytosis is an active process, in which the bound pathogen is first sur­
rounded by the phagocyte membrane and then internalized in a membrane­
enclosed vesicle known as a phagosome or endocytic vacuole. The 
phagosome then becomes acidified, which kills most pathogens. In addition 
to being phagocytic, macrophages and neutrophils have membrane­
enclosed granules, called lysosomes, that contain enzymes, proteins, and 
peptides that can attack the microbe. The phagosome fuses with one or more 
lysosomes to generate a phagolysosome in which the lysosomal contents are 
released to destroy the pathogen (see Fig. 2.8). 

Upon phagocytosis, macrophages and neutrophils produce a variety of other 
toxic products that help kill the engulfed microorganism (Fig. 2.9). The most 
important of these are the antimicrobial peptides and nitric oxide (NO), the 
superoxide anion (Oz-) , and hydrogen peroxide (H2O2), which are directly 
toxic to bacteria. Nitric oxide is produced by a high-output form of 
nitric oxide synthase, iNOS2. Superoxide is generated by a multicomponent, 

Class of mechanism Specific products 

Acidification pH=-3.5-4.0, bacteriostatic or bactericidal j 
Superoxide 02-, hydrogen peroxide H202, singlet oxygen 102• Toxic oxygen-derived products I hydroxyl radical 'OH, hypohalite oc1-

Toxic nitrogen oxides I Nitric oxide NO 
I 

Antimicrobial peptides I Defensins and cationic proteins I 
Lysozyme-dissolves cell walls of some Gram-positive bacteria. ' 

Enzymes l Acid hydrolases-further digest bacteria 

Competitors I Lactoferrin (binds Fe) and vitamin 812-binding protein 
I 

membrane-associated NADPH oxidase in a process known as the respiratory 
burst because it is accompanied by a transient increase in oxygen consu1:11p­
tion; the superoxide is converted by the enzym~ super?xide dismutase mto 
HzOz (Fig. 2.10). Further chemical and enzymatic reactions p~oduce a range 
of toxic chemicals from H2O2, including the hydroxyl ~ad1cal (·OH) _and 
hypochlorite (OCJ-) and hypobromite (OBc). Neutrophils are sh~rt-hved 
cells, dying soon after they have accomplished a round of phagocytos~s. Dead 
and dying neutrophils are a major component of the pus that forms m_some 
infections by extracellular bacteria, which are thus kno"".11 as pus-for~mg or 
pyogenic bacteria. Macrophages, in contrast, are long-hved a~d contmue to 
generate new lysosomes. Patients with a disease c~led chro~1c granuloma­
tous disease have a genetic deficiency of NADPH oxi_das~, which mea1:s ~hat 
their phagocytes do not produce the toxic oX)'."g~n denvat1v~s charac~enst1c of 
the respiratory burst and so are less able to kill mgested m1croo~gamsms and 
clear an infection. People with this defect are unusually susceptible to bacte­
rial and fungal infections, especially in infancy. 

Macrophages can phagocytose pathogens and produce _the respirat?ry burst 
immediately on encountering an infecting ~icroorg~1sm, and this can be 
sufficient to prevent an infection from becom1~g establ~shed. In the 19t? cen­
tury the cellular immunologist Elie Metchmkoff beheved _that th~ ~nnate 
response of macrophages encompassed all host defense and, ~ndeed, 1t 1s ?ow 
clear that invertebrates, such as the sea star that he was studymg, rely ent1rely 

The front line of host defense 

Fig. 2.9 Bactericidal agents produced 
or released by phagocytes on the 
ingestion of microorganisms. Most of 
these agents are made by both 
macrophages and neutrophils. Some of 
them are toxic; others, such as 
lactoferrin, work by binding essential 
nutrients and preventing their uptake by 
the bacteria. The same substances can 
be released by phagocytes interacting 
with large antibody-coated surfaces such 
as parasitic worms or host tissues. As 
these agents are also toxic to host cells , 
phagocyte activation can cause extensive 
tissue damage during an infection. 

~ Chronic Granulomatous f Disease 

Fig. 2.1 0 The respiratory burst in 
macrophages and neutrophils is 
caused by a transient increase in 
oxygen consumption during the 
production of microbicidal oxygen 
metabolites. Ingestion of microorganisms 
activates the phagocyte to assemble the 
multisubunit enzyme NADPH oxidase 
from its components. The active enzyme 
converts molecular oxygen to the 
superoxide ion 0 2-, and other oxygen free 
radicals. Superoxide ion is then converted 
by the enzyme superoxide dismutase . 
(SOD) to hydrogen peroxide (H202), which 
can kill microorganisms and is also 
converted by other enzymes and by 
chemical reactions with ferrous (Fe2+) ions 
to microbicidal hypochlorite (QCI-) and 
hydroxyl (•OH) radical. 

The NADPH oxidase enzyme is composed 
of a number of different subunits 

Activated NADPH oxidase 
converts 02 molecules to 

the superoxide ion 02-

A second enzyme, superoxide 
dismutase, converts the 
superoxide to hydrogen 

peroxide 

Peroxidase enzymes and iron 
further convert the hydrogen 
peroxide to hypochlorite ions 
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on innate immunity to overcome infection. Although this is not the case in 
humans and other vertebrates, the innate response of macrophages still pro­
vides an important front line of defense that must be overcome if a microor­
ganism is to establish an infection that can be passed on to a new host. 

A key feature that distinguishes pathogenic from nonpathogenic microor­
ganisms is their ability to overcome innate immune defenses. Pathogens have 
developed a variety of strategies to avoid immediate destruction by 
macrophages. As noted earlier, many extracellular pathogenic bacteria coat 
themselves with a thick polysaccharide capsule that is not recognized by any 
phagocyte receptor. Other pathogens, for example mycobacteria, have 
evolved ways to grow inside macrophage phagosomes by inhibiting their 
acidification and fusion with lysosomes. Without such devices, a microorgan­
ism must enter the body in sufficient numbers to simply overwhelm the 
immediate innate host defenses and to establish a focus of infection. 

A second important effect of the interaction between pathogens and tissue 
macrophages is the activation of macrophages to release small proteins 
called cytokines and chemokines (chemoattractant cytokines), and other 
chemical mediators that set up a state of inflammation in the tissue and 
attract neutrophils and plasma proteins to the infection site. It is thought that 
the pathogen induces cytokine and chemokine secretion by signals delivered 
through some of the receptors to which it binds, and we will see later how this 
occurs in response to bacterial lipopolysaccharide. Receptors that signal the 
presence of pathogens and induce cytokines also have another important 
role. This is to induce the expression of so-called co-stimulatory molecules on 
macrophages and on dendritic cells, another type of phagocytic cell present 
in tissues, thus enabling these antigen-presenting cells to initiate an adaptive 
immune response (see Section 1-7). 

The cytokines released by macrophages make an important contribution 
both to local inflammation and to other induced innate responses that occur 
in the first few days of a new infection. We will describe these induced innate 
responses and the role of individual cytokines in the last part of this chapter. 
However, because an inflammatory response is usually initiated within hours 
of infection or wounding, we will outline here how it occurs and how it con­
tributes to host defense. 

2-5 Pathogen recognition and tissue damage initiate an inflammatory 
response. 

Inflammation has three essential roles in combating infection. The first is to 
deliver additional effector molecules and cells to sites of infection, to aug­
ment the killing of invading microorganisms by the front-line macrophages. 
The second is to induce local blood clotting, which provides a physical bar­
rier to the spread of the infection in the bloodstream. The third is to promote 
the repair of injured tissue, a nonimmunological role that we will not discuss 
further. Inflammation at the site of infection is initiated by the response of 
macrophages to pathogens. 

Inflammatory responses are operationally characterized by pain, redness, 
heat, and swelling at the site of an infection, reflecting four types of change in 
the local blood vessels, as shown in Fig. 2.11. The first is an increase in vascu­
lar diameter, leading to increased local blood flow-hence the heat and red­
ness-and a reduction in the velocity of blood flow, especially along the inner 
walls of small blood vessels. The second change is that the endothelial cells 
lining the blood vessel are activated to express cell-adhesion molecules that 
promote the binding of circulating leukocytes. The combination of slowed 
blood flow and adhesion molecules allows leukocytes to attach to the 

The front line of host defense 

Cytokines produced by 
macrophages cause dilation of 

local small blood vessels 

Leukocytes move to periphery of 
blood vessel as a result of increased 
expression of adhesion molecules 

Leukocytes extravasate at site of 
infection 

Blood clotting occurs in the 
microvessels 

endothelium and migrate into the tissues, a process known ~s extravasation. 
All these changes are initiated by the cytokines and chemokines produced by 

activated macrophages. 

Once inflammation has begun, the first white blood cells attracted to the _site 
are neutrophils. These are followed by monocytes, which di~ ere?-tiate mto 
tissue macrophages (Fig. 2.12). Monocytes are also able to give nse to d~n­
dritic cells in the tissues, depending on the precise signals that they receive 
from their environment; for example, the cytokine granulocyte-macropha~e 
colony-stimulating factor (GM-CSF) , together with in~~rleukin 4 (IL-4), will 
induce the monocyte to differentiate into a dendnti~ cell, wh_ereas ~e 
cytokine macrophage colony-stimulating factor (M-CSF) mduces differentia-

tion into macrophages. 

In the later stages of inflammation, other leukocytes such as eosino~hils (s_ee 
Section 1-3) and lymphocytes also enter the infected site. The ~i~d maJor 
change in local blood vessels is an increase in vasc':1lar per~e_abihty. Thus, 
instead of being tightly joined together, the endothehal ~ells lmmg t~e blood 
vessel walls become separated, leading to an exit of flmd and protems from 
the blood and their local accumulation in the tissue. This accounts for the 
swelling, or edema, and pain-as well as the accumulation of pla~ma pro­
teins that aid in host defense. The changes that occur in endothehum as a 

Monocyte binds adhesion molecules on 
vascular endothelium near sites of infection 

and receives chemokine signal 

The monocyte 
migrates into the 

surrounding tissue 

Monocyte differentiates into 
a macrophage and migrates 

to the site of infection 

Blood vessel lumen 

@ 
~ 0 O 

'® 
0 

Fig. 2.11 Infection stimulates 
macrophages to release cytokines and 
chemokines that initiate an 
inflammatory response. Cytokines 
produced by tissue macrophages at the 
site of infection cause the dilation of local 
small blood vessels and changes in the 
endothelial cells of their walls. These 
changes lead to the movement of 
leukocytes, such as neutrophils and 
monocytes, out of the blood vessel 
(extravasation) and into the infected 
tissue, guided by chemokines produced 
by the activated macrophages. The blood 
vessels also become more permeable, 
allowing plasma proteins and fluid to leak 
into the tissues. Together, these changes 
cause the characteristic inflammatory 
signs of heat, pain, redness, and swelling 
at the site of infection. 

Fig. 2.12 Monocytes circulating in the 
blood leave the bloodstream to migrate 
toward sites of infection and 
inflammation. Adhesion molecules on 
the endothelial cells of the blood vessel 
wall first capture the monocyte and cause 
it to adhere to the vascular endothelium. 
Chemokines bound to the vascular 
endothelium then signal the monocyte to 
migrate across the endothelium into the 
underlying tissue. The monocyte, now 
differentiating into a macrophage, 
continues to migrate, under the influence 
of chemokines released during 
inflammatory responses, toward the site 
of infection. Monocytes leaving the blood 
in this way are also able to differentiate 
into dendritic cells (not shown), 
depending on the signals that they 
receive from their environment. 

, , 
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result of inflammation are known generally as endothelial activation. The 
fourth change, clotting in microvessels in the site of infection, prevents the 
spread of the pathogen via the blood. 

These changes are induced by a variety of inflammatory mediators released 
as a consequence of the recognition of pathogens by macrophages. They 
include the lipid mediators of inflammation-prostaglandins, leukotrienes, 
and platelet-activating factor (PAF)-which are rapidly produced by 
macrophages through enzymatic pathways that degrade membrane phos­
pholipids. Their actions are followed by those of the chemokines and 
cytokines that are synthesized and secreted by macrophages in response to 
pathogens. The cytokine tumor necrosis factor-a (TNF-a) , for example, is a 
potent activator of endothelial cells. 

As we will see in the third part of this chapter, another way in which pathogen 
recognition rapidly triggers an inflammatory response is through activation 
of complement. One of the cleavage products of the complement pathway is 
a peptide called CSa. CSa is a potent mediator of inflammation, with several 
different activities. In addition to increasing vascular permeability and induc­
ing the expression of some adhesion molecules, it acts as a powerful 
chemoattractant for neutrophils and monocytes. CSa also activates phago­
cytes and local mast cells (see Section 1-3), which are in turn stimulated to 
release their granules containing the small inflammatory molecule histamine 
and the cytokine TNF-a. 

If wounding has occurred, the injury to -blood vessels immediately triggers 
two protective enzyme cascades. One is the kinin system of plasma proteases 
that is triggered by tissue damage to produce several inflammatory media­
tors, including the vasoactive peptide bradykinin. The kinin system is an 
example of a protease cascade, also known as a triggered-enzyme cascade, in 
which the enzymes are initially in an inactive, or pro-enzyme form. After the 
system is activated, one active protease cleaves and activates the next pro­
tease in the series, and so on. Bradykinin causes an increase in vascular per­
meability that promotes the influx of plasma proteins to the site of tissue 
injury. It also causes pain, which, although unpleasant to the victim, draws 
attention to the problem and leads to immobilization of the affected part of 
the body, which helps to limit the spread of the infection. 

The coagulation system is another protease cascade that is triggered in the 
blood after damage to blood vessels. Its activation leads to the formation of a 
fibrin clot, whose normal role is to prevent blood loss. In regard to innate 
immunity, however, the clot physically bars the entry of infectious microor­
ganisms to the bloodstream. The kinin cascade and the blood coagulation 
cascade are also triggered by activated endothelial cells, and so can have 
important roles in the inflammatory response to pathogens even if wounding 
or gross tissue injury has not occurred.Thus, within minutes of the penetra­
tion of tissues by a pathogen, the inflammatory response causes an influx of 
proteins and cells that may control the infection. It also forms a physical bar­
rier in the form of blood clots to limit the spread of infection and makes the 
host fully aware of the local infection. 

Summary. 

The mammalian body is susceptible to infection by many pathogens, which 
must first make contact with the host and then establish a focus of infection 
in order to cause disease. These pathogens differ greatly in their lifestyles, the 
structures of their surfaces, and their mechanisms of pathogenesis, so an 
equally diverse set of defensive responses from the host immune system is 
required. The first phase of host defense consists of those mechanisms that 

e present and ready to resist an invader at any time. The epithelial surf~ces 
: the body keep pathogens out and protect against colon~z~tion and agamst 
· ses and bacteria that enter the body through spec1al1zed cell-surface 

: ~ractions. Their defense mechanisms include the prevention of path?gen 
adherence and the secretion of antimicrobial enzy~es and peJ?t1des. 

t · ·ruses and parasites that overcome these barners are faced 1mme-Bac ena, VI , h b · d 
d' tely by tissue macrophages equipped with surface receptors t at can m 
a~~ phagocytose many different types of pathogen. T?is, in turn, lea~s to an 
inflammatory response, which causes the acc1;1muiat1?n ~f phagocyt1c neu­
trophils and macrophages at the site of infection, which mgest and destroy 
the invading microorganisms. 

Pattern recognition in the innate immune system. 

Although the innate immune system lacks the fi?e specificity_ of adapt~ve 
·mmunity that is necessary to produce immunological memory, 1t can d1stm­
~uish self from nonself. We have already seen h~w this occurs in the respon~e 
of macrophages to pathogenic microbes. In this p~rt of t?e chapter we will 
look more closely at the receptors that activa:e the mnate _immune response, 
including those that recognize pathogens d1rectly and signal for a cellular 
innate immune response. Regular patterns of molecular structur~ are present 
on many microorganisms but not on the body's own cells. Protems ~at rec­
ognize these features occur as receptors on macrophages, neutrop~u~s, and 
dendritic cells, and as secreted molecules. Their gener~ c~aracte~1st~cs a_re 
contrasted with the antigen-specific receptors of adaptive 1mmumty m Fig. 
2. 13. Unlike the antigen receptors described in Chapte: 1, the rece~tors of the 
innate immune system are not clonally distributed; mstead, a g1~en _set of 
receptors is present on all the cells of the same cell type. T~e bmdmg of 
pathogen components by these receptors gives rise to very rapid resp?nses, 
which are put into effect without the delay imposed by the need for activated 

I Receptor characteristic I Innate immunity I Adaptive immunity I 

Specificity inherited in the genome Yes I No I 
Expressed by all cells of a particular type Yes No I (e.g. macrophages) 

Triggers immediate response Yes No 

Recognizes broad classes of pathogens Yes No 

Interacts with a range of molecular structures 

I Yes No of a given type 

Encoded in multiple gene segments 
I No Yes 

Requires gene rearrangement 
I No 

11 
Yes 

Clonal distribution 
I 

No 
11 

Yes 

Able to discriminate between even closely related 

I No 
11 

Yes molecular structures 

Pattern recognition in the innate immune system 

Fig. 2.13 Comparison of the 
characteristics of recognition 
molecules of the innate and adaptive 
immune systems. The innate immune 
system uses receptors that are encoded 
by complete genes inherited through the 
germline. In contrast, the adaptive 
immune system uses antigen receptors 
encoded in gene segments that are 
assembled into complete T-cell and 8-cell 
receptor genes during lymphocyte 
development, a process that leads to 
each individual cell expressing a receptor 
of unique specificity. Receptors of the 
innate immune system are deployed 
nonclonally (that is, by all the cells of a 
given cell type), whereas the antigen 
receptors of the adaptive immune system 
are clonally distributed on individual 
lymphocytes and their progeny. 

Page 47 of 125



-·:::--.::~:~ _c_ha_p_te_r_2_:_1n_n_at_e_1m_m_u_ni_tv ____________________________________ _ 

Gram-positive bacteria 

teichoic surtace 
acid protein 

lipoteichoic 
acid 

~~~~~~u:~~o 
DDDDDDDDDDDDD D cell 

DDDDDDDD~DDDDDDD membrane 

phospholipid 

Gram-negative bacteria 

lipopolysaccharide (LPS) surtace protein 

outer 
membrane 

lipoprotein 

:l~J::::C~::C:.":~J:: :C~~C:.':~J = } peptido­
glycan 

DDDDDDDDDDDDDDD ~ 
DDDDDDDDDDDDDDD membrane 

Fig_ 2.14 The organization of the cell 
walls of Gram-positive and Gram­
negative bacteria. Gram-positive 
bacteria (upper panel) have a cell wall 
composed of an outer layer of a repeating 
matrix of peptidoglycan molecules in 
which repeating N-acetylglucosamine 
(light blue hexagons) and 
N-acetylmuramic acid (purple circles) are 
cross-linked by peptide bridges into a 
dense three-dimensional network. 
Bacterial surface proteins and other 
molecules, such as teichoic acid , are 
embedded within this peptidoglycan 
layer, and lipoteichoic acids link the 
peptidoglycan layer to the bacterial cell 
membrane itself. The cell wall of Gram­
negative bacteria (lower panel) is 
composed of an inner thin matrix of 
peptidoglycan and an outer lipid 
membrane, in which are embedded 
proteins and the lipopolysaccharide (LPS) 
characteristic of Gram-negative bacteria. 

lymphocytes to divide and differentiate during the development of an adap­
tive immune response. 

The pattern recognition receptors of the innate immune system have several 
different functions. Many are phagocytic receptors that stimulate ingestion of 
the pathogens they recognize. Some are chemotactic receptors, which guide 
cells to sites of infection. A third function is to induce the production of effec­
tor molecules that contribute to the later, induced responses of innate immu­
nity, and also to induce proteins that influence the initiation and nature of 
any subsequent adaptive immune response. In this part of the chapter we will 
first look at the recognition properties of some receptors that bind pathogens 
directly. We will then focus on an evolutionarily ancient pathogen recognition 
and signaling system, mediated by receptors called Toll-like receptors, that 
has a key role in defense against infection in plants, adult insects, and verte­
brates, including mammals. 

2-6 Receptors with specificity for pathogen molecules recognize patterns 
of repeating structural motifs. 

Microorganisms typically bear repeating patterns of molecular structure on 
their surface. The cell walls of Gram-positive and Gram-negative bacteria, for 
example, are composed of a matrix of proteins, carbohydrates and lipids in a 
repetitive array, as shown in Figure 2.14. The lipoteichoic acids of Gram-pos­
itive bacterial cell walls and the lipopolysaccharide of the outer membrane of 
Gram-negative bacteria are, as we will see, important in the recognition of 
bacteria by the innate immune system. Other microbial components also 
have a repetitive structure. Bacterial flagella are made of repeated protein 
subunits, and bacterial DNA contains unmethylated repeats of the dinu­
cleotide CpG. Viruses almost invariably express double-stranded RNA as part 
of their life cycles. These repetitive structures are known generally as 
pathogen-associated molecular patterns (PAMPs) and the receptors that 
recognize them as pattern recognition receptors (PRRs) . 

One such receptor is the mannose-binding lectin (MBL), which is present as 
a free protein in blood plasma. As we shall see in the next part of this chapter, 
it can initiate the lectin pathway of complement activation, but we shall dis­
cuss it briefly here as a good example of the recognition of molecular pat­
terns. As illustrated in Fig. 2.15, pathogen recognition and discrimination 
from self by MBL is due to the recognition of a particular orientation of cer­
tain sugar residues, as well as their spacing, which is found only on microbes 
and not on host cells. Once formed, the MEL-pathogen complex is bound by 
phagocytes, either through interactions with MBL or through the phagocyte's 
receptors for complement, which also becomes bound to the pathogen. The 
outcome is the phagocytosis and killing of the pathogen (see Section 2-4) and 
the induction of other cellular responses, such as chemokine production. 
Coating of a particle with proteins that facilitate its phagocytosis is known as 
opsonization, and we will meet other examples of this defense strategy in this 
and later chapters. 

MBL is a member of the collectin family of proteins, so called because they 
contain both collagen-like and lectin (sugar-binding) domains. Other mem­
bers of this family are the surfactant proteins A and D (SP-A and SP-D) , 
which are present in the fluid that bathes the epithelial surfaces of the lung. 
There they bind to and coat the surfaces of pathogens, making them more 
susceptible to phagocytosis by macrophages that have left the subepithelial 
tissues to enter the alveoli of the lung. 

Phagocytes are also equipped with several cell-surface receptors that recog­
nize pathogen surfaces directly. Among these is the macrophage mannose 

Pattern recognition in the innate immune system 
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receptor (see Fig. 2.8). This receptor is a cell-bound C-type (calcium-depen~­
ent) lectin that binds certain sugars found on the surface of many bactena 
and some viruses, including the human immunodeficiency virus (HIV) . _Its 
recognition properties are very similar to thos~ of MBL (see Fig. 2.15) and, hke 
that protein, it is a multipronged molecule with several carbohydrate-recog­
nition domains. Because it is a transmembrane cell-surface receptor, how­
ever, it can function directly as a phagocytic receptor. 

A second set of phagocytic receptors, called scaveng~r r~ceptors,. recognize 
various anionic polymers and acetylated low-density hpoprotems. These 
receptors are a structurally heterogeneous set of molecules, exist_ing in at 
least six distinct molecular forms. Some scavenger receptors recogmze struc­
tures that are shielded by sialic acid on normal host cells. There are other 
recognition targets, many of which still need to be characterized. 

Not all receptors that recognize pathogen-specific molecules are pha~oc>'.1ic 
receptors. Bacterial polypeptides typically start with a formylated meth10nme 
residue and the fMet-Leu-Phe (fMLP) receptor on macrophages and neu­
trophil~ binds these N-formylated peptides. This recep_tor is. a che_mo!actic 
receptor and its ligation guides neutrophils to a site of mfect10n. B1?dmg of 
pathogens to some receptors on the macrophage surface ~ot only st1~ulates 
phagocytosis but also sends signals to the cell that tngger the_ mdu~ed 
responses of innate immunity, as we will see later in this chapter. St1mulat1on 
of certain receptors by pathogen products also leads macrophages and den­
dritic cells to produce the cell-surface display of co-stimulatory molec~~s 
that enables them to act as antigen-presenting cells to T lymphocytes and m1-
tiate an adaptive immune response. The best-defined activation pathway of 

Fig. 2.15 Mannose-binding lectin 
recognizes bacterial surfaces by their 
particular spacing of carbohydrate 
residues. The plasma protein mannose­
binding lectin (MBL) is part of the 
pathogen-recognition system of innate 
immunity. It binds to certain bacterial 
surfaces that display a particular spatial 
arrangement of mannose or fucose 
residues. The presence of these residues 
alone is not enough to ensure binding; 
the orientation of the binding sites in the 
MBL is fixed, and only if the mannose 
and fucose residues have the correct 
spacing will the MBL be able to bind. 
Once coated with MBL, bacteria are more 
susceptible to phagocytosis. 
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Innate immune recognition by 
Toll-like receptors 

Toll-like receptor Ligand 

TLR-1 :TLR-2 Peptidoglycan 
heterodimer Lipoproteins 

Lipoarabinomannan 
(mycobacteria) 

TLR-2:TLR-6 GPI (T. CIUZI) 
heterodimer Zymosan (yeast) 
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Fig. 2.16 Innate immune recognition by 
Toll-like receptors. Each of the TLRs 
whose specificity is known recognizes 
one or more microbial molecular patterns, 
generally by direct interaction with 
molecules on the pathogen surface. 
Although some Toll -like receptor proteins 
form heterodimers (e.g. TLR-1 :TLR-2), 
this is not the rule; TLR-4, for instance, 
can form only homodimers. GPI , 
glycosylphosphatidylinositol; T. cruzi, the 
protozoan parasite Trypanosoma cruzi; 
dsRNA, double-stranded RNA; ssRNA, 
single-stranded RNA. 
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this type is triggered through a family of evolutionarily conserved transmem­
brane receptors called the Toll-like receptors that seem to function exclu­
sively as signaling receptors, and which we shall describe next. 

2-7 The Toll-like receptors are signaling receptors that distinguish different 
types of pathogen and help direct an appropriate immune response. 

The mammalian Toll-like receptors (TLRs) belong to an evolutionarily 
ancient recognition and signaling system, originally discovered as a result of 
its role in embryonic development in the fruit.fly Drosophila melanogaster. It 
was subsequently found to have a role in the defense against bacterial and 
fungal infections in the adult insect and is now known to have a key role in 
response to infection in plants, adult insects, and vertebrates, including 
mammals. The receptor mediating these functions in Drosophila is known as 
Toll, and the homologous proteins in mammals and other animals are there­
fore known as the Toll-like receptors. 

There are 10 expressed TLR genes in mice and humans, and each of the 10 
proteins they produce is devoted to recognizing a distinct set of molecular 
patterns that are not found in normal vertebrates. These patterns are charac­
teristic of components of pathogenic microorganisms at one or other stage 
of infection. Because there are only 10 functional TLR genes, the Toll-like 
receptors have limited specificity compared with the antigen receptors of the 
adaptive immune system and have evolved to recognize certain microbe­
associated molecular patterns. But although the diversity of the Toll-like 
receptors is limited, they can recognize elements of most pathogenic 
microbes, as illustrated in Fig. 2.16. 

Some mammalian TLRs act as cell-surface receptors, whereas others act 
intracellularly and are located in the membranes of endosomes, where they 
sense the presence of pathogens and pathogen components taken into the 
cell by endocytosis or macropinocytosis (Fig. 2.17). An important Toll-like 
receptor in the response to common bacterial infections is TLR-4 on 
macrophages, which signals the presence of bacterial lipopolysaccharide 
by associating with CD 14, the macrophage receptor for lipopolysaccharide, 
and an additional cellular protein, MD-2. TLR-4 is also involved in the 
immune response to at least one virus, the respiratory syncytial virus, 
although in this case the exact nature of the stimulating ligand is not yet 
known. Another mammalian Toll-like receptor, TLR-2, signals the presence 
of a different set of microbial constituents, which include the lipoteichoic 
acid (LTA) of Gram-positive bacteria and lipoproteins of Gram-negative 
bacteria, although how it recognizes these is not known. The responses 
made by cells to stimulation of the various TLRs are directed to dealing with 
the particular type of pathogen present. For example, stimulation of TLR-3 
by virus-derived double-stranded RNA leads to the production of an anti vi -
ral cytokine, interferon, as discussed in more detail later in the chapter. 
TLR-4 and TLR-2 induce similar but distinct signals, as shown by the 

Fig. 2.17 The cellular locations of the 
mammalian Toll-like receptors. Some 
TLRs are located on the cell surface of 
dendritic cells and macrophages, where 
they are able to detect extracellular 
pathogen molecules. TLRs are thought to 
act as dimers; only those that form 
heterodimers are shown in dimeric form 
here. The rest act as homodimers. TLRs 
located intracellularly, in the wall of the 

endosome, can recognize microbial 
components, such as DNA, that are 
accessible only after the microbe has 
been broken down. The diacyl and triacyl 
peptides recognized by the heterodimeric 
receptors TLR-6:TLR-2 and TLR-1 :TLR-2, 
respectively, are derived from the 
lipoteichoic acid of Gram-positive 
bacterial cell walls and the lipoproteins of 
the Gram-negative bacterial surface. 

distinct responses resulting from lipopolysaccharide signaling _ through 
TLR-4 and LTA signaling through TLR-2; for example, while both 
lipopolysaccharide and LTA induce the p~oduct_ion of TNF-a, lipopolysac­
charide is also able to induce the product10n of mterferon (IFN)-P. 

2-8 The effects of bacterial lipopolysaccharide on macrophages are 
mediated by CD14 binding to TLR-4. 

Bacterial lipopolysaccharide (LPS) is a cell-wall component of Gram-nega­
tive bacteria such as Salmonella that has long been known to induce a reac­
tion in the infected host. The systemic injection of LPS causes a collapse of 
the circulatory and respiratory systems, a condition known as shock These 
dramatic effects of LPS are seen in humans as septic shock, which is caused 
by the overwhelming secretion of cytokines,_ particularl~ ofTNF_-a, ~s a result 
of an uncontrolled systemic bacterial infection, or sepsis. We will discuss the 
pathogenesis of septic shock later in this chapter and shall see that it is an 
undesirable consequence of the same effector actions of TNF-a that are 
important in containing local infectio~s- LPS acts through TL~-4, and the 
benefits of TLR-4 signaling are clearly illustrated by mutant mice that lack 
TLR-4 function: although resistant to septic shock, they are highly sensitive to 
LPS-bearing pathogens such as Salmonella typhimurium, a natural pathogen 
of mice. 

The same principles are seen in humans infected with Salmonella typhi, the 
cause of typhoid fever. This bacterium invades across the mucosal _mem­
branes (Fig. 2.18) but can be recognized by macrophages and other mnate 
phagocytic cells because it expresses both LPS and flage~in, which ~ows it to 
activate two cell-surface TLRs-TLR-4 and TLR-5 (see Fig. 2.16)-which leads 
to the production ofTNF-a. Thus, systemic infection with S: typhi is capable 
of causing systemic shock in humans by the same mechanism provoked by 
S. typhimurium in mice, by inducing a systemic production ofTNF-a. 

However, S. typhi, in common with many pathogenic bacteria, has what is 
called a type III secretion system, a microhomolog of a syringe, which enables 
the bacterium to secrete molecules directly across the cell membrane of 
mammalian cells and into the cytosol. Using its type III secretion system, 
S. typhi is able to transfer into the macrophage cytosol protease molecules 
that inhibit the signaling pathway that leads to production ofTNF-a; this may 
be a mechanism evolved by the bacterium to render the innate immune 
response less effective. 

TLR-4 alone cannot recognize LPS; two other cell-surface proteins, CD14 and 
MD-2, are required. CD14 binds LPS and it is thought that the CD14:LPS com­
plex is the actual ligand ofTLR-4, although its direct binding to TLR-4 has yet 
to be demonstrated. MD-2 initially binds to TLR-4 within the cell and is nec­
essary for the correct targeting ofTLR-4 to the surface and its recognition ~f 
LPS. When the TLR-4:MD-2 complex interacts with LPS bound to CD14, this 
sends a signal to the cell nucleus that activates the transcription fact?r NFlCB 
(Fig. 2.19). We will describe the signaling pathways used by TLRs m more 
detail in Chapter 6. 

This NFKB signaling pathway was first discovered as the pathway used by the 
Toll receptor to determine dorso-ventral body pattern during embryogenesis 
in the fruitfly, and is often referred to as the Toll pathway. In the adult fly the 
same pathway leads to the formation of antimicrobial peptides in response to 
infection. Essentially the same signaling pathway is used by all the TLRs in 
their induction of innate immune responses in vertebrates, and a similar 
pathway is used by plants in their defense against viruses and other plant 
pathogens. Thus, the Toll pathway is an ancient signaling pathway that seems 
to be used in innate immunity in most, if not all, multicellular organisms. 

Pattern recognition in the innate immune system 

Fig. 2.18 Certain pathogens can invade 
directly through the intestinal or other 
internal epithelia. In the case of 
Salmonella typhi, which causes typhoid 
fever, shown here in the process of 
migrating through the intestinal epithelium, 
the flagellin proteins of the bacterial 
flagella are recognized by TLRs on 
macrophages and dendritic cells in the 
underlying tissues. This provokes an innate 
response that helps to control the 
infection. Photograph courtesy of J. Galan. 

T Interleukin Receptor­
associated Kinase 
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LPS in body fluids is bound by an acute-phase 
protein, LPS-binding protein (LBP) 

LPS ~ ~ LBP 

CD14 

The LPS:LBP complex transfers LPS to 
CD14 on the surface of phagocytes 

Having bound LPS, CD14 interacts with 
Toll-like receptor 4 (TLR-4:MD-2) resulting 

in activation of NFKB in the nucleus 

0 

Fig. 2.19 Bacterial lipopolysaccharide 
signals through the Toll-like receptor 
TLR-4 to activate the transcription 
factor NFKB. In the plasma, LPS is bound 
by the soluble LPS-binding protein (LBP), 
which then loads its bound LPS onto the 
glycosylphosphatidylinositol (GPl)­
tethered peripheral membrane protein 
CD14. This LPS:CD14 complex then 
triggers TLR-4, which is complexed with 
the protein MD-2, to signal to the nucleus, 
activating the transcription factor NFKB, 
which in turn activates genes encoding 
proteins involved in defense against 
infection. 

2-9 The NOD proteins act as intracellular sensors of bacterial infection. 

The TLRs are located in cellular membranes, either on the cell surface or in 
intracellular vesicles. Other proteins, sharing features of their ligand-binding 
domains with the TLRs, are present in the cytosol of the cell and are able to 
bind microbial products there and activate NFKB, thus initiating the same 
inflammatory processes as the TLRs (Fig. 2.20). These proteins are called 
NODI and NOD2, because as well as a ligand-binding domain they contain a 
nucleotide-binding oligomerization (NOD) domain. They also contain pro­
tein domains that recruit caspases, a family of intracellular proteases, so the 
genes that encode the NOD proteins are referred to as members of the CARD 
family of genes-NOD! is encoded by CARD4 and NOD2 by CARD15. 

The NOD proteins recognize fragments of bacterial cell-wall proteoglycans­
NODl binds y-glutamyl diaminopimelic acid (iE-DAP), a breakdown product 
of proteoglycans from Gram-negative bacteria, whereas NOD2 binds 
muramyl dipeptide, which is present in the proteoglycans of both Gram-pos­
itive.and Gram-negative bacteria. Thus, NOD2 is able to act as a general sen­
sor of bacterial infection, whereas NODl is more restricted to sensing the 
presence of Gram-negative bacteria. In keeping with this role, the NOD pro­
teins are expressed in cells that are routinely exposed to bacteria-in epithe­
lial cells that form the barrier that bacteria must cross to establish an 
infection in the body, and in the macrophages and dendritic cells that ingest 
bacteria that have succeeded in entering the body. As macrophages and den­
dritic cells also express TLRs that can recognize bacterial proteoglycans, in 
these cells signals from NODl and NOD2 act in addition to the signals from 
the TLRs. In epithelial cells, however, the expression of TLRs is weak or 
absent, and in these cells NODl is an important activator of the innate 
immune response. NOD2 seems to have a more specialized role, being 
strongly expressed in the Paneth cells of the gut, where it induces the expres­
sion of potent antimicrobial peptides, the a-defensins. 

2-10 Activation of Toll-like receptors and NOD proteins triggers the 
production of pro-inflammatory cytokines and chemokines, and the 
expression of co-stimulatory molecules. 

In humans and all other vertebrates investigated, activation of NFKB by the 
Toll and NOD pathways leads to the production of several important media­
tors of innate immunity, such as cytokines (Fig. 2.21) and chemokines (see 
Fig. 2.46). (Appendices III and IV provide a detailed listing of these important 
mediators.) The pathway also leads to the cell-surface expression of co-stim­
ulatory molecules that are essential for the induction of adaptive immune 
responses. These proteins, called B7.1 (CD80) and B7.2 (CD86), are produced 
by both macrophages and tissue dendritic cells in response to LPS signaling 
through TLR-4 (Fig. 2.22). It is these proteins, along with the antigenic micro­
bial peptides presented by MHC class II proteins on dendritic cells and 
macrophages (see Section 1-18), that activate naive CD4 T cells (Fig. 2.23). 
These cells, in tum, are needed to initiate most adaptive immune responses. 
To encounter a naive CD4 T cell, the antigen-presenting dendritic cell must 
migrate to a nearby lymph node through which circulating naive T cells pass, 
and this migration is stimulated by cytokines such as TNF-a, which are also 
induced by signaling through TLR-4. Thus, the activation of adaptive immu­
nity depends on molecules induced as a consequence of the innate immune 
recognition of pathogens. 

Substances such as LPS that induce co-stimulatory activity have been used 
for years in mixtures that are co-injected with protein antigens to enhance 
their immunogenicity. These substances are known as adjuvants (see 

Fig. 2.20 Both membrane-bound and 
intracellular proteins act as bacterial 
sensors, recognizing bacterial 
proteoglycans and activating NFicB to 
induce the expression of pro­
inflammator1 genes. TLRs at the cell 
surface are able to bind microbial 
components-in the case of TLR-2, these 
are proteoglycans of the bacterial cell 
wall. Binding of bacterial proteoglycans to 
TLR-2 is signaled to the cell via the 
adaptor protein MyD88, leading to the 

activation of the transcription factor NFKB 
and its translocation into the nucleus to 
induce the expression of pro-inflammatory 
genes. Degradation of bacterial 
proteoglycans produces muramyl 
dipeptide, the ligand for the intracellular 
sensor of bacterial components, NOD2. 
By way of the adaptor protein kinase 
RICK (receptor-interacting 
serine-threonine kinase), NOD2 is able to 
activate NFKB, thus inducing the same 
pro-inflammatory genes as TLR-2. 

Appendix I, Section A-4), and it was found empi~ically that the best adjuva~ts 
contained microbial components. A range of m1crob1al components (se~ Fig. 
2.16) can induce macrophages and tissue dendritic cells to express co-stimu­
latory molecules and cytokines. The exact profile of cytokines pro~uced by 
the macrophage or dendritic cell varies according to_the receptors s~n~ulated 
and, as we shall see in Chapters 8 and 10, the cytokines secreted will m turn 
influence the functional character of the adaptive immune response that 
develops. In this way the ability of the innate immune system to d~scriminate 
between different types of pathogen is used to ensure an appropnate type of 
adaptive immune response. 

Summary. 

The innate immune system uses several different receptors to re~ognize and 
respond to pathogens. Those that recognize pathogen surfaces_ d~rectly_ o~en 
bind to repeating patterns, for example of carbohydrate or hp1d m01et1es, 
that are characteristic of microbial surfaces but are not found on host cells. 
Some of these receptors, such as the macrophage mannose receptor, directly 

Cytokines secreted by macrophages and dendritic cells 

Cytokine Main producer Acts upon Effect 

Lymphocytes I Enhances responses I Macrophages IL-1 
Keratinocytes 

Induces acute-phase protein secretion I Liver 

Lymphocytes I Enhances responses I Macrophages 
IL-6 

Dendritic cells 
Induces acute-phase protein secretion I Liver 

CXCLB Macrophages Phagocytes Chemoattractant for neutrophils 
(IL-8) Dendritic cells 

Macrophages Naive T cells 
Diverts immune response to TH 1, 

IL-12 
Dendritic cells pro-inflammatory, cytokine secretion 

Induces changes in vascular 
Macrophages Vascular endothelium (expression of cell-adhesion 

TNF-a 
Dendritic cells endothelium molecules (E- and P-selectin), changes 

in cell-<:ell junctions with increased fluid 
loss, local blood clotting) 

Bacterial proteoglycans can be recognized 
by TLRs at the cell's surface or by NOD 
proteins in the cytosol. Both lead to the 

activation of the transcription factor NFKB 
and the expression of pro-inflammatory genes 

NOD2 

MyD88 

mura
1
rl f)) 

d;p~~ 

, RICK 

Fig. 2.21 Important cytokines secreted 
by macrophages in response to 
bacterial products include IL-1 ~. IL-6, 
CXCL8, IL-12, and TNF-a. TNF-a is an 
inducer of a local inflammatory response 
that helps to contain infections; it also 
has systemic effects, many of which are 
harmful (see Section 2-27). The 
chemokine CXCL8 is also involved in the 
local inflammatory response, helping to 
attract neutrophils into the site of 
infection. IL-1 ~. IL-6, and TNF-a have a 
crucial role in inducing the acute-phase 
response in the liver (see Section 2-28) 
and induce fever, which favors effective 
host defense in several ways. IL-12 
activates the natural killer (NK) cells of the 
innate immune response, and favors the 
differentiation of CD4 T cells into the T H1 
subset during an adaptive immune 
response. 
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TLR-4 

Fig. 2.23 For naive T cells to be 
activated by antigen, the antigen must 
be presented to them by an activated 
antigen-presenting cell that also 
expresses co-stimulatory molecules. 
Antigen is recognized by the T-cell 
receptor in the form of a peptide bound 
to an MHC molecule on an antigen­
presenting cell (APC}, such as a 
macrophage or dendritic cell. However, 
the T cell will be activated only if the 
antigen-presenting cell also expresses the 
co-stimulatory molecules CD80 or CD86. 

Fig. 2.22 Bacterial LPS induces 
changes in Langerhans cells, 
stimulating them to migrate and to 
initiate adaptive immunity by activating 
CD4 T cells. Langerhans cells are 
immature dendritic cells resident in the 
skin. During a bacterial infection they are 
activated by LPS through the TLR 
signaling pathway. This induces two types 
of changes in the cells. The first is a 
change in behavior and location. From 
being resting cells in the skin, the 
Langerhans cells become activated 
migrating cells in the afferent lymphatics, 

and eventually fully mature dendritic cells 
in the regional lymph nodes. The second 
is a drastic alteration in their cell-surface 
molecules. Resting Langerhans cells in 
the skin are highly phagocytic and 
macropinocytic but lack the ability to 
activate T lymphocytes. Mature dendritic 
cells in the lymph nodes have lost the 
ability to ingest antigen but have gained 
the ability to stimulate T cells. This is due 
to an increase in the number of MHC 
molecules on their surface and the 
expression of the co-stimulatory 
molecules CD80 (87.1) and CD86 (87.2). 

stimulate phagocytosis, whereas others are produced as secreted molecules 
tha~ promote the phagocytosis of pathogens by opsonization or by the acti­
~at10n ~f complement, as we shall see in the next part of this chapter. The 
~nnate immune system receptors that recognize pathogens also have an 
11:1-portant role_ in signaling for the induced innate responses that are respon­
sible for local mflammation, the recruitment of new effector cells the con­
tainment of local infection, and the initiation of an adaptive' immune 
response. Such signals can be transmitted through a family of signaling 
receptors, known as the Toll-like receptors (TLRs), that have been highly con­
s~rve~ across evolutionary time and serve to activate host defense through a 
s1gnalmg pathway that operates in most multicellular organisms. In verte­
b~ates, TLRs also have a key role in enabling the initiation of adaptive immu­
mty. !L~-4 ~etects th~ presence of Gram-negative bacteria through its 
associat10n with the penpheral membrane protein CD14, which is a receptor 
for _bacterial LPS. Other TLRs respond to other molecular patterns found on 
?r m pathogens. TLRs activate the transcription factor NFKB, which then 
mduc_es the transcription of a variety of genes, including those for the 
cytokines, chemokines, and co-stimulatory molecules that have essential 
r?les in directing the course of the adaptive immune response later in infec­
t10n. Whereas TLRs recognize the presence of bacteria and other microbes 
outside the cell, cytosolic proteins, the NOD proteins, detect similar bacterial 
products within the cytoplasm of the cell, activating the same NFKB pathway. 

T-cell activation requires both antigen and co-stimulatory signals 

No antigen 

H_;t; APC 

No antigenic peptide 
No response 

No co-stimulation Both antigen and co-stimulation 

No activation 
T cell becomes unresponsive T-cell activation 

The complement system and innate immunity. 

Complement was discovered by Jules Bordet many years ago as a heat-labile 
component of normal plasma that augments the opsonization and killing of 
bacteria by antibodies. This activity was said to 'complement' the antibacterial 
activity of antibody; hence the name. Although first discovered as an effector 
arm of the antibody response, complement can also be activated early in infec­
tion in the absence of antibodies. Indeed, it now seems clear that complement 
first evolved as part of the innate immune system, where it still has an impor­
tant role in coating pathogens and facilitating their destruction. 

2-1 1 Complement is a system of plasma proteins that is activated by the 
presence of pathogens. 

The complement system is made up of a large number of different plasma 
proteins that interact with one another both to opsonize pathogens and to 
induce a series of inflammatory responses that help to fight infection. A fea­
ture of the system is that several complement proteins are proteases that 
become activated only after cleavage, usually by another specific protease. In 
their inactive form, such enzymes are called pro-enzymes or zymogens and 
were first found in the gut. The digestive enzyme pepsin, for example, is 
stored inside cells and secreted as an inactive precursor, pepsinogen, which 
is only cleaved to pepsin in the acid environment of the stomach. The advan­
tage to the host of not being autodigested is obvious. 

The precursor zymogens of the complement system are widely distributed 
throughout body fluids and tissues. At sites of infection they are locally acti­
vated by the presence of the pathogen and trigger a series of powerful inflam­
matory events. The complement system becomes activated through a 
triggered-enzyme cascade in which an active complement protease gener­
ated by cleavage of its zymogen precursor then cleaves its substrate, another 
complement zymogen, to its active enzymatic form. This in turn cleaves and 
activates the next zymogen in the complement pathway. In this way, the acti­
vation of a small number of complement proteins at the start of the pathway 
is hugely amplified by each successive enzymatic reaction, resulting in the 
rapid generation of a disproportionately large complement response. The 
blood coagulation system mentioned earlier is another example of a trig­
gered-enzyme cascade. In this case, a small injury to a blood vessel wall can 
lead to the development of a large blood clot. 

A key site for the activation of the complement pathway is the surface of 
pathogens and there are three distinct pathways through which complement 
can be activated (Fig. 2.24) . These pathways depend on different molecules 
for their initiation, but they converge to generate the same set of effector 
complement proteins. There are also three ways in which the complement 
system protects against infection (see Fig. 2.24). First, it generates large num­
bers of activated complement proteins that bind covalently to pathogens, 
opsonizing them for engulfment by phagocytes bearing receptors for com­
plement. Second, the small fragments of some complement proteins act as 
chemoattractants to recruit more phagocytes to the site of complement acti­
vation, and also to activate these phagocytes. Third, the final components in 
the complement pathway damage certain bacteria by creating pores in the 
bacterial membrane. 

As well as the direct effects of complement in eliminating infectious 
microorganisms, it also has an important role in activating the adaptive 
immune system. In part, this is a consequence of opsonization, because 

The complement system and innate immunity 
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Fig. 2.24 Schematic overview of the 
complement cascade. There are three 
pathways of complement activation. One 
is the classical pathway, which is 
triggered by the binding of complement 
component C1 q to antibody complexed 
with antigen by the direct binding of C1 q 
to the pathogen surface, or by the 
binding of C1 q to C-reactive protein 
bound to the pathogen. The second is the 
lectin pathway, which is triggered by 
mannose-binding lectin or the ficolin 
proteins, normal serum constituents that 
bind some encapsulated bacteria. The 
third is the alternative pathway, which is 
triggered directly on pathogen surfaces. 
All of these pathways generate a crucial 
enzymatic activity that, in turn , generates 
the effector molecules of complement. 
The three main consequences of 
complement activation are the 
opsonization of pathogens, the 
recruitment of inflammatory and 
immunocompetent cells, and the direct 
killing of pathogens. 

LECTIN PATHWAY CLASSICAL PATHWAY I I 
~========! 

Anligen:antibody complexes 

Recruitment of inflammatory 
and immunocompetenl cells 

Leclin binding to 
pathogen surfaces 

Complement activation 

ALTERNATIVE PATHWAY 

Pathogen surfaces 

antigen-presenting cells bear receptors for complement that enhance the 
uptake of complement-coated antigens and the presentation of these anti­
gens to the adaptive immune system. In addition, as we will see in Chapter 
9, B lymphocytes bear receptors for complement proteins that act as co­
stimulators, enhancing the response of the B cell to complement-coated 
antigens. 

Complement is not activated only by infectious organisms. Dying cells, such 
as those at sites of ischemic injury (injury to tissues caused by a lack of oxy­
gen) can trigger complement activation. As complement-coated particles are 
more efficiently taken up by phagocytes, complement is important in the effi­
cient disposal of dead, damaged, and apoptotic cells and, in doing so, pro­
tects against the development of autoimmunity-the attack by the immune 
system on the body's own antigens. 

2-12 Complement interacts with pathogens to mark them for destruction 
by phagocytes. 

In the early phases of an infection, the complement cascade can be activated 
on the surface of a pathogen through one or more of the three pathways shown 
in Fig. 2.25. The classical pathway is initiated by the binding of Clq, the first 
protein in the complement cascade, to the pathogen surface. Clq can bind to 
the surface of pathogens in one of three ways. It can bind directly to surface 
components of some bacteria, including certain proteins of bacterial cell walls 
and polyanionic surface structures such as lipoteichoic acid on Gram-positive 
bacteria. Second, Clq binds to C-reactive protein, an acute-phase protein of 
human plasma that binds to phosphocholine residues in bacterial polysac­
charides, such as pneumococcal C polysaccharide; hence the name C-reactive 
protein. We shall discuss the acute-phase proteins of the early induced innate 
response later in the chapter. Third, Clq is a key link between the effector 
mechanisms of innate and adaptive immunity by binding to antibody:antigen 
complexes. The lectin pathway is initiated by the binding of carbohydrate­
binding proteins to arrays of carbohydrates on the surface of pathogens. These 
carbohydrate-binding proteins include the lectin MEL, which binds to man­
nose-containing carbohydrates on bacteria or viruses, as described in Section 
2-6, and the ficolins, which bind to the N-acetylglucosamine present on the 
surface of some pathogens. Finally, the alternative pathway of complement 
activation can be initiated by the binding of spontaneously activated comple­
ment component C3 in plasma to the surface of a pathogen. 

In each pathway, a sequence of reactions generates a protease called a C3 
convertase. These reactions are known as the 'early' events of complement 

[ CLASSICAL PATHWAY 
I I LECTIN PATHWAY I ALTERNATIVE PATHWAY 

Anligen:antibody complexes 
Mannose-binding lectin or 
ficolin binds carbohydrate Pathogen surfaces 

(pathogen surfaces) on pathogen surfaces 

..,.-l L, ~ I, ~ 7 

C1q, C1 r, C1s MBUficolin, MASP-2 C3 
C4 C4 B 
C2 C2 D 

ll I I I ) 

~ L,. 

C3 convertase 

J L, ~ l 
~ 

Terminal 
complement components 

C5b 
C3a, C5a C3b C6 

C7 
CB 
C9 

..,.-l L, " 7 ""' 7 
V V V 

Peptide mediators Binds to complement Membrane-attack 
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"7 pathogens and cells 
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activation, and consist of triggered-enzyme cascades in which complement 
zymogens are successively cleaved to yield two fragments, the larger of which 
is an active serine protease. The active protease is retained at the pathogen 
surface; this ensures that the next complement zymogen in the pathway is 
also cleaved and activated at the pathogen surface. In contrast, the small pep­
tide fragment is released from the site of the reaction and can act as a soluble 
mediator of inflammation. 

The C3 convertases formed by these early events of complement activation 
are bound covalently to the pathogen surface. Here they cleave C3 to gener­
ate large amounts of C3b, the main effector molecule of the complement sys­
tem, and C3a, a peptide mediator of inflammation. The C3b molecules act as 
opsonins; they bind covalently to the pathogen and thereby target it for 
destruction by phagocytes equipped with receptors for C3b. C3b also binds to 
the C3 convertase to form a C5 convertase that produces the most important 
and most potent inflammatory peptide, C5a, as well as a large active frag­
ment, C5b, that initiates the 'late' events of complement activation. These 
comprise a sequence of polymerization reactions in which a set of comple­
ment proteins known as the terminal components interact to form a mem­
brane-attack complex, which creates a pore in the cell membranes of certain 
pathogens that can lead to their death. 

The nomenclature of complement proteins is an obstacle to understanding 
the system, and before discussing the complement cascade in more detail 
we will explain their naming. All components of the classical complement 
pathway and the membrane-attack complex are designated by the letter C 

The complement system and innate immunity ~ ~:~,·•.::! 
.__, ... : 

Fig. 2.25 Overview of the main 
components and effector actions of 
complement. Early on in all three 
pathways of complement activation a 
series of cleavage reactions culminates in 
the formation of an enzymatic activity 
called a C3 convertase, which cleaves 
complement component C3 into C3b and 
C3a. The production of the C3 convertase 
is the point at which the three pathways 
converge and the main effector functions 
of complement are generated. C3b binds 
covalently to the bacterial cell membrane 
and opsonizes the bacteria, enabling 
phagocytes to internalize them. C3a is a 
peptide mediator of local inflammation. 
C5a and C5b are generated by the 
cleavage of C5b by a C5 convertase 
formed by C3b bound to the C3 
convertase (not shown in this simplified 
diagram). C5a is also a powerful peptide 
mediator of inflammation. C5b triggers 
the late events in which the terminal 
components of complement assemble 
into a membrane-attack complex that can 
damage the membrane of certain 
pathogens. 
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Functional protein classes in 
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Fig_ 2.26 Functional protein classes in 
the complement system. 

followed by a number. The native components have a simple number desig­
nation, for example, Cl and C2, but unfortunately the components were 
numbered in the order of their discovery rather than the sequence of reac­
tions. The reaction sequence is Cl, C4, C2, C3, C5, C6, C7, CB, and C9. The 
products of the cleavage reactions are designated by added lower-case let­
ters, the larger fragment being designated b and the smaller a; thus, for 
example, C4 is cleaved to C4b, the large fragment of C4 that binds covalently 
to the surface of the pathogen, and C4a, a small fragment with weak pro­
inflammatory properties. There is one exception to this rule of nomencla­
ture. For C2, the larger fragment was originally named C2a, and it is this 
larger C2a component that contains the enzymatic activity. The components 
of the alternative pathway, instead of being numbered, are designated by 
different capital letters, for example factor Band factor D. As with the classi­
cal pathway, their cleavage products are designated by the addition of lower­
case a and b: thus, the large fragment of B is called Bb and the small 
fragment Ba. 

Finally, in the lectin pathway, the first enzymes to be activated are known as 
the mannose-binding-lectin-associated serine proteases, MASP-1 and 
MASP-2, after which the pathway is essentially the same as the classical path­
way. Activated complement components are often designated by a horizontal 
line, for example, C2a; however, we will not use this convention. 

The formation of C3 convertase activity is pivotal in complement activation, 
leading to the production of the principal effector molecules, and initiating 
the late events. In the classical and lectin pathways the C3 convertase is 
formed from membrane-bound C4b complexed with C2a, designated C4b2a. 
In the alternative pathway, a homologous C3 convertase is formed from 
membrane-bound C3b complexed with Bb, C3bBb. The alternative pathway 
can act as an amplification loop for all three pathways, because it is initiated 
by the binding of C3b. 

It is clear that a pathway leading to such potent inflammatory and destructive 
effects-and which, moreover, has a series of built-in amplification steps-is 
potentially dangerous and must be subject to tight regulation. One important 
safeguard is that key activated complement components are rapidly inacti­
vated unless they bind to the pathogen surface on which their activation was 
initiated. There are also several points in the pathway at which regulatory 
proteins act on complement components to prevent the inadvertent activa­
tion of complement on host-cell surfaces, thereby protecting them from acci­
dental damage. We will return to these regulatory mechanisms later. 

We have now introduced all the relevant components of complement and are 
ready for a more detailed account of their functions. To help in distinguishing 
the different components according to their functions, we will use a color 
code in the tables in this part of the chapter. This is introduced in Fig. 2.26, 
where all the components of complement are grouped by function. 

2-13 The classical pathway is initiated by activation of the C1 complex. 

The classical pathway has a role in both innate and adaptive immunity. As we 
will see in Chapter 9, the first component of this pathway, Clq, links the adap­
tive humoral immune response to the complement system by binding to 
antibodies complexed with antigens. However, the classical pathway can be 
also be activated during innate immune responses. Antibodies called natural 
antibodies are produced by the immune system in the apparent absence of 
any infection. They have a broad specificity for self and microbial antigens, 
can react with many pathogens and, as in adaptive immunity, can activate 
complement through the binding of Clq. We will describe natural antibodies 

Fig. 2.27 The first protein in the 
classical pathway of complement 
activation is C1, which is a complex of 
C1q, C1r, and C1s. C1q is composed of 
six identical subunits with globular heads 
and long collagen-like tails, and has been 
described as looking like 'a bunch of 
tulips'. The tails combine to bind to two 
molecules each of C1 r and C1 s, forming 

the C1 complex C1 q:C1 r2:C1 s2. The 
heads can bind to the constant regions of 
immunoglobulin molecules or directly to 
the pathogen surface, causing a 
conformational change in C1 r, which then 
cleaves and activates the C1 s zymogen. 
Photograph (x 500,000) courtesy of 
K.B.M. Reid. 

and the specialized subset of lymphocytes that produce them in more detail 
in Section 2-34. Here it is only important to note that most of the natural anti­
body that is produced is of the class known as IgM and that this is the class 
that is most efficient at binding Clq; thus, natural antibodies provide an 
effective means by which complement activation can be directed to pathogen 
surfaces immediately upon infection. 

An additional function of Clq in innate immunity is that it can bind directly 
to the surface of certain pathogens and thus trigger complement activation in 
the absence of antibody. It can, for example, bind to C-reactive protein bound 
to phosphocholine on bacteria. Therefore, the activation of Cl by natural 
antibody and directly by pathogen surfaces represents an important humoral 
arm of innate immunity. 

Clq is part of the Cl complex, which comprises a single Clq molecule bound 
to two molecules each of the zymogens Clr and Cls. Clq itself is a hexamer, 
each subunit of which is in turn a trimer, forming a globular domain with a 
triple-helical collagen-like tail. In the Clq hexamer the six globular heads are 
linked together by their collagen-like tails, which surround the (Clr:Cls)z 
complex (Fig. 2.27). Binding of more than one of the Clq heads to a pathogen 
surface or to the constant region of antibodies, known as the Fe region, in an 
immune complex of antigen and antibody causes a conformational change in 
the (Clr:Cls)z complex, which leads to the activation of an autocatalytic 
enzymatic activity in Clr; the active form of Clr then cleaves its associated 
Cls to generate an active serine protease. 

Once activated, the Cls enzyme acts on the next two components of the clas­
sical pathway, cleaving C4 and then C2 to generate two large fragments, C4b 
and C2a, which together form the C3 convertase of the classical pathway. In 
the first step, Cls cleaves C4 to produce C4b, which may bind covalently to 
the surface of the pathogen. The covalently attached C4b then binds one 
molecule of C2, making it susceptible, in turn, to cleavage by Cls. Cls cleaves 
C2 to produce the large fragment C2a, which is itself a serine protease. 
C4b2a, the complex of C4b with the active serine protease C2a, remains 
covalently linked to the surface of the pathogen as the C3 convertase of the 
classical pathway. Its most important activity is to cleave large numbers of C3 
molecules to produce C3b molecules that coat the pathogen surface. At the 
same time, the other cleavage product, C3a, initiates a local inflammatory 
response. These reactions, which comprise the classical pathway of comp_le­
ment activation, are shown in schematic form in Fig. 2.28; the protems 
involved, and their active forms, are listed in Fig. 2.29. 

2-14 The lectin pathway is homologous to the classical pathway. 

The lectin pathway uses proteins very similar to Cl q to trigger the complement 
cascade. One of these proteins is the mannose-binding lectin (MBL) intro­
duced earlier. It binds specifically to mannose residues, and to certain other 
sugars, which are present on many pathogen surfaces in a pattern that allows 
binding, as shown schematically in Fig. 2.15. On vertebrate cells, however, 
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Activated C1 s cleaves C4 to C4a 
and C4b, which binds to the 

microbial surface 

C4b then binds C2, which is 
cleaved by C1 s, to C2a and C2b, 

forming the C4b2a complex 

C4b2a is an active C3 convertase 
cleaving C3 to C3a and C3b, which 
binds to the microbial surface or 

to the convertase itself 

One molecule of C4b2a can cleave 
up to 1000 molecules of C3 to C3b. 

Many C3b molecules bind to the 
microbial surface 

(1/ 0 
C4a c~ 

C4b 

Fig_ 2-28 The classical pathway of 
complement activation generates a C3 
convertase that deposits large 
numbers of C3b molecules on the 
pathogen surface. The steps in the 
reaction are outlined here and detailed in 
the text The cleavage of C4 by C1 s 
exposes a reactive group on C4b that 
allows it to bind covalently to the 
pathogen surface. C4b then binds C2, 
making it susceptible to cleavage by C1 s. 
The larger C2a fragment is the active 
protease component of the C3 
convertase. It cleaves many molecules of 
C3 to produce C3b, which binds to the 
pathogen surface, and C3a, an 
inflammatory mediator. 
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mannose is covered by other sugar groups, especially by sialic acid. Thus, 
MBL is able to initiate complement activation by binding to pathogen sur­
faces while not becoming activated on host cells. It is present at low concen­
trations in the plasma of most individuals, and, as we will see in the last part 
of this chapter, its production by the liver is increased during the acute-phase 
reaction induced as part of the innate immune response. 

MBL is a two- to six-headed molecule that, like Clq, forms a complex with 
two protease zymogens, which in the case of the MBL complex are the serine 
proteases MASP-1 and MASP-Z (Fig. Z.30). MASP-Z is closely related to Clr 
and Cls, and MASP-1 is a slightly more distantly related cousin; all four 
enzymes are likely to have evolved from the duplication of a gene for a com -
man precursor. When the MBL complex binds to a pathogen surface, MASP-Z 
is activated to cleave C4 and CZ. The role, if any, of MASP-1 in complement 
activation is uncertain; in vitro it is able to cleave CZ as efficiently as MASP-Z, 
and so its role may be to enhance the activation of complement, even if it is 
unable to initiate it. Thus the lectin pathway initiates complement activation 
in a closely similar way to the classical pathway, forming a C3 convertase 
from CZa bound to C4b. People deficient in MBL or in MASP-Z experience a 
substantial increase in infections during early childhood, indicating the 
importance of the lectin pathway for host defense. The age window of sus­
ceptibility to infections associated with MBL deficiency illustrates the partic­
ular importance of innate host defense mechanisms in early childhood, 
which is a time before the child's adaptive immune responses are fully 
matured and after maternal antibodies transferred across the placenta and in 
colostrum have been lost. 

Related in overall shape and function to MBL and Clq are the ficolins, which 
also bind carbohydrates on microbial surfaces and which, like the collectins, 
activate complement through the binding and activation of MASP-1 and 
MASP-Z (see Fig. Z.30). In humans, there are three ficolins: L- , M- and 
H-ficolin. Ficolins differ from the collectins in that instead of having a lectin 
domain attached to the collagen-like stalk, they have a fibrinogen-like 
domain; this fibrinogen-like domain binds carbohydrates and gives the ficol­
ins their general specificity for oligosaccharides containing N-acetylglu­
cosamine. In discussing the activation of complement by these innate 
activation molecules, we have used MBL as our prototype, but the ficolins 

Proteins of the classical pathway of complement activation 

Native Active Function of the active form 
component form 

C1q Binds directly to pathogen surfaces or indirectly to antibody bound 
to pathogens, thus allowing autoactivation of C1 r 

C1 

I I 
(C1q: C1r Clea:ves C1 s to active protease 
C1r2:C1s2) 

C1s 
I Clea:ves C4 and C2 I 

C4b 
Covalently binds to pathogen and opsonizes it 
Binds C2 for cleavage by C1 s 

C4 

C4a Peptide mediator of inflammation (weak activity) 

C2a 
Active enzyme of classical pathway C3/C5 convertase: 
clea:ves C3 and C5 

C2 

C2b I 
Precursor of vasoactive C2 kinin 

I 

C3b 
Many molecules of C3b bind to pathogen surface and act as opsonins. 
Initiates amplification via the alternative pathway. 

C3 Binds C5 for cleavage by C2b 

C3a Peptide mediator of inflammation (intermediate activity) 

may be more important in practice, because their concentration in plasma is 
greater than that of MBL. 

2-15 Complement activation is largely confined to the surface on which it 
is initiated. 

We have seen that the classical and lectin pathways of complement activation 
are initiated by proteins that bind to pathogen surfaces. During the triggered­
enzyme cascade that follows, it is important that activating events are con­
fined to this same site, so that C3 activation also occurs on the surface of the 
pathogen and not in the plasma or on host-cell surfaces. This is achieved 
principally by the covalent binding of C4b to the pathogen surface. Cleavage 

Fig. 2.30 The innate complement­
activating molecules form a complex 
with serine proteases that resembles 
the complement C1 complex. Mannose­
binding lectin (MBL) (top panel) forms 
clusters of two to six carbohydrate­
binding heads around a central stalk 
formed from the collagen-like tails of the 
MBL monomers. This structure, easily 
discernible under the electron microscope 
(middle panels), closely resembles that of 
C1 q. Associated with this complex are 
two serine proteases, M BL-associated 
serine protease 1 (MASP-1) and 2 
(MASP-2) . The structural disposition of the 
MASP proteins in the complex is not yet 

determined but it is likely that they interact 
with MBL in the same way in which C1 r 
and C1 s interact with C1 q. On binding of 
MBL to bacterial surfaces, MASP-2 
becomes activated and can then activate 
the complement system by cleaving and 
activating C4 and C2. The ficolins (bottom 
panel) resemble MBL in their overall 
structure, are associated with MASP-1 
and MASP-2, and can activate C4 and C2 
after binding to carbohydrate molecules 
present on microbial surfaces. The 
carbohydrate-binding domain of ficolins is 
a fibrinogen-like domain, rather than the 
lectin domain present in MBL. Photograph 
of MBL courtesy of K.B .M. Reid . 
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Fig. 2.29 The proteins of the classical 
pathway of complement activation. 
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Fig. 2.31 Cleavage of C4 exposes an 
active thioester bond that causes the 
large fragment, C4b, to bind covalently 
to nearby molecules on the bacterial 
cell surface. Intact C4 consists of an a, a 
~. and a y chain with a shielded thioester 
bond on the a chain. This is exposed 
when the a chain is cleaved by C1 s to 
produce C4b. The thioester bond (marked 
by an arrow in the third panel) is rapidly 
hydrolyzed (that is, cleaved by water), 
inactivating C4b unless it reacts with 
hydroxyl or amino groups to form a 
covalent linkage with molecules on the 
pathogen surface. The homologous 
protein C3 has an identical reactive 
thioester bond that is also exposed on 
the C3b fragment when C3 is cleaved by 
C2a. The covalent attachment of C3b and 
C4b to the pathogen surface enables 
these molecules to act as opsonins and is 
important in confining complement 
activation to pathogen surfaces. 

of C4 exposes a highly reactive thioester bond on the C4b molecule that 
allows it to bind covalently to molecules in the immediate vicinity of its site of 
activation. In innate immunity, C4 cleavage is catalyzed by a Cl or MBL com­
plex bound to the pathogen surface, and C4b can bind adjacent proteins or 
carbohydrates on the pathogen surface. If C4b does not rapidly form this 
bond, the thioester bond is cleaved by reaction with water and this hydroly­
sis reaction irreversibly inactivates C4b (Fig. 2.31). This helps to prevent C4b 
from diffusing from its site of activation on the microbial surface and becom­
ing coupled to host healthy cells. 

C4 

Cleavage by C1 s 

C4b 

=,=,====Y 

:='.=!::::::=.::.~l::_.:;ca p 

The reactive thioester group of C4b 

+ R-OH (protein, carbohydrate) 

Inactive C4b C4b bound to cell surface 

=,=,====Y 

~==.::is='P 

cell surface 

CZ becomes susceptible to cleavage by Cls only when it is bound by C4b, and 
the C2a serine protease is thereby also confined to the pathogen surface, 
where it remains associated with C4b, forming the C3 convertase C4b2a. The 
activation of C3 molecules thus also occurs at the surface of the pathogen. 
Furthermore, the C3b cleavage product is also rapidly inactivated unless it 
binds covalently by the same mechanism as C4b, and it therefore opsonizes 
only the surface on which complement activation has taken place. The 
opsonization of pathogens by C3b is more efficient when antibodies are 
bound to the pathogen surface, as phagocytes have receptors for both com­
plement and antibody; these will be described in Chapter 9. Because the reac­
tive forms of C3b and C4b are able to form a covalent bond with any adjacent 
protein or carbohydrate, when complement is activated by bound antibody a 
proportion of the reactive C3b or C4b will become linked to the antibody 
molecules themselves. This combination of antibody chemically cross-linked 
to complement is likely to be the most efficient trigger for phagocytosis. 

2-16 Hydrolysis of C3 causes initiation of the alternative pathway of 
complement. 

The alternative pathway is so named because it was discovered as a second, 
or 'alternative,' pathway for complement activation after the classical path­
way had been defined. This pathway can proceed on many microbial sur­
faces in the absence of specific antibody, and it leads to the generation of a 
distinct C3 convertase designated C3bBb. In contrast to the classical and 
lectin pathways of complement activation, the alternative pathway does not 
depend on a pathogen-binding protein for its initiation; instead it is initiated 
through the spontaneous hydrolysis of C3, as shown in the top three panels 
of Pig. 2.32. The distinctive components of the pathway are listed in Fig. 2.33. 
Several mechanisms ensure that the activation pathway will proceed only on 
the surface of a pathogen or on damaged host cells, and not on normal host 
cells and tissues. 

C3 is abundant in plasma, and C3b is produced at a significant rate by spon­
taneous cleavage (also known as 'tickover'). This occurs through the sponta­
neous hydrolysis of the thioester bond in C3 to form C3(H20), which has an 
altered conformation, allowing binding of the plasma protein factor B. The 
binding of B by C3(H20) then allows a plasma protease called factor D to 
cleave factor B to Ba and Bb, the latter remaining associated with C3(H20) to 
form the C3(H20)Bb complex. This complex is a fluid-phase C3 convertase, 
and although it is only formed in small amounts it can cleave many mole­
cules of C3 to C3a and C3b. Much of this C3b is inactivated by hydrolysis, but 
some attaches covalently, through its reactive thioester group, to the surfaces 
of pathogens or of host cells. C3b bound in this way is able to bind factor B, 
allowing its cleavage by factor D to yield the small fragment Ba and the active 
protease Bb. This results in formation of the alternative pathway C3 conver­
tase, C3bBb (Fig. 2.34). 

2-17 Membrane and plasma proteins that regulate the formation and 
stability of C3 convertases determine the extent of complement 
activation under different circumstances. 

The extent of complement activation is critically dependent on the stability of 
the C3bBb convertase. This stability is controlled by both positive and nega­
tive regulatory proteins. Normal host cells are protected from complement 
activation by several negative regulatory proteins, present in the plasma and 
in host-cell membranes, that protect normal host cells from the injurious 
effects of inappropriate complement activation. These proteins interact with 
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Fig. 2.32 Complement activated by the 
alternative pathway attacks pathogens 
while sparing host cells, which are 
protected by complement-regulatory 
proteins. The complement component 
C3 is cleaved spontaneously in plasma to 
give C3(H2O), which binds factor B and 
enables the bound factor B to be cleaved 
by factor D (top panel). The resulting 
soluble C3 convertase cleaves C3 to give 
C3a and C3b, which can attach to host 
cells or pathogen surfaces (second 
panel). Covalently bound C3b binds 
factor B, which in turn is rapidly cleaved 
by factor D to Sb, which remains bound 
to C3b to form a C3 convertase, and Ba, 
which is released (third panel). If C3b8b 
forms on the surface of host cells (bottom 
left panels), it is rapidly inactivated by 
complement-regulatory proteins 
expressed by the host cell: complement 
receptor 1 (CR1), decay-accelerating 
factor (DAF), and membrane cofactor of 
proteolysis (MCP). Host cell surfaces also 
favor the binding of factor H from plasma. 
CR1, DAF, and factor H displace Sb from 
C3b, and CR1, MCP, and factor H 
catalyze the cleavage of bound C3b by 
the plasma protease factor I to produce 
inactive C3b (known as iC3b). Bacterial 
surfaces (bottom right panels) do not 
express complement-regulatory proteins 
and favor the binding of properdin (factor 
P), which stabilizes the C3b8b 
convertase activity. This convertase is the 
equivalent of C4b2a of the classical 
pathway (see Fig. 2.28). 

C3 undergoes spontaneous hydrolysis to 
C3(H20), which binds to factor B allowing it 
to be cleaved by factor O into Ba and Bb 
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Proteins of the alternative pathway of complement activation 

Native Active Function 
component fragments 

C3 C3b 
I 

Binds to pathogen surface, binds B for cleavage by D, 
C3bBb is C3 convertase and C3b2Bb is CS convertase 

Ba I 
Small fragment of B, unknown function I 

Factor B (B) 

I 
Bb 

Bb is active enzyme of the C3 convertase C3bBb and 
CS convertase C3b2Bb 

Factor D (D) D 
I 

Plasma serine protease, cleaves B when it is bound to C3b 
to Ba and Bb 

Properdin (P) p 
I 

Plasma protein that stabilizes the C3bBb convertase 
on bacterial cells 

C3b and either prevent the convertase from forming or promote its rapid dis­
sociation. Thus, a membrane-attached protein known as decay-accelerating 
factor (DAF or CD55) competes with factor B for binding to C3b on the cell 
surface, and can displace Bb from a convertase that has already formed. 
Convertase formation can also be prevented by cleaving C3b to its inactive 
derivative iC3b. This is achieved by a plasma protease, factor I, in conjunc­
tion with C3b-binding proteins that can act as cofactors, such as membrane 
cofactor of proteolysis (MCP or CD46), another host-cell membrane protein. 
Cell-surface complement receptor type 1 (CRl) has similar activities to DAF 
and MCP in the inhibition of C3 convertase formation and the promotion of 
the catabolism of C3b to inactive products, but has a more limited tissue dis­
tribution. Factor His yet another complement-regulatory protein in plasma 
that binds C3b and, like CRl, it is able to compete with factor B to displace Bb 
from the convertase in addition to acting as a cofactor for factor I. Factor H 
binds preferentially to C3b bound to vertebrate cells because it has an affin­
ity for the sialic acid residues present on the cell surface. 

In contrast, when complement is activated on foreign surfaces, such as on 
bacterial surfaces, or indeed on host cells that have been damaged or modi­
fied by ischemia, viral infection, or antibody binding, C3 convertase enzymes 
are stabilized, which enables complement activation to proceed. On these 
cells a positive regulatory plasma protein, known as properdin or factor P, 
binds to the C3bBb convertase and enhances its stability, causing amplifica­
tion of complement activation. 

The complement system and innate immunity 

Fig 2.33 The proteins of the alternative 
pathway of complement activation. 

Fig. 2.34 The alternative pathway of 
complement activation can amplify the 
classical or the lectin pathway by 
forming an alternative C3 convertase 
and depositing more C3b molecules on 
the pathogen. C3b deposited by the 
classical or lectin pathway can bind factor 
8 , making it susceptible to cleavage by 
factor D. The C3b8b complex is the C3 
convertase of the alternative pathway of 
complement activation and its action, like 
that of C4b2a, results in the deposition 
of many molecules of C3b on the 
pathogen surface. 

C3b deposited by classical or 
Bound factor B is cleaved C3bBb complex is a C3 

C3b binds factor B by plasma protease factor 0 convertase, cleaving many 
lectin pathway C3 convertase into Ba and Bb C3 molecules to C3a and C3b 
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Fig. 2.35 There is a close relationship 
between the factors of the alternative, 
lectin, and classical pathways of 
complement activation. Most of the 
factors are either identical or the products 
of genes that have duplicated and then 
diverged in sequence. The proteins C4 
and C3 are homologous and contain the 
unstable thioester bond by which their 
large fragments, C4b and C3b, bind 
covalently to membranes. The genes 
encoding proteins C2 and B are adjacent 
in the class Ill region of the MHC and 
arose by gene duplication. Factor H, CR1, 
and C4BP regulatory proteins share a 
repeat sequence common to many 
complement-regulatory proteins. The 
greatest divergence between the 
pathways is in their initiation: in the 
classical pathway the C1 complex binds 
either to certain pathogens or to bound 
antibody and in the latter circumstance it 
serves to convert antibody binding into 
enzyme activity on a specific surface; in 
the lectin pathway, mannose-binding 
lectin (MBL) associates with a serine 
protease, activating MBL-associated 
serine protease (MASP), to serve the 
same function as C1 r:C1 s; in the 
alternative pathway this enzyme activity is 
provided by factor D. 

Protein serving function in pathway 
Step in pathway Relationship 

Alternative Lectin Classical 

Initiating serine protease I D MASP 
11 

C1s I 
Homologous 

(C1s and MASP) 

Covalent binding to cell surface I C3b C4b I Homologous ] 
C3/C5 convertase Bb C2b I Homologous I 
Control of activation CR1 CR1 

I 
Identical 

-

H C4BP Homologous 

Opsonization C3b I Identical 

Initiation of effector pathway C5b I Identical 

Local inflammation C5a, C3a I Identical 

Stabilization p 
11 

None I Unique 

Once formed on a surface that allows it to be stable, the C3bBb convertase 
rapidly cleaves yet more C3 to C3b, which can bind to the pathogen and either 
act as an opsonin or reinitiate the pathway to form another molecule of 
C3bBb convertase. Thus, the alternative pathway activates through an ampli­
fication loop that can proceed on the surface of a pathogen or on damaged 
host cells but not on normal host cells or tissues. This same amplification loop 
enables the alternative pathway to contribute to complement activation ini­
tially triggered through the classical or lectin pathways (see Fig. 2.2S). 

The C3 convertases resulting from activation of the classical and lectin path­
ways (C4b2b) and from the alternative pathway (C3bBb) are apparently dis­
tinct. However, understanding of the complement system is simplified 
somewhat by recognition of the close evolutionary relationships between the 
different complement proteins (Fig. 2.3S) . Thus the complement zymogens, 
factor B and C2, are closely related proteins encoded by homologous genes 
located in tandem within the major histocompatibility complex (MHC) on 
human chromosome 6. Furthermore, their respective binding partners, C3 
and C4, both contain thioester bonds that provide the means of covalently 
attaching the C3 convertases to a pathogen surface. Only one component of 
the alternative pathway seems entirely unrelated to its functional equivalents 
in the classical and lectin pathways: the initiating serine protease, factor D. 
Factor D can also be singled out as the only activating protease of the com­
plement system to circulate as an active enzyme rather than a zymogen. This 
is both necessary for the initiation of the alternative pathway through the 
cleavage of factor B bound to spontaneously activated C3, and safe for the 
host because factor D has no other substrate than factor B bound to C3b. This 
means that factor D finds its substrate only at a very low level in plasma, and 
at pathogen surfaces where the alternative pathway of complement activa­
tion is allowed to proceed. 

Comparison of the different pathways of complement activation illustrates 
the general principle that most of the immune effector mechanisms that can 
be activated in a nonclonal fashion as part of the early nonadaptive response 
against infection have been harnessed during evolution to be used as effector 
mechanisms of adaptive immunity. It is almost certain that the adaptive 

response evolved by adding specific recognition to the original nonadaptive 
system. This is illustrated particularly clearly in the complement system, 
because here the components are defined and the functional homologs can 
be seen to be evolutionarily related. 

2-1 8 Surface-bound C3 convertase deposits large numbers of C3b 
fragments on pathogen surfaces and generates CS convertase 
activity. 

The formation of C3 convertases is the point at which the three pathways of 
complement activation converge, because both the classical pathway and 
Jectin pathway convertase C4b2a and the alternative pathway convertase 
C3bBb have the same activity, and they initiate the same subsequent events. 
They both cleave C3 to C3b and C3a. C3b binds covalently through its 
thioester bond to adjacent molecules on the pathogen surface; otherwise it is 
inactivated by hydrolysis. C3 is the most abundant complement protein in 
plasma, occurring at a concentration of 1.2 mg m1-1, and up to 1000 mole­
cules of C3b can bind in the vicinity of a single active C3 convertase (see Fig. 
2.34) . Thus, the main effect of complement activation is to deposit large 
quantities of C3b on the surface of the infecting pathogen, where it forms a 
covalently bonded coat that can signal the ultimate destruction of the 
pathogen by phagocytes. 

The next step in the cascade is the generation of the CS convertases. In the 
classical and the lectin pathways, a CS convertase is formed by the binding of 
C3b to C4b2a to yield C4b2a3b. By the same token, the CS convertase of the 
alternative pathway is formed by the binding of C3b to the C3 convertase to 
form C3b2Bb. CS is captured by these CS convertase complexes through bind­
ing to an acceptor site on C3b, and is thus rendered susceptible to cleavage by 
the serine protease activity of C2a or Bb. This reaction, which generates CSb 
and CSa, is much more limited than cleavage of C3, because CS can be 
cleaved only when it binds to C3b that is in turn bound to C4b2a or C3bBb to 
form the active CS convertase complex. Thus, complement activated by all 
three pathways leads to the binding oflarge numbers of C3b molecules on the 
surface of the pathogen, the generation of a more limited number of CSb 
molecules, and the release of C3a and CSa (Fig. 2.36). 

2-19 Ingestion of complement-tagged pathogens by phagocytes is 
mediated by receptors for the bound complement proteins. 

The most important action of complement is to facilitate the uptake and 
destruction of pathogens by phagocytic cells. This occurs by the specific 
recognition of bound complement components by complement receptors 
(CRs) on phagocytes. These complement receptors bind pathogens 
opsonized with complement components: opsonization of pathogens is a 
major function of C3b and its proteolytic derivatives. C4b also acts as an 
opsonin but has a relatively minor role, largely because so much more C3b 
than C4b is generated. 

The six known types of receptors for bound complement components are 
listed, with their functions and distributions, in Fig. 2.37. The best character­
ized is the C3b receptor CRl (CD35), which is expressed on both 
macrophages and neutrophils. Binding of C3b to CRl cannot by itself stimu­
late phagocytosis, but it can lead to phagocytosis in the presence of other 
immune mediators that activate macrophages. For example, the small com­
plement fragment CSa can activate macrophages to ingest bacteria bound to 
their CRl receptors (Fig. 2.38). CSa binds to another receptor expressed by 
macrophages, the C5a receptor, which has seven membrane-spanning 

The complement system and innate immunity 

C3b binds both to C4b2a and C3bBb, 
forming the active CS convertases 

C4b2a3b and C3b2Bb 

C4b2a3b 

CS binds to the C3b component of the 
CS convertase enzyme 

CS is cleaved by C2a or Bb to form 
CSb and csa 

Fig. 2.36 Complement component C5 
is cleaved when captured by a C3b 
molecule that is part of a C5 
convertase complex. As shown in the 
top panel , C5 convertases are formed 
when C3b binds either the classical or 
lectin pathway C3 convertase C4b2a to 
form C4b2a3b, or the alternative pathway 
C3 convertase C3bBb to form C3b2Bb. 
C5 binds to C3b in these complexes 
(center panel). The bottom panel shows 
how C5 is cleaved by the active enzyme 
C2a or Bb to form C5b and the 
inflammatory mediator C5a. Unlike C3b 
and C4b, C5b is not covalently bound to 
the cell surface. The production of C5b 
initiates the assembly of the terminal 
complement components. 
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Fig. 2.37 Distribution and function of 
cell-surface receptors for complement 
proteins. There are several different 
receptors specific for different bound 
complement components and their 
fragments. CR1 and CR3 are especially 
important in inducing phagocytosis of 
bacteria with complement components 
bound to their surface. CR2 is found 
mainly on B cells, where it is also part of 
the 8-cell co-receptor complex and the 
receptor by which the Epstein-Barr virus 
selectively infects B cells, causing 
infectious mononucleosis. CR1 and CR2 
share structural features with the 
complement-regulatory proteins that bind 
C3b and C4b. CR3 and CR4 are 
integrins; CR3 is known to be important 
for leukocyte adhesion and migration, 
whereas CR4 is only known to function in 
phagocytic responses. The C5a and C3a 
receptors are seven-span G-protein­
coupled receptors. FDC, follicular 
dendritic cells; these are not involved in 
innate immunity and are discussed in 
later chapters. 

Fig. 2.38 The anaphylatoxin C5a can 
enhance the phagocytosis of 
opsonized microorganisms. Activation 
of complement, either by the alternative 
or by the mannose-binding lectin 
pathway, leads to the deposition of C3b 
on the surface of the microorganism (left 
panel}. C3b can be bound by the 
complement receptor CR1 on the surface 
of phagocytes, but this on its own is 
insufficient to induce phagocytosis 
(center panel}. Phagocytes also express 
receptors for the anaphylatoxin C5a, and 
binding of C5a will now activate the cell 
to phagocytose microorganisms bound 
through CR1 (right panel) . 

I Receptor Specificity Functions I Cell types l 
Promotes C3b and C4b decay Erythrocytes, 

CR1 C3b, C4bi Stimulates phagocytosis macrophages, monocytes, 
(CD35) C3b Erythrocyte transport polymorphonuclear leukocytes, 

of immune complexes B cells, FDC 

C3d, iC3b, 

I 
] CR2 C3dg Part of B-cell co-receptor B cells, 

(CD21} Epstein- Epstein-Barr virus receptor FDC 
Barr virus 

CR3 [:] (Mac-1 ) Stimulates phagocytosis 
Macrophages, monocytes, 

(CD11b/ polymorphonuclear leukocytes, 

CD18) FDC 

CR4 [:] (gp150, 95) Stimulates phagocytosis 
Macrophages, monocytes, 

(CD11 c/ polymorphonuclear leukocytes, 

CD18) dendritic cells 

C5a [:] Binding of C5a Endothelial cells, 

receptor activates G protein mast cells, 
phagocytes 

C3a [:] Binding of C3a Endothelial cells, 

receptor activates G protein mast cells, 
phagocytes 

domai°:s. R~ce?tors of . this type couple with intracellular guanine­
?ucle?t1de-bmdmg protems called G proteins, and the C5a receptor signals 
m this way. Proteins associated with the extracellular matrix such as 
fibronectin, can also contribute to phagocyte activation; these ar~ encoun­
tered when phagocytes are recruited to connective tissue and activated there. 

Three other complement receptors-CR2 (also known as CD21), CR3 
(CDllb:CD18), and CR4 (CDllc:CD18)-bind to inactivated forms of C3b 
that remain attached to the _patho?en surface. Like several other key compo­
nents of complement, C3b 1s subject to regulatory mechanisms and can be 
~leaved into derivatives that cannot form an active convertase. One of the 
mactive derivatives of C3b, known as iC3b (see Section 2-17) acts as an 
opso1:1in !nits ~wn right when bound by the complement receptor CR3. Unlike 
the bmdmg ofIC3b to CRl, the binding ofiC3b to CR3 is sufficient on its own 
t~ stimulate phagocytosis. A second breakdown product of C3b, called C3dg, 
bmds only to CR2. CR2 is found on B cells as part of a co-receptor complex 

Bacterium is coated with 
complement by the alternative 

and MBL pathways 

Q macrophage Q 

When only C3b binds to 
CR1 , bacteria are not 

phagocytosed 

0 0 

C5a can activate macrophages 
to phagocytose via CR1 

that can augment the signal received through the antigen-specific 
immunoglobulin receptor. Thus, a B cell whose antigen receptor is specific for 
a given pathogen will receive a strongly augmented signal on binding this 
pathogen if it is also coated with C3dg. The activation of complement can 
therefore contribute to producing a strong antibody response (see Chapters 6 
and 9). This example of how an innate humoral immune response can con­
tribute to activating adaptive humoral immunity parallels the contribution 
made by the innate cellular response of macrophages and dendritic cells to 
the initiation of a T-cell response, which we will discuss later in this chapter. 

The central role of opsonization by C3b and its inactive fragments in the 
destruction of extracellular pathogens can be seen in the effects of various 
complement deficiency dise·ases. Whereas individuals deficient in any of the 
late components of complement are relatively unaffected, showing only an 
increase in susceptibility to Neisseria infections, individuals deficient in C3 
or in molecules that catalyze C3b deposition show increased susceptibility 
to infection by a wide range of extracellular bacteria, as we will see in 
Chapter 12. 

2-20 Small fragments of some complement proteins can initiate a local 
inflammatory response. 

The small complement fragments C3a, C4a, and C5a act on specific receptors 
(see Fig. 2.37) to produce local inflammatory responses. When produced in 
large amounts or injected systemically, they induce a generalized circulatory 
collapse, producing a shock-like syndrome similar to that seen in a systemic 
allergic reaction involving antibodies of the IgE class (which is discussed in 
Chapter 13). Such a reaction is termed anaphylactic shock and these small 
fragments of complement are therefore often referred to as anaphylatoxins. 
Of the three, C5a has the highest specific biological activity. All three induce 
smooth muscle contraction and increase vascular permeability, but C5a and 
C3a also act on the endothelial cells lining blood vessels to induce adhesion 
molecules. In addition, C3a and C5a can activate the mast cells that populate 
submucosal tissues to release mediators such as histamine and TNF-a that 
cause similar effects. The changes induced by C5a and C3a recruit antibody, 
complement, and phagocytic cells to the site of an infection (Fig. 2.39), and 
the increased fluid in the tissues hastens the movement of pathogen-bearing 
antigen-presenting cells to the local lymph nodes, contributing to the prompt 
initiation of the adaptive immune response. 

C5a also acts directly on neutrophils and monocytes to increase their adher­
ence to vessel walls, their migration toward sites of antigen deposition, and 
their ability to ingest particles. C5a also increases the expression of CRl and 
CR3 on the surfaces of these cells. In this way, C5a, and to a smaller extent C3a 
and C4a, act in concert with other complement components to hasten the 
destruction of pathogens by phagocytes. C5a and C3a signal through trans­
membrane receptors that activate G proteins; thus, the action of C5a in 
attracting neutrophils and monocytes is analogous to that of chemokines, 
which also act via G proteins to control cell migration. 

2-21 The terminal complement proteins polymerize to form pores in 
membranes that can kill certain pathogens. 

One of the important effects of complement activation is the assembly of the 
terminal components of complement (Fig. 2.40) to form a membrane-attack 
complex. The reactions leading to the formation of this complex are shown 
schematically and microscopically in Fig. 2.41. The end result is a pore in the 
lipid bilayer membrane that destroys membrane integrity. This is thought to 

l 
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Fig. 2.39 Local inflammatory responses 
can be induced by small complement 
fragments, especially C5a. The small 
complement fragments are differentially 
active: C5a is more active than C3a 
which is more active than C4a. The; 
cause local inflammatory responses by 
acting directly on local blood vessels, 
stimulating an increase in blood flow, 
increased vascular permeability, and 
increased binding of phagocytes to 
endothelial cells. C5a also activates mast 
cells (not shown) to release mediators, 
such as histamine and TNF-a, that 
contribute to the inflammatory response. 
The increase in vessel diameter and 
permeability leads to the accumulation of 
fluid and protein. Fluid accumulation 
increases lymphatic drainage, bringing 
pathogens and their antigenic 
components to nearby lymph nodes. The 
antibodies, complement, and cells thus 
recruited participate in pathogen 
clearance by enhancing phagocytosis. 
The small complement fragments can 
also directly increase the activity of the 
phagocytes. 

Fig. 2.40 The terminal complement 
components assemble to form the 
membrane-attack complex. I 

Small complement-cleavage products 
act on blood vessels to increase vascular 
permeability and cell-adhesion molecules 

C3a • C4a o, i ~o 

Increased permeability allows increased fluid 
leakage from blood vessels and extravasation 
of immunoglobulin and complement molecules 

Migration of macrophages, polymorphonuclear 
. leukocytes (PMNs), and lymphocytes is 

complement 
components 

increased. Microbicidal activity of macrophages 
and PMNs is also increased 

The terminal complement components that form the membrane-attack complex I 
Native Active 
protein component Function 

CSa I Small peptide mediator of inflammation (high activity) 
cs 

CSb Initiates assembly of the membrane-attack system 

C6 C6 I Binds CSb; forms acceptor for C7 

I 
C7 C7 Binds C5b6; amphiphilic complex inserts in lipid bilayer 

CB 
I 

CB Binds C5b67; initiates C9 polymerization 
I 

C9 C9n Polymerizes to C5b67B to form a membrane-spanning channel 

I lysing cell ' 

kill the pathogen by destroying the proton gradient across the pathogen's cell 
membrane. 

The first step in the formation of the membrane-attack complex is the cleav­
age of C5 by a C5 convertase to release C5b (see Fig. 2.36). In the next stages, 
shown in Fig. 2.41, C5b initiates the assembly of the later complement com­
ponents and their insertion into the cell membrane. First, one molecule of 
C5b binds one molecule of C6, and the C5b6 complex then binds one mole­
cule of C7. This reaction leads to a conformational change in the constituent 
molecules, with the exposure of a hydrophobic site on C7, which inserts into 
the lipid bilayer. Similar hydrophobic sites are exposed on the later compo­
nents C8 and C9 when they are bound to the complex, allowing these proteins 
also to insert into the lipid bilayer. C8 is a complex of two proteins, C8~ and 
C8a-y. The C8~ protein binds to C5b, and the binding of C8~ to the mem­
brane-associated C5b67 complex allows the hydrophobic domain of C8a-y to 
insert into the lipid bilayer. Finally, C8a-y induces the polymerization of 
10-16 molecules of C9 into a pore-forming structure called the membrane­
attack complex. The membrane-attack complex, shown schematically and by 
electron microscopy in Fig. 2.41, has a hydrophobic external face, allowing it 
to associate with the lipid bilayer, but a hydrophilic internal channel. The 
diameter of this channel is about 100 A, allowing the free passage of solutes 
and water across the lipid bilayer. The disruption of the lipid bilayer leads to 
the loss of cellular homeostasis, the disruption of the proton gradient across 
the membrane, the penetration of enzymes such as lysozyme into the cell, 
and the eventual destruction of the pathogen. 

Although the effect of the membrane-attack complex is very dramatic, partic­
ularly in experimental demonstrations in which antibodies against red blood 
cell membranes are used to trigger the complement cascade, the significance 
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Fig. 2.41 Assembly of the membrane­
attack complex generates a pore in the 
lipid bilayer membrane. The sequence 
of steps and their approximate 
appearance are shown here in schematic 
form. C5b triggers the assembly of a 
complex of one molecule each of C6, C7, 
and CS, in that order. C7 and CS undergo 
conformational changes, exposing 
hydrophobic domains that insert into the 
membrane. This complex causes 
moderate membrane damage in its own 
right, and also serves to induce the 
polymerization of C9, again with the 
exposure of a hydrophobic site. Up to 16 
molecules of C9 are then added to the 
assembly to generate a channel 100 A in 
diameter in the membrane. This channel 
disrupts the bacterial cell membrane, 
killing the bacterium. The electron 
micrographs show erythrocyte 
membranes with membrane-attack 
complexes in two orientations, end on 
and side on. Photographs courtesy of 
S. Bhakdi and J. Tranum-Jensen. 

CSb binds CS and C7 
C5b67 complexes 
bind to membrane 

via C7 

CS binds to the complex 
and inserts into the 

cell membrane 

C9 molecules bind to 
the complex and 

polymerize 

10-16 molecules of 
C9 bind to form a pore 

in the membrane 

lipid bilayer 

Pathogen 

~ 
C5b67 

complex 

Membrane lesions-end on (rings) Membrane lesions-side on (tubes) Schematic representation of the 
membrane-attack complex pore 

3nm 

10 nm 

Page 59 of 125



Deficiency of the CS~ 
Complement Component T 

Fig. 2.42 The proteins that regulate the 
activity of complement I 

o~ th~se ~omponents in host defense seems to be quite limited. so far defi 
cien~1':~ m compleme~t co!11ponents C5-C9 have been associated with sus: 
cept1b1~1ty o~y to Neisserza species, the bacteria that cause the sexuall 
transmitted d1se_a~e gonor~hea and a common form of bacterial meningiti; 
Thus, the opsomzmg and mflammatory actions of the earlier components of 
~e c~mplement cascade are clearly more important for host defense against 
mfect1on. Formation of the membrane-attack complex seems to be im t 
?nl~ for the killing of a few pathogens, although, as we will see in Cha~~:r ~ t 
it might well have a major role in immunopathology. ' 

2-22 Complement control proteins regulate all three pathways of 
complement activation and protect the host from its destructive 
effects. 

~iver_i the ~estructiv~ _effects of complement, and the way in which its activa­
t10_n_ 1s rapidly amphf1ed through a triggered-enzyme cascade, it is not sur­
pn~m~ that there are several mechanisms to prevent its uncontrolled 
act1vat10n. As we have seen, the effector molecules of complement are gener­
ated th~ough _the ~equential activation of zymogens, which are present in 
plasma m an mact1ve form. The activation of these zymogens usually occ 
on a pat~ogen surface, and the activated complement fragments produce:: 
the ensumg cascade of reactions usually bind nearby or are rapidly in t" 
vated by h~drolysis. These two features of complement activation act as :;f;: 
guards _agamst uncontrolled activation. Even so, all complement components 
are activated sponta~eously ~t a lo:"' rate in plasma, and activated comple­
ment c?mponents will sometimes bmd proteins on host cells. The potentially 
dama_gmg conseq~en~es ~re prevented by a series of complement control 
p~otems, su~manzed m Fig. 2.42, which regulate the complement cascade at 
different _p01~ts. As we saw in discussing the alternative pathway of comple­
ment act1vat10n (see Section 2-16), many of these control proteins specifically 
protect normal host cells while allowing complement activation to proceed 

Regulatory proteins of the classical and alternative pathways I 
Name (symbol) Role in the regulation of complement activation 

C1 inhibitor (C1INH) I Binds to activated C1 r, C1 s, removing them from C1 q, and to activated 

I MASP-2, removing II from MBL 

C4-binding protein I Binds C4b, displacing C2a; cofactor for C4b cleavage by 1 l (C4BP) 

Complement receptor 1 
I Binds C4b, displacing C2a, or C3b displacing Bb; cofactor for 1 I (CR1) 

Factor H (H) Binds C3b, displacing Bb; cofactor for I l 
Factor I (I) I Serine protease that cleaves C3b and C4b; aided by H, MCP, C4BP, or CR1 I 

Decay-accelerating Membrane protein that displaces Bb from C3b and C2a from C4b 
factor (DAF) 

Membrane cofactor Membrane protein that promotes C3b and C4b inactivation by 1 I protein (MCP) 

CD59 (protectin) 
Prevents_ formation_ of membrane-attack complex on autologous or 
allogeneIc cells. Widely expressed on membranes I 
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on pathogen surfaces. The complement control proteins therefore allow 
complement to distinguish self from nonself. 

The reactions that regulate the complement cascade are shown in Fig. 2.43. 
The top two panels show how the activation of Cl is controlled by a plasma 
serine protease inhibitor or serpin, the Cl inhibitor (ClINH). ClINH binds 
the active enzymes Clr:Cls and causes them to dissociate from Clq, which 
remains bound to the pathogen. In this way, ClINH limits the time during 
which active Cls is able to cleave C4 and CZ. By the same means, ClINH lim­
its the spontaneous activation of Cl in plasma. Its importance can be seen in 
the ClINH deficiency disease hereditary angioneurotic edema, in which 
chronic spontaneous complement activation leads to the production of 
excess cleaved fragments of C4 and CZ. The small fragment of CZ, C2b, is fur­
ther cleaved into a peptide, the CZ kinin, which causes extensive swelling­
the most dangerous being local swelling in the trachea, which can lead to 
suffocation. Bradykinin, which has similar actions to CZ kinin, is also pro­
duced in an uncontrolled fashion in this disease, as a result of the lack of inhi­
bition of another plasma protease, kallikrein, a component of the kinin 
system discussed in Section 2-5, which is activated by tissue damage and is 
also regulated by ClINH. This disease is fully corrected by replacing ClINH. 
The large activated fragments of C4 and CZ, which normally combine to form 
the C3 convertase, do not damage host cells in such patients because C4b is 
rapidly inactivated in plasma (see Fig. 2.31) and the convertase does not 
form. Furthermore, any convertase that accidentally forms on a host cell is 
inactivated by the mechanisms described below. 

The thioester bond of activated C3 and C4 is extremely reactive and has no 
mechanism for distinguishing an acceptor hydroxyl or amine group on a host 
cell from a similar group on the surface of a pathogen. A series of protective 
mechanisms, mediated by other proteins, has evolved to ensure that the 
binding of a small number of C3 or C4 molecules to host cell membranes 
results in minimal formation of C3 convertase and little amplification of com­
plement activation. We have already encountered most of these mechanisms 
in the description of the alternative pathway (see Fig. 2.32), but we will con­
sider them again here because they are important regulators of the classical 
pathway convertase as well (see Fig. 2.43, second and third rows). The mech­
anisms can be divided into three categories. The first catalyze the cleavage of 
any C3b or C4b that does bind to host cells into inactive products. The com­
plement-regulatory enzyme responsible is the plasma serine protease factor 
I; it circulates in active form but can cleave C3b and C4b only when they are 
bound to a membrane cofactor protein. In these circumstances, factor I 
cleaves C3b, first into iC3b and then further to C3dg, thus permanently inac­
tivating it. C4b is similarly inactivated by cleavage into C4c and C4d. There are 
two cell-membrane proteins that bind C3b and C4b and possess cofactor 
activity for factor I; these are MCP and CRl (see Section 2-17) . Microbial cell 
walls lack these protective proteins and cannot promote the breakdown of 
C3b and C4b. Instead, these proteins act as binding sites for factor B and C2, 
promoting complement activation. The importance of factor I can be seen in 
people with genetically determined factor I deficiency. Because of uncon­
trolled complement activation, complement proteins rapidly become 
depleted and such people suffer repeated bacterial infections, especially with 

ubiquitous pyogenic bacteria. 

There are also plasma proteins with cofactor activity for factor I. C4b is bound 
by a cofactor known as C4b-binding protein (C4BP), which acts mainly as a 
regulator of the classical pathway in the fluid phase. C3b is bound at cell 
membranes by cofactor proteins such as DAF and MCP. These regulatory 
molecules effectively compete with factor B for binding to C3b bound to cells. 
If factor B 'wins,' as typically happens on a pathogen surface, then more 

~ Hereditary Augioneurotic 

' Edema 

T Facto, I Def;olenej 
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Fig. 2.43 Complement activation is 
regulated by a series of proteins that 
serve to protect host cells from 
accidental damage. These act on 
different stages of the complement 
cascade, dissociating complexes or 
catalyzing the enzymatic degradation of 
covalently bound complement proteins. 
Stages in the complement cascade are 
shown schematically down the left side of 
the figure, with the regulatory reactions 
on the right. The alternative pathway C3 
convertase is similarly regulated by OAF 
CR1, MCP, and factor H. ' 

Stages at which complement activity is regulated 

C1q binding to antigen:antibody 
complexes activates C1 r and C1 s 

C1q 

microbe 

C1 inhibitor (C1 INH) dissociates C1 r and 
C1 s from the active C1 complex 

I C11NH 
J c1s 

C1r(r 

;==================== ;=~~================~ 
OAF, C4BP, and CR1 displace C2a from 

the C4b2a complex. C4b bound by C4BP 
MCP, or CR1 is cleaved by a soluble ' 

protease I to inactive forms C4d and C4c 

C4b2a is the active 
C3 convertase, 

cleaving C3 to C3a and C3b 

0 0 

0 0 
C3a 

C4b2a ~ b 

cY C3b ~ 

The CS convertases cleave 
CS to CSa and CSb 

cs , CSa 

• 
@ 

C4b2a3b 

CR1 and H displace C3b. CR1 and H act 
as cofactors in the cleavage of C3b by J 

r------ ---- --, '--_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ -_ _J~ 

The terminal components of complement 
form a membrane pore-

the membrane-attack complex 

CDS9 prevents final assembly 
of the membrane-attack complex 

at the CS to C9 stage 

C9 

CD59 

C5b678 

C3bBb C3 convertase forms and complement activation is amplified. If DAF 
and MCP win, as occurs on cells of the host, then the bound C3b is catabo­
lized by factor I to iC3b and C3dg and complement activation is inhibited. 

The critical balance between the inhibition and the activation of complement 
on cell surfaces is illustrated in individuals heterozygous for mutations in the 
regulatory proteins MCP, factor I, or factor H. In such individuals the concen -
tration of functional regulatory proteins is reduced, and the tipping of the 
balance towards complement activation leads to a predisposition to 
hemolytic uremic syndrome, a condition characterized by damage to 
platelets and red blood cells and by kidney inflammation, as a result of inef­
fectively controlled complement activation. 

The competition between-DAF or MCP and factor B for binding to surface­
bound C3b is an example of the second mechanism for inhibiting comple­
ment activation on host cells. Several proteins competitively inhibit the 
binding of C2 to cell-bound C4b and of factor B to cell-bound C3b, thereby 
inhibiting convertase formation. These proteins bind to C3b and C4b on the 
cell surface, and also mediate protection against complement through a third 
mechanism, which is to augment the dissociation of C4b2a and C3bBb con­
vertases that have already formed. Host-cell membrane molecules that regu­
late complement through both these mechanisms include DAF and CRl, 
which promote the dissociation of convertase in addition to their cofactor 
activity. All the proteins that bind the homologous C4b and C3b molecules 
share one or more copies of a structural element called the short consensus 
repeat (SCR) , complement control protein (CCP) repeat, or (especially in 
Japan) the sushi domain. 

In addition to the mechanisms for preventing C3 convertase formation and 
C4 and C3 deposition on cell membranes, there are also inhibitory mecha­
nisms that prevent the inappropriate insertion of the membrane-attack com -
plex into membranes. We saw in Section 2-21 that the membrane-attack 
complex polymerizes onto CSb molecules created by the action of CS con­
vertase. This complex mainly inserts into cell membranes adjacent to the site 
of the CS convertase; that is, close to the site of complement activation on a 
pathogen. However, some newly formed membrane-attack complexes may 
diffuse from the site of complement activation and insert into adjacent host­
cell membranes. Several plasma proteins including, notably, vitronectin, also 
known as S-protein, bind to the CSb67 complex and thereby inhibit its ran­
dom insertion into cell membranes. Host-cell membranes also contain an 
intrinsic protein, CD59 or protectin, which inhibits the binding of C9 to the 
CSb678 complex (see Fig. 2.43, bottom row). CDS9 and DAF are both linked 
to the cell surface by a glycosylphosphatidylinositol (GPI) tail, like many 
other peripheral membrane proteins. One of the enzymes involved in the 
synthesis of GPI tails is encoded on the X chromosome. In people with a 
somatic mutation in this gene in a clone of hematopoietic cells, both CDS9 
and DAF fail to function. This causes the disease paroxysmal nocturnal 
hemoglobinuria, which is characterized by episodes of intravascular red 
blood cell lysis by complement. Red blood cells that lack CDS9 only are also 
susceptible to destruction as a result of spontaneous activation of the com­
plement cascade. 

Summary. 

The complement system is one of the major mechanisms by which pathogen 
recognition is converted into an effective host defense against initial infec­
tion. Complement is a system of plasma proteins that can be activated 
directly by pathogens or indirectly by pathogen-bound antibody, leading to a 
cascade of reactions that occurs on the surface of pathogens and generates 
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active components with various effector functions. There are three pathways 
of complement activation: the classical pathway, which is triggered directly 
by pathogen or indirectly by antibody binding to the pathogen surface; the 
lectin pathway; and the alternative pathway, which also provides an amplifi­
cation loop for the other two pathways. All three pathways can be initiated 
independently of antibody as part of innate immunity. The early events in all 
pathways consist of a sequence of cleavage reactions in which the larger 
cleavage product binds covalently to the pathogen surface and contributes to 
the activation of the next component. The pathways converge with the for­
mation of a C3 convertase enzyme, which cleaves C3 to produce the active 
complement component C3b. The binding of large numbers of C3b mole­
cules to the pathogen is the central event in complement activation. Bound 
complement components, especially bound C3b and its inactive fragments, 
are recognized by specific complement receptors on phagocytic cells, which 
engulf pathogens opsonized by C3b and its inactive fragments. The small 
cleavage fragments of C3, C4, and especially C5 recruit phagocytes to sites of 
infection and activate them by binding to specific trimeric G-protein-cou­
pled receptors. Together, these activities promote the uptake and destruction 
of pathogens by phagocytes. The molecules of C3b that bind the C3 conver­
tase itself initiate the late events, binding C5 to make it susceptible to cleav­
age by C2a or Bb. The larger C5b fragment triggers the assembly of a 
membrane-attack complex, which can result in the lysis of certain pathogens. 
The activity of complement components is modulated by a system of regula­
tory proteins that prevent tissue damage as a result of inadvertent binding of 
activated complement components to host cells or of spontaneous activation 
of complement components in plasma. 

Induced innate responses to infection. 

In the final part of this chapter we will look at the induced responses of innate 
immunity. These depend on the cytokines and chemokines that are produced 
in response to pathogen recognition, and we will introduce these first. The 
chemokines are a large family of chemoattractant molecules with a central 
role in leukocyte migration. Adhesion molecules also have a central role in 
this process and we will also briefly consider them. We will then consider in 
more detail how macrophage-derived chemokines and cytokines promote the 
phagocytic response through the recruitment and production of fresh phago­
cytes, and the production of additional opsonizing molecules through the 
acute-phase reactions. We will also look at the role of the cytokines known as 
interferons, which are induced by viral infection, and at a class of lymphoid 
cells, known as natural killer (NK) cells, that are activated by interferons to 
contribute to innate host defense against viruses and other intracellular 
pathogens. We will also discuss the innate-like lymphocytes (ILLs), which 
contribute to rapid responses to infection by acting early but use a limited set 
of antigen-receptor gene segments (see Section 1-11) to make immunoglo bu­
lins and T-cell receptors. The induced innate responses can either succeed in 
clearing the infection or contain it while an adaptive response develops. 
Adaptive immunity harnesses many of the same effector mechanisms that are 
used by the innate immune system, but adaptive immunity is able to target 
them with much greater precision. Thus, antigen-specific T cells activate the 
microbicidal and cytokine-secreting properties of macrophages harboring 
pathogens, antibodies activate complement, act as direct opsonins for phago­
cytes, and stimulate NK cells to kill infected cells. In addition, the adaptive 
immune response uses cytokines and chemokines in a manner similar to that 

. . . d ce inflammatory responses that promote the 
?f inna~e 1;:i:,;;~~ ~;e~tor lymphocytes to sites of infection. The effec­
!Ilflux o an _1 o d1 "b d here therefore serve as a primer for the later chap-
tor mechamsms escn e . 
ters that focus on adaptive immumty. 

2-23 Activated macrophages secrete a range of cytokines that have a 
variety of local and distant effects. 

Cyt
okines (see Appendix III) are small proteins (approximately 25 ~a! tha~_are 

11 . th b dy usually in response to an act1vatmg s rm­
released by vari?us ce s m e o through binding to specific receptors. They 
ulus, and they mdu~e responses fleeting the behavior of the cell that releases 
can act i~ an ~utocnne ~anner, a er affecting the behavior of adjacent cells, 
the cytokine, m_ a paracnne mann h to act in an endocrine manner, affecting 
and some cytokines are stable enoug . d th . bility to enter the 
the behavior of distant cells, ~th?ugh this depen s on e1r a 
circulation and on their half-hfe m the blood. 

h ·n response to pathogens are a struc-
The cytokines secreted bymacrop ages i_ interleukin-I~ (IL-1~), IL-6, 
turally diverse group o~ m;~~~~e~~~r8

1
~~::rly known as IL-8). The name 

IL-12, TN~-a, and the c e number (for example IL-1, IL-2, and so on) was 
in~erle~kin (IL) followe~by ~ a standardized nomenclature for molecules 
comed m an attempt to eve ~p uk However this became confusing 
secreted by, ~d acti1:1g on, ~ ocr~~okines wi~h diverse origins, struc­
when an ever-mcreasmg. num e~ o and although the IL designation is still 
tures, and effects were d1scovere , enclature based on cytokine structure 
used, it is hoped that event~ly a no~ ted alphabetically, together with their 
will be deve_loped. The ~yt~I n;~::: :re two major structural families of 
receptors, m Appendix . : f 'ly which includes growth hormones and 
ytokines· the hematopo1etm am1 , . ·ty d 

c · . 1 kins with roles in both adaptive and innate 1mmum_ , a~ 

~ seo ;;t:l:i~;,e:f which the prot?type l\;~~d:~ !!: :::b~~c::a~sa~~ 
both innate and adaptive immun~ a~derived interleukins, IL-6 belongs to 
membrane-b?und. Of the m~c~?P ~~F-a is part of the TNF family, and IL-1 
the large family ~f h~~:~~~:t~:~~- All have important local and systemic 

: ~~c~;-t~2at~~:t:i~~:e to both innate and adaptive immunity, and these are 

summarized in Fig. 2.44. . . 

The recognition of different classes of pathogens by phagoc~es a~i! d~;~~~t~~ 
. 1 . al"ng through different receptors, sue as 

cells may mvo ve_ sign 1 . . . the cytokines induced. This is a way in 
TLRs, and resul~ m some vanat10: l~e selectively activated as the released 

; ; 0c~n:~r~h::!:t:e:~;:~:~ ;~ase of host ?efens_e. We ~11 seir~~ ~:[;;~ 

which is elicited by LPS-bearing path0gens, ~s h:;ici::::;e of different 
taining infection by these pathogens, an 11 chemokines can recruit and activate different types of effector ce s. 

2-24 Chemokines released by phagocytes and dendritic cells recruit cells to 
sites of infection. 

Among the cytokines released by tissues in the e~lies~hases of ~~=~:~:e: 
members of a family of chemoattractant cyto~res rote~: i~~uce directed 
(listed separately in Append~ IV)· Jh:d s:re ~iscovered only relatively 
chemotaxis in nearby respoi:s1ve ce s . c okine assays, they were ini­
recently. Because they_ we~e first de_tec:e(d m ~own as CXCL8) was the first 
tially named interleukins: mterleukin- now . . . fth" f m­
chemokine to be cloned and characterized, a~d it remams typJ~e~r re;:p~ors 
ily. All the chemokines are related in amino acid sequence, an 
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a range of cytokines 
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permeability, which leads 
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Activates NK cells 
Induces the differentiation of 
CD4 T cells into TH 1 cells 

Systemic effects 

Fever 
Production of IL-6 
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Mobilization of metabolites 

Shock 

Fever 
Induces acute-phase 
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Fig. 2.44 Important cytokines secreted 
by macrophages in response to 
bacterial products include IL-113 IL-6 
~XCLS, IL-12, and TNF-a. TNF-d is a; 
inducer of a local inflammatory response 
that helps to contain infections. Jt also 
has systemic effects, many of which are 
harmful (see Section 2-27). The 
chemokine CXCL8 is also involved in the 
local inflammatory response, helping to 
attract neutrophils to the site of infection. 
IL-_113 , IL-6, and TNF-a have a critical role 
in inducing the acute-phase response in 
the liver (see Section 2-28) and induce 
fever, . which favors effective host defense 
in various ways. IL-12 activates natural 
killer (NK) cells and favors the 
differentiation of CD4 T cells into the T 1 
subset in adaptive immunity. H 

Hereditary Periodic Fever ~ 

Syndromes ' 

are all seven-span transmembrane proteins that . 
G proteins. No atomic structure of a chemokine sign~ through coupled 
mined, but they are similar to other seven- r~cepto_r as yet been deter­
such as rhodopsin (Fig 2 45) a d th span C? ~rotem-coupled receptors 
Chemokines function m.ai~ly as ~emia:~~~anmc acetylcholine receptor. 
~onocytes, neutrophils, and other effector ants for leukocytes, rec~uiting 
mfection. They can be released by d "fl cells from the blood to sites of 

;~i~~i:e c:,;~~~~:~ ::: ~~~;;~v;:!~:";;;:~~~:ti::d ~/:;~ 
8-10. Some chemokines also funcf . 1 ' earn m apters 
migration, and in angiogenesis (the :~~n fymphocyte development and 
er~ies of a variety of chemokines are fisted inoFi;e; 4bi~od ~ssels). The _Prop­
It IS striking that there are so man ch ki . . ·. see so Appendix N). 
tance in delivering cells to their c~rre~~~ca~:s~ this may reflect their impor­
lymphocytes. , as seems to be the case for 

~::~~~i; !t~ ~:m~~ne family ~all mostly into two broad groups-CC 
chemokines, in which ~~:ce:~ cystemes near :&e amino terminus, and CXC 
single amino acid The twd alent n;o ~ysteme residues are separated by a 
receptors. CC che~okines bi~;~~~ ~ em~nes act on different sets of 
are nine, designated CCRl 9 CXC h c ~mo ne receptors, of which there 
are six of these CXCRl-6 - Th c emo nes bind to CXC receptors; there 

. ' . ese receptors are expressed on difl ll 

C
typXCes,hwh1ch _are co?sequently attracted by different chemokines I erent cale 

c emokines with a Glu-Leu Ar t . "d . . . n gener ' 
fir~t cysteine promote the migra;io! ;:~:t~o~~i:

1
f~~~:~iately before the 

this type of chemokine Other CXC h ki . Is an example of 
h · c emo nes that lack this ff h 

t e B-lymphocyte chemokine (CXCL13) "d I mo I, sue as 
' gm e ymphocytes to their proper 

destination in the B-cell areas of the spleen, lymph nodes, and gut. The CC 
chemokines promote the migration of monocytes, lymphocytes, or other cell 
types. An example is macrophage chemoattractant protein-I (CCL2). CXCL8 
and CCL2 have similar, although complementary, functions: CXCL8 induces 
neutrophils to leave the bloodstream and migrate into the surrounding tis­
sues; CCL2, by contrast, acts on monocytes, inducing their migration from 
the bloodstream to become tissue macrophages. Other CC chemokines such 
as CCL5 may promote the infiltration into tissues of a range of leukocytes, 
including effector T cells (see Section 10-6), with individual chemokines act­
ing on different subsets of cells. The only known chemokine with only one 
cysteine (XCLl) was originally called lymphotactin; it is thought to attract 
T-cell precursors to the thymus by binding to XCRl. The chemokine 
fractalkine is unusual in several ways: it has three amino acid residues 
between the two cysteines, making it a CX3CL chemokine. Most unusually, it 
exists in two forms, one tethered to the membrane of the endothelial and 
epithelial cells that express it, where it serves as an adhesion protein, and a 
soluble form released from the cell surface, which acts, like other 
chemokines, as a chemoattractant. 

The role of chemokines such as CXCL8 and CCL2 in cell recruitment is 
twofold. First, they act on the leukocyte as it rolls along endothelial cells at 
sites of inflammation, converting this rolling into stable binding by triggering 
a change of conformation in the adhesion molecules known as leukocyte 
integrins. This allows the leukocyte to cross the blood vessel wall by squeez­
ing between the endothelial cells, as we will see when we describe the process 
of extravasation. Second, the chemokine directs the migration of the leuko­
cyte along a gradient of chemokine molecules bound to the extracellular 
matrix and the surfaces of endothelial cells. This gradient increases in con­
centration toward the site of infection. 

Chemokines can be produced by a wide variety of cell types in response to 
bacterial products, viruses, and agents that cause physical damage, such as 
silica, alum, or the urate crystals that occur in gout. Thus, infection or physi­
cal damage to tissues sets in motion the production of chemokine gradients 
that can direct phagocytes to the sites where they are needed. In addition, 
peptides that act as chemoattractants for neutrophils are made by bacteria 
themselves. The fMLP peptide produced by bacteria is a potent chemotactic 
factor for inflammatory cells, especially neutrophils (see Section 2-6). The 
fMLP receptor is also a G-protein-coupled receptor, like the receptors for 
chemokines and for the complement fragments C5a, C3a, and C4a. Thus, 
there is a common mechanism for attracting neutrophils, whether by com­
plement fragments, chemokines, or bacterial peptides. Neutrophils are the 
first cells to arrive in large numbers at a site of infection, with monocytes and 
immature dendritic cells being recruited later. 

The complement peptide C5a and the chemokines CXCL8 and CCL2 also 
activate their respective target cells, so that not only are neutrophils and 
macrophages brought to potential sites of infection but, in the process, they 
are armed to deal with any pathogens they may encounter there. In particu­
lar, neutrophils exposed to CXCL8 and the cytokine TNF-a are activated to 
produce the respiratory burst that generates oxygen radicals and nitric oxide, 
and to release their stored lysosomal contents, thus contributing both to host 
defense and to the tissue destruction and pus formation seen in local sites, 
especially those infected with pyogenic bacteria. 

Chemokines do not act alone in cell recruitment. They also require the 
action of vasoactive mediators to bring leukocytes close to the blood vessel 
endothelium (see Section 2-5) and cytokines such as TNF-a to induce the 
necessary adhesion molecules on the endothelial cells. We will return to the 
chemokines in later chapters, when they will be discussed in the context of 
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Fig. 2.45 Chemokines are a family of 
proteins of similar structures that bind 
to chemokine receptors, themselves 
part of a large family of G-protein­
coupled receptors. The chemokines are 
represented here by CXCL8 (upper 
structure) . The receptors for the 
chemokines are members of the family of 
seven-span receptors, which also 
includes the photoreceptor protein 
rhodopsin and many other receptors. 
They have seven transmembrane helices, 
and all the family interact with G proteins. 
The first solved structure of a seven-span 
membrane protein was of the bacterial 
protein bacteriorhodopsin; it is depicted 
here (lower structure), showing the 
orientation of the seven transmembrane 
helices (blue) with the bound ligand (in 
this case retinal) in red . Essentially all of 
this structure would be embedded within 
the cell membrane. Cylinders represent a 
helices and arrows 13 strands. 
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Fig. 2.46 Properties of selected 
chemokines. Chemokines fall mainly into 
two related but distinct groups. The CXC 
chemokines, the genes for which are 
found mainly in a cluster on chromosome 
17 in humans, have an amino acid 
residue (X) between two invariant 
cysteines (~) in the amino-terminal region . 
CC chemok1nes, which in humans are 
mostly encoded in one region of 
chromosome 4, have these two invariant 
cySteines adjacent. These classes can be 
divided further by the presence or 
absence of an amino acid triplet (ELR: 
g/utamic acid-leucine-arginine) preceding 
the first of these invariant cysteines. All 
the chemokines that attract neutrophils 
have this motif, whereas most of the 
0ther CXC chemokines, including those 
that interact with receptors CXCR3 4 
and 5, lack it. A C chemokine with ~nly 
one cysteine at this location, and 
fractalkine, a cx3c chemokine, are 
encoded elsewhere in the genome. Each 
chemokine interacts with one or more 
receptors, and affects one or more types 
of cells. A comprehensive list of 
chemokines and their receptors is given 
in Appendix IV. 

the adaptive immune response. We will now turn 
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2-25 Cell-adhesion molecules control interactions between leukocytes and 
endothelial cells during an inflammatory response. 

The recruitment of activated phagocytes to sites of infection is one of the 
rnost important functions of innate immunity. Recruitment occurs as part of 
the inflammatory response and is mediated by cell-adhesion molecules that 
are induced on the surface of the local blood vessel endothelium. Before we 
consider the process of inflammatory cell recruitment, we will first describe 
some of the cell-adhesion molecules involved. 

As with the complement components, a significant barrier to understanding 
cell-adhesion molecules is their nomenclature. Most adhesion molecules, 
especially those on leukocytes, which are relatively easy to analyze function­
ally, were named after the effects of specific monoclonal antibodies directed 
against them; orily later were these characterized by gene cloning. Their 
names therefore bear no relation to their structure. For instance, the leukocyte 
functional antigens LFA-1, LFA-2, and LFA-3 are actually members of two dif­
ferent protein families. In Fig. 2.47, the adhesion molecules are grouped 
according to their molecular structure, which is shown in schematic form, 
alongside their different names, sites of expression, and ligands. Three families 
of adhesion molecules are important for leukocyte recruitment. The selectins 
are membrane glycoproteins with a distal lectin-like domain that binds spe­
cific carbohydrate groups. Members of this family are induced on activated 
endothelium and initiate endothelium-leukocyte interactions by binding to 
fucosylated oligosaccharide ligands on passing leukocytes (see Fig. 2.47). 

The next step in leukocyte recruitment depends on tighter adhesion, which is 
due to the binding of intercellular adhesion molecules (ICAMs) on the 
endothelium to heterodimeric proteins of the integrin family on leukocytes. 
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Fig. 2.47 Adhesion molecules involved 
in leukocyte interactions. Several 
structural families of adhesion molecules 
have a role in leukocyte migration, 
homing, and cell-cell interactions: the 
selectins, the integrins, and proteins of 
the immunoglobulin superfamily. The 
figure shows schematic representations 
of an example from each family, a list of 
other family members that participate in 
leukocyte interactions, their cellular 
distribution, and their ligand in adhesive 
interactions. The family members shown 
here are limited to those that participate 
in inflammation and other innate immune 
mechanisms. The same molecules and 
others participate in adaptive immunity 
and wi ll be considered in Chapters 8 and 
10. The nomenclature of the different 
molecules in these families is confusing 
because it often reflects the way in 
which the molecules were first identified 
rather than their related structural 
characteristics. Alternative names for 
each of the adhesion molecules are given 
in parentheses. Sulfated sialyl-Lewisx, 
which is recognized by P- and E-selectin , 
is an oligosaccharide present on the 
cell-surface glycoproteins of circulating 
leukocytes. Sulfation can occur at either 
the sixth carbon atom of the galactose or 
the N-acetylg/ucosamine, but not both. 
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Fig. 2.48 Phagocyte adhesion to 
vascular endothelium is mediated by 
integrins. When vascular endothelium is 
activated by inflammatory mediators it 
expresses two adhesion molecules, 
namely ICAM-1 and ICAM-2. These are 
ligands for integrins expressed by 
phagocytes-aM:~2 (also called CR3, 
Mac-1 , or CD11b:CD18) and aL~2 (also 
called LFA-1 or CD11a:CD18). 

Leukocyte Adhesion ~ 
Deficiency f 

The leukocyte integrins important for extravasation are LFA-1 (aL:~2, also 
known as CDlla:CD18) and CR3 (aM:~2, complement receptor type 3, also 
known as CDllb:CD18 orMac-1; we met CR3 in Section 2-19 as a receptor for 
iC3b, but that is just one of the ligands for this integrin) and they both bind to 
ICAM-1 and to ICAM-2 (Fig. 2.48). Strong adhesion between leukocytes and 
endothelial cells is promoted by the induction of ICAM-1 on inflamed 
endothelium and the activation of a conformational change in LFA-1 and CR3 
that occurs in response to chemokine binding by the leukocyte. The impor­
tance of the leukocyte integrins in inflammatory cell recruitment is illustrated 
by the disease leukocyte adhesion deficiency, which stems from a defect in 
the ~2 chain common to both LFA-1 and CR3. People with this disease suffer 
from recurrent bacterial infections and impaired healing of wounds. 

The activation of endothelium is driven by interactions with macrophage 
cytokines, particularly TNF-a, which induce the rapid externalization of 
granules called Weibel-Palade bodies in the endothelial cells. These granules 
contain preformed P-selectin, which is thus expressed within minutes on the 
surface of local endothelial cells after the production of TNF-a by 
macrophages. Shortly after the appearance of P-selectin on the cell surface, 
mRNA encoding E-selectin is synthesized, and within 2 hours the endothelial 
cells are expressing mainly E-selectin. Both these proteins interact with the 
sulfated sialyl-Lewisx that is present on the surface of neutrophils. 

Resting endothelium carries low levels of ICAM-2, apparently in all vascular 
beds. This may be used by circulating monocytes to navigate out of the ves­
sels and into their tissue sites. This monocyte migration happens continu­
ously and essentially ubiquitously. However, upon exposure to TNF-a, local 
expression of ICAM-1 is strongly induced on the endothelium of small vessels 
near or within the infectious focus. ICAM-1 in turn binds to LFA-1 or CR3 on 
circulating monocytes and polymorphonuclear leukocytes, in particular neu­
trophils, as shown in Fig. 2.48. Cell-adhesion molecules have many other 
roles in the body, directing many aspects of tissue and organ development. In 
this brief description we have considered only those that participate in the 
recruitment of inflammatory cells in the hours to days after the establishment 
of an infection. 

2-26 Neutrophils make up the first wave of cells that cross the blood 
vessel wall to enter inflammatory sites. 

The physical changes that accompany the initiation of the inflammatory 
response have been described in Section 2-5; here we give a step-by-step 
account of how the required effector cells are recruited into sites of infection. 
Under normal conditions, leukocytes flow in the center of small blood ves­
sels, where blood flow is fastest. In inflammatory sites, the vessels are dilated 
and the slower blood flow allows the leukocytes to move out of the center of 
the blood vessel and interact with the vascular endothelium. Even in the 
absence of infection, monocytes migrate continuously into the tissues, where 
they differentiate into macrophages. During an inflammatory response, the 
induction of adhesion molecules on the endothelial cells by the infection 
focus, as well as induced changes in the adhesion molecules expressed on 
leukocytes, recruit large numbers of circulating leukocytes, initially neu­
trophils and later monocytes, into the site of an infection. The migration of 
leukocytes out of blood vessels, a process known as extravasation, is thought 
to occur in four steps. We will describe this process as it is known to occur for 
monocytes and neutrophils (Fig. 2.49). 

The first step involves selectins. P-selectin appears on endothelial cell sur­
faces within a few minutes of exposure to leukotriene B4, the complement 
fragment C5a, or histamine, which is released from mast cells in response to 
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Fig. 2.49 Neutrophils leave th~ bl~od 
and migrate to sites of infection m ~ 
multi-step process involving adhesive 
interactions that are regulated by 
macrophage-derived cytokines and 
chemokines. The first step (top panel) 
involves the reversible binding of a 
neutrophil to vascular endothelium through 
interactions between selectIns induced on 
the endothelium and their carbohydrate 
ligands on the neutrophil, shown here for 
E-selectin and its ligand the s1alyl-Lew1sx 
moiety (s-Lex). This interaction cannot 
anchor the cells against the shearing force 
of the flow of blood, and they roll along the 
endothelium, continually making and 
breaking contact. The binding does, 
however, allow stronger interactions, which 
only result when binding of_ a chemok1ne 
such as CXCL8 to its spec1fIc receptor on 
the neutrophil triggers the activation of the 
integrins LFA-1 and CR3 (Mac-1) (not 
shown). Inflammatory cytokines such as 
TNF-a are also necessary to induce the 
expression of adhesion molecules such as 
ICAM-1 and ICAM-2, the ligands for these 
integrins, on the vascular endothelium. 
Tight binding between ICAM-1 and the 
integrins arrests the rolling and allows the 
neutrophil to squeeze between the 
endothelial cells forming the wall of the 
blood vessel (i.e., to extravasate). The 
leukocyte integrins LFA-1 and CR3 are 
required for extravasation, and for 
migration toward chemoattractants. 
Adhesion between molecules of CD31 , 
expressed on both the neutrophil and the 
junction of the endothelial cells, 1s also 
thought to contribute to extravasat1on. The 
neutrophil also needs to traverse the . 
basement membrane; it penetrates t_h1s 
with the aid of a matrix metalloprote1nase 
enzyme that it expresses at the cell 
surface. Finally, the neutrophil migrates 
along a concentration gradient of 
chemokines (shown here as CXCL8) 
secreted by cells at the site of infection. 
The electron micrograph shows a 
neutrophil extravasating between 
endothelial cells. The blue arrow indicates 
the pseudopod that the neutrophil is 
inserting between the endothelial cells. 
Photograph (x 5500) courtesy of I. Bird 

and J. Spragg. 
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In the third step the leukocyte extravasates, or crosses the endothelial wall. 
This step also involves LFA-1 and CR3, as well as a further adhesive interac­
tion involving an immunoglobulin-related molecule called PECAM or CD31, 
which is expressed both on the leukocyte and at the intercellular junctions of 
endothelial cells. These interactions enable the phagocyte to squeeze 
between the endothelial cells. It then penetrates the basement membrane 
with the aid of enzymes that break down the extracellular matrix proteins of 
the basement membrane. The movement through the basement membrane 
is known as diapedesis, and it enables phagocytes to enter the subendo­
thelial tissues. 

The fourth and final step in extravasation is the migration of leukocytes 
through the tissues under the influence of chemokines. Chemokines such as 
CXCL8 and CCL2 (see Section 2-24) are produced at the site of infection and 
bind to proteoglycans in the extracellular matrix and on similar molecules on 
endothelial cell surfaces. This forms a matrix-associated concentration gradi­
ent of chemokine on a solid surface along which the leukocyte can migrate to 
the focus of infection (see Fig. 2.49). CXCL8 is released by the macrophages 
that first encounter pathogens and recruits neutrophils, which enter the 
infected tissue in large numbers in the early part of the induced response. 
Their influx usually peaks within the first 6 hours of an inflammatory 
response, whereas monocytes can be recruited later, through the action of 
chemokines such as CCL2. Once in an inflammatory site, neutrophils are able 
to eliminate many pathogens by phagocytosis. They act as phagocytic effec­
tors in an innate immune response through receptors that opsonize or cap­
ture infectious agents and their derived components through innate immune 
recognition as well as by recognizing pathogens directly. In addition, as we 
will see in Chapter 9, they act as phagocytic effectors in humoral adaptive 
immunity. The importance of neutrophils is dramatically illustrated by dis ­
eases or treatments that severely reduce neutrophil numbers. Such patients 
are said to have neutropenia, and they are very susceptible to deadly infec­
tion with a wide range of pathogens and commensal organisms. Restoring 
neutrophil levels in such patients by transfusion of neutrophil-rich blood 
fractions or by stimulating their production with specific growth factors 
largely corrects this susceptibility. 

2-27 TNF•a is an important cytokine that triggers local containment of 
infection but induces shock when released systemically. 

Inflammatory mediators also stimulate endothelial cells to express proteins 
that trigger blood clotting in the local small vessels, occluding them and thus 
cutting off blood flow. This can be important in preventing the pathogen from 
entering the bloodstream and spreading through the blood to organs all over 
the body. Instead, the fluid that has leaked into the tissue in the early phases 
of an infection carries the pathogen, usually enclosed in dendritic cells, via 
the lymph to the regional lymph nodes, where an adaptive immune response 
can be initiated. The importance ofTNF-a in the containment of local infec­
tion is illustrated by experiments in which rabbits were infected locally with a 
bacterium. Normally, the infection would be contained at the site of the inoc­
ulation; if, however, an injection of anti-TNF-a antibody was also given to 
block the action ofTNF-a, the infection spread via the blood to other organs. 

Once an infection spreads to the bloodstream, however, the same mechanisms 
by which TNF-a so effectively contains local infection instead become cata­
strophic (Fig. 2.50). The presence of infection in the bloodstream, or sepsis, is 
accompanied by the release ofTNF-a by macrophages in the liver, spleen, and 
other systemic sites. The systemic release ofTNF-a causes vasodilation, which 
leads to a loss of blood pressure and increased vascular permeability, leading 

loss of lasma volume and eventually to shock. In sep~ic shock, dissemi­
to ad . tra;ascular coagulation (blood clotting) is also tnggered by_TNF-a, 
nate m . all els and the massive con-

~:a!:Jot~ ::ie:i::!~~t~:n~,
0

:~~ ::rn~the ;::~endt's ab:tyf: clot ~~~j 
. l be lost This condition frequently lea s to e ure o 

app.:r:::~ ::~e kidn~ys, liver, heart, and lungs, which ar~ quickly compro­
~ fsed by the failure of normal perfusion; consequently, septic shock has a very 

high mortality rate. 

Local infection with 
Gram-negative bacteria 

Macrophages activated to secrete 
TNF-a in the tissue 

Increased release of plasma proteins into 
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lymphocyte migration into tissue. Increased 
platelet adhesion to blood vessel wall 

Phagocytosis of bacteria. Local v_essel 
occlusion. Plasma and cells dram to 

local lymph node 

Removal of infection 
Adaptive immunity 

Systemic infectio~ with . 
Gram-negative bacteria (sepsis) 

Macrophages activated in the liver and 
spleen secrete TNF-a into the bloodstream 

Systemic edema causing decreased blo~d 
volume hypoproteinemia, and neutropema, 
followed by neutrophilia. Decreased blood 

volume causes collapse of vessels 

Disseminated intravascular coa~ulation 
leading to wasting and multiple 
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Death 

Induced innate responses to infection 

Fig. 2.50 The release of TNF-a by . 
macrophages induces local prote_ct1ve 
effects, but TNF-a can be damaging 
when released systemically. The panels 
on the left show the causes and 
consequences of local release of TNF-a, 
and the panels on the right show the . 
causes and consequences of systemic 
release. In both cases TNF-a acts on 
blood vessels, especially venules, to 
increase blood flow and vascular 
permeabil ity to fluid, proteins, and_ cells, 
and to increase endothelial adhesiveness 
for leukocytes and platelets (center 
panels}. Local release thus allow~ an 
influx of fluid, cells, and proteins into the 
infected tissue, where they participate in 
host defense. Later, blood clots form 1n 
the small vessels (lower left panel}, 
preventing spread of infection via the 
blood, and the accumulated fluid and 
cells drain to regional lymph nodes, . 
where an adapt ive immune response is 
initiated. When there is a systemic 
infection, or sepsis, with bacteria that 
elicit TNF-a production, TNF-a is 
released into the blood by macrophages 
in the liver and spleen and acts in a 
similar way on all small blood vessels 
(lower right panel}. The result is shock, 
disseminated intravascular coagulation 
with depletion of clotting factors, and 
consequent bleeding, multiple organ 
failure, and frequently death. 
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Fig. 2.51 The cytokines TNF-a, IL-1P, 
and IL-6 have a wide spectrum of 
biological activities that help to 
coordinate the body's responses to 
infection. IL-1P, IL-6, and TNF-a activate 
hepatocytes to synthesize acute-phase 
proteins, and bone marrow endothelium 
to release neutrophils. The acute-phase 
proteins act as opsonins, whereas the 
disposal of opsonized pathogens is 
augmented by the enhanced recruitment 
of neutrophils from the bone marrow. 
IL-1 p, IL-6, and TNF-a are also 
endogenous pyrogens, raising body 
temperature, which is believed to help in 
eliminating infections. A major effect of 
these cytokines is to act on the 
hypothalamus, altering the body's 
temperature regulation , and on muscle 
and fat cells, altering energy mobilization 
to increase the body temperature. At 
higher temperatures, bacterial and viral 
replication is less efficient, whereas the 
adaptive immune response operates 
more efficiently. 

Hereditary Periodic 
Fever Syndromes 

Liver Bone marrow Hypothalamus Fat, muscle Dendritic cells endothelium 

Acute-phase Neutrophil Increased Protein and TNF-a stimulates 
proteins mobilization body energy migration to lymph 

(C-reactive temperature mobilization nodes and 
protein, to allow maturation 

mannose- increased 
binding lectin) body temperature 

Activation of 
Phagocytosis 

Decreased viral and bacterial replication Initiation of 
complement Increased antigen processing adaptive immune 
Opsonization Increased specific immune response response 

Mice with a mutant TNF-a receptor gene are resistant to septic shock; how­
ever, such mice are also unable to control local infection. The features of 
TNF-a that make it so valuable in containing local infection are precisely 
those that give it a central role in the pathogenesis of septic shock. It is clear 
from the evolutionary conservation of TNF-a that its benefits in the former 
area far outweigh the devastating consequences of its systemic release. 

2-28 Cytokines released by phagocytes activate the acute-phase 
response. 

As well as their important local effects, the cytokines produced by 
macrophages have long-range effects that contribute to host defense. One of 
these is the elevation of body temperature, which is caused mainly byTNF-a, 
IL-lP, and IL-6. These are termed endogenous pyrogens because they cause 
fever and derive from an endogenous source rather than from bacterial com­
ponents such as LPS, which is an exogenous pyrogen. Endogenous pyrogens 
cause fever by inducing the synthesis of prostaglandin E2 by the enzyme 
cyclooxygenase-2, the expression of which is induced by these cytokines. 
Prostaglandin E2 then acts on the hypothalamus, resulting in an increase in 
heat production by brown fat and increased vasoconstriction, decreasing the 
loss of excess heat through the skin. Exogenous pyrogens are able to induce 
fever both by inducing the production of the endogenous pyrogens and also 
by directly inducing cyclooxygenase-2 as a consequence of signaling through 
TLR-4, leading to the production ofprostaglandin E2. Fever is generally ben­
eficial to host defense; most pathogens grow better at lower temperatures and 
adaptive immune responses are more intense at elevated temperatures. Host 
cells are also protected from the deleterious effects ofTNF-a at raised tem­
peratures. 

The effects ofTNF-a, IL-1, and IL-6 are summarized in Fig. 2.51. One of the 
most important of these is the initiation of a response known as the acute­
phase response (Fig. 2.52). This involves a shift in the proteins synthesized 
and secreted by the liver into the plasma and results from the action of IL-1, 
IL-6, and TNF-a on hepatocytes. In the acute-phase response, levels of some 
plasma proteins go down, while levels of others increase markedly. The pro­
teins whose synthesis is induced by TNF-a, IL-1, and IL-6 are called acute­
phase proteins. Several of these are of particular interest because they mimic 
the action of antibodies, but, unlike antibodies, these proteins have broad 
specificity for PAMPs and depend only on the presence of cytokines for their 
production. 
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serum amyloid protein 

Fig. 2.52 The acute-phase response 
produces molecules that bind 
pathogens but not host cells. Acute­
phase proteins are produced by liver cells 
in response to cytokines released by . 
macrophages in the presence of bacteria. 
They include serum amyloid prote_,n (SAP) 
(in mice but not humans), C-react1ve 
protein (CRP), fibrinogen , and mannose­
binding lectin (MBL). SAP and CRP are 
homologous in structure; both are . 
pentraxins, forming five-membered discs, 
as shown for SAP (photograph on the 
right). CRP binds phosphocholine on 
certain bacterial and fungal surfaces but 
does not recognize it in the form ,n which 
it is found in host cell membranes. It both 
acts as an opsonin in its own right and 
activates the classical complement 
pathway by binding C1q to augment 
opsonization. MBL is a member of the 
collectin family, which includes the lung 
surfactant proteins SP-A and SP-D. It_ 
also resembles C1 q in its struct_ure. Like 
CRP, MBL can act as an opsornn ,n ,ts 
own right, as can SP-A and SP-D. Model 
structure courtesy of J. Emsley. 
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Do~ble-stranded viral RNAs can be 
recognized by TLRs in endosomes and by 
RIG-I or MDA-5 in the cytosol to induce 

the expression of interferons 
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Fig. 2.53 Do_uble-stranded RNAs induce 
the_ ex~ress1on of interferons by 
activating the interferon regulatory 
factors IRF3 and IRF7. Long double­
stranded RNAs can be recognized by the 
Toll-like receptor TLR-3, which is present 
in endosomes (left panel). TLR-3 signals 
through an adaptor molecule, TRIF, to 
activate the transcription factors IRF3 and 
IRF7. S1m1larly, the intracellular receptors 
RIG-I and MDA-5 also bind long double­
stranded RNAs (right panel) and activate 
IRF3 and IRF7, but in this case through 
the adaptor protein CARDIF (CARD 
adaptor inducing IFN-B). Activated IRF3 
and IRF7 can form both homodimers (not 
shown) and IRF3:IRF7 heterodimers that 
enter the nucleus and activate the 
transcription of a number of genes 
principally those for IFN-a and IFN~~-

tribute to the control of infection ~hil~\h/ ed ect_s of_these cytokines con­
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Long double-stranded viral RNA can al . . 
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These proteins contain RNA helica l'k d n~ MDA-5 (see Fig. 2.53). 
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tors IRF3 and IRF7, transcripti e :C 1vat10hn o! the interferon-regulatory fac­
and IFN-p. on actors t at mduce the production ofIFN-a 

Interferons make several c t 'b . 
2.54). An obvious and imp:r~a:t ~~o~s-t~e~ense against viral infection (Fig. 
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Janus-family kinases directly phosphorylate signal-transducing activators of 
transcription known as STAT proteins. The phosphorylated STAT proteins 
enter the nucleus, where they activate the transcription of several different 
genes, including those encoding proteins that help to inhibit viral replication. 

One such protein is the enzyme oligoadenylate synthetase, which polymer­
izes ATP into 2' -5' -linked oligomers (nucleotides in nucleic acids are nor­
mally linked 3'-5') . These activate an endoribonuclease that then degrades 
viral RNA. A second protein activated by IFN-a and IFN-P is a serine-threo­
nine kinase called PKR kinase. This phosphorylates the eukaryotic protein 
synthesis initiation factor eIF-2, inhibiting translation and thus further con­
tributing to the inhibition of viral replication. Another interferon -inducible 
protein, called Mx, is known to be required for cellular resistance to influenza 
virus replication. Mice that lack the gene for Mx are highly susceptible to 
infection with the influenza virus, whereas mice that can make Mx are not. 
Another way in which interferons act in innate immunity is to activate NK 
cells, which can kill virus-infected cells, as described in more detail in the 
next section. 

Last, interferons have a more general role in the process by which recognition 
of pathogens by the innate immune system underlies and augments activa­
tion of the adaptive immune response. We have already discussed how recog­
nition of double-stranded RNAs by TLR-3 can lead to the induction of IFN-a 
and IFN-p. Other TLRs, notably TLR-4, can also induce these interferons in 
response to the recognition of bacterial cell-wall components. Interferons in 
turn induce the expression of co-stimulatory molecules on macrophages and 
dendritic cells, which enables them to act as antigen-presenting cells that can 
fully activate T cells (see Section 1-7). Thus, a macrophage or dendritic cell 
that becomes activated when its Toll-like receptors bind pathogens is in turn 
able to signal to other macrophages and dendritic cells and recruit them to 
initiate an adaptive immune response. IFN-a and IFN-P also stimulate the 
increased expression of MHC class I molecules on all types of cells. The cyto­
toxic T lymphocytes of the adaptive immune system recognize virus-infected 
cells by the complexes of viral antigens and MHC class I molecules they dis­
play on their surface (see Fig. 1.30), and so, indirectly, interferons help pro­
mote the killing of virus-infected cells by CDS cytotoxic T cells. 

Almost all types of cells can produce IFN-a and IFN-P if necessary, but some 
cells seem to be specialized for the task. The plasmacytoid dendritic cells 
(also known as interferon-producing cells or natural interferon-producing 
cells) are circulating dendritic cells that accumulate in peripheral lymphoid 
tissues during an infection and can secrete up to 1000 times more interferon 
than other cell types. They are described in more detail in Chapter 8. 

2-30 NK cells are activated by interferons and macrophage-derived 
cytokines to serve as an early defense against certain intracellular 
infections. 

Natural killer cells (NK cells) develop in the bone marrow from the common 
lymphoid progenitor cell and circulate in the blood. They are larger than 
T and B lymphocytes, have distinctive cytoplasmic granules, and are func­
tionally identified by their ability to kill certain lymphoid tumor cell lines in 
vitro without the need for prior immunization or activation. The mechanism 
of killing by NK cells is the same as that used by the cytotoxic T cells generated 
in an adaptive immune response; cytotoxic granules are released onto the 
surface of the bound target cell, and the effector proteins they contain pene­
trate the cell membrane and induce programmed cell death. However, NK cell 
killing is triggered by invariant receptors that recognize components of 
infected cell surfaces, and their known function in host defense is in the early 
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Fig. 2.54 Interferons are antiviral 
proteins produced by cells in response 
to viral infection. The interferons IFN-a 
and IFN-~ have three major functions. 
First, they induce resistance to viral 
replication in uninfected cells by 
activating genes that cause the 
destruction of mRNA and inhibit the 
translation of viral and some host 
proteins. Second, they can induce MHC 
class I expression in most cell types in 
the body, thus enhancing their resistance 
to NK cells; they may also induce 
increased synthesis of MHC class I 
molecules in cells that are newly infected 
by virus, thus making them more 
susceptible to killing by CDS cytotoxic 
T cells (see Chapter 8). Third , they 
activate NK cells, which then selectively 
kill virus-infected cells. 
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Fig. 2.55 Natural killer cells (NK cells) 
are an early component of the host 
response to virus infection. Experiments 
in mice have shown that IFN-cx, IFN-~, 
and the cytokines TNF-cx and IL-12 
appear first, followed by a wave of NK 
cells, which together control virus 
replication but do not eliminate the virus. 
Virus elimination is accomplished when 
virus-specific CD8 T cells are produced. 
Without NK cells, the levels of some 
viruses are much higher in the early days 
of the infection, and can be lethal unless 
treated vigorously with antiviral 
compounds. 

phases of infection with several intracellular pathogens, particularly herpes 
viruses and the protozoan parasite Leishmania. NK cells are classed as part of 
the innate immune system because of their invariant receptors. 

NK cells are activated in response to interferons or macrophage-derived 
cytokines. Although NK cells that can kill sensitive targets can be isolated 
from uninfected individuals, this activity is increased 20-100-fold when NK 
cells are exposed to IFN-a and IFN-~ or to the NK-cell-activating factor IL-12, 
which is one of the cytokines produced early in many infections. Activated 
NK cells serve to contain virus infections while the adaptive immune 
response is generating antigen-specific cytotoxic T cells that can clear the 
infection (Fig. 2.55). At present the only clue to the physiological function of 
NK cells in humans comes from rare patients deficient in these cells. Such 
patients prove to be highly susceptible to the early phases of herpes virus 
infection. A similar finding has recently been made in mice infected with 
murine cytomegalovirus, a herpes virus. 

IL-12, acting in synergy with TNF-a, can also stimulate NK cells to secrete 
large amounts of the cytokine IFN-y, and this is crucial in controlling some 
infections before the IFN-y produced by activated CD8 cytotoxic T cells 
becomes available. This early production of IFN-y by NK cells may also influ­
ence the CD4 T-cell response to infectious agents, inducing activated CD4 T 
cells to differentiate into inflammatoryTHl cells able to activate macrophages 
(see Section 8-19). 

2-31 NK cells possess receptors for self molecules that prevent their 
activation by uninfected cells. 

If NK cells are to defend the body against infection with viruses and other 
pathogens, they must have some mechanism for distinguishing infected from 
uninfected cells. Exactly how this is achieved has not yet been worked out in 
every case, but it is thought that an NK cell is activated by a combination of 
direct recognition of changes in cell-surface glycoproteins induced by meta­
bolic stress, such as malignant transformation or viral or bacterial infection, 
together with a recognition of 'altered self', which involves changes in the 
expression of MHC molecules. Altered expression of MHC class I molecules 
may be a common feature of cells infected by intracellular pathogens, 
because many of these pathogens have developed strategies to interfere with 
the ability of MHC class I molecules to capture and display peptides to T cells. 
Thus, one mechanism by which NK cells distinguish infected from unin­
fected cells is by recognizing alterations in MHC class I expression (Fig. 2.56) . 

NK cells are able to sense changes in the expression ofMHC class I molecules 
by integrating the signals from two types of surface receptors, which together 
control their cytotoxic activity. One type is an activating receptor that triggers 
killing by the NK cell. Several classes of receptor provide this activation signal, 
including members of the immunoglobulin-like and the C-type lectin fami­
lies of proteins. Stimulation of these receptors activates the NK cells, causing 
the release of cytokines such as IFN-y and the directed killing of the stimulat­
ing cell through the release of cytotoxic granules containing granzymes and 
perforin. This killing mechanism is the same as that used by cytotoxic T cells 
and will be described in detail when we discuss the functions of that effector 
T-cell population in Chapter 8. NK cells also carry receptors for immunoglob­
ulin, and binding of antibodies to these receptors activates NK cells to release 
their cytotoxic granules; this is known as antibody-dependent cellular cyto­
toxicity, or ADCC, and will be described in Chapter 9. A second set of recep­
tors inhibits activation and prevents NK cells from killing normal host cells. 
These inhibitory receptors are specific for various MHC class I molecules, 
which helps to explain why NK cells selectively kill cells bearing low levels of 
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inhibitory receptor~ that inhibit signals from 

activating receptors 

'Altered' or absent MHC class I cannot stimulate 
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signals from activating receptors 
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Activated NK cell releases granule contents, 
inducing apoptosis in the target cell 
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better protected it is agam~t destru~C class I molecules, can protect unin­
which induce the express1onll o~~h ame time the interferon activates the 
fected host cells from NK ce s. t e s 

Induced innate responses to infection 

Fig. 2.56 NK cell killing depends on the 
balance between activating and 
inhibitory signals. NK cells have several 
different activating receptors that . 
recognize common carbohydrate ligands 
on the surfaces of the cells of the body 
and signal the NK to kill the bound cell. 
However, NK cells are prevented from a 
wholesale attack by another set of 
receptors that recognize MHC class I 
molecules (which are present on almost 
all cell types) and inhibit killing by . 
overruling the actions of th_e act1_vat1ng 
receptors. This inhibitory signal is lost 
when the target cells do not express 
MHC class I and perhaps also i_n cells 
infected with virus, many of which . 
specifically inhibit MHC class I expression 
or alter its conformation so as to avoid 
recognition by CD8 T cells. Another 
possibility is that normal uninfected cells 
respond to IFN-cx and IFN-~ by increasing 
the expression of MHC class I molecules, 
making them resistant to killing by 
activated NK cells. In contrast, infected 
cells can fail to increase MHC class I 
expression, making them targets for 
activated NK cells. 

NK cell to kill virus-infected cells. . . 
. . of NK cells fall into two large families 
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Fig. 2.57 The genes that encode NK 
receptors fall into two large families. 
The first, the leukocyte receptor complex 
(LRC),_comprises a large cluster of genes 
encoding a family of proteins composed 
of immunoglobulin-like domains. These 
include the killer immunoglobulin-like 
recepto~s (KIRs) expressed by NK cells, 
the ILT (1mmunoglobulin-like transcript) 
class, and the leukocyte-associated 
immunoglobuli_n-like receptor (LAIR) gene 
families. The signaling lectins (SIGLECs) 
and members of the CD66 family are 
!ocated nearby. In humans, this complex 
is located on chromosome 19. The 
second gene cluster is called the NK 
receptor complex (NKC), and encodes 
killer lectin-like receptors, a receptor 
family that includes the NKG2 proteins 
and CD94, with which an NKG2 molecule 
pairs to form a functional receptor. This 
complex Is located on human 
chromosome 12. Some NK receptor 
genes are found outside of these two 
maJor gene clusters; for example, the 
genes for the natural cytotoxicity 
re_ce_ptors NKp30 and NKp44 are located 
wIthIn the major histocompatibility 
complex on chromosome 6. Figure based 
on data courtesy of J. Trowsdale 
University of Cambridge. ' 

Activating and inhibitory receptors of NK cells 
can belong to the same structural family 

Activating receptors 

KLR 

KIR-2DS KIR-3DS NKG2C CD94 

Inhibitory receptors 

KIR-2DL KIR-3DL NKG2A,B CD94 

Extended LRC LRC 
NOr-_____ .J_ ____ ~ ~~ r-______ L__ _____ _ 

c§ c§ CD66 SIGLEC FcGRT ILT LAIR ILT KIR 

19 =Df:::=OOOOOO!JOOOOOO 11111111111 :::f::: 

12 ============= 
NKC 

class I-like molecules, includin HLA-E in . 
leader peptide fragments from ~ther MHC h~mans and Qa-1 m mice, that bind 
could be sensitive to the presence of se ~ a;~ molecules. Thus, CD94:NKG2 
humans, the NKG2 family has . ;er erent MHC class I variants. In 
for example, NKG2A and B ar:~r:~: ers, NKG2A, B, C, D, E, and F. Of these 
2.58). NKG2D is also activatingi bu~ ~to;{' "."hereas NKG2C is activating (Fig'. 
members and will be discussed se ar::el is~mct from the . other NI~G2 family 
a member of the Ly49 C-type lecf pf . y m the next section. In mice, Ly49H 
ing of this molecule is an acti·vat~ amily, stheems to be distinct, because bind~ 

h 
. mg event at trigg . 

w ereas bmding to the other Lv49 b . . . . ers a cytotoxic response 
'J mem ers is mhibitory. ' 

In the KIR receptor family, too some me . . are inhibitory. Different KIR g , al mbers are activatmg whereas others 

b 
enes so encode prot · • h . 

ers of immunoglobuli·n d . ems wit differing num-
. omams· some 11 d K 
immunoglobulin domains while oth , all ct' ca e IR-2D, have two 
KIR protein is activating or inhibit er~, c e KIR-3D, have three. Whether a 
specific signaling motifs in its cytooryl e~endds o~ the presence or absence of 

. P asm1c omam Sequ 'f 
recogmzed by intracellular inhibito d . . ence mot1 s that are 
teins that have long c o lasmic .IY_ a aptor pro_tems are found in KIR pro­
and KIR-3DL KIR pr:ei~s 'th t:ils, these protems are designated KIR-2DL 
motifs, and i~stead associat~t~ ;rt cY1:opl~smic tails lack these inhibitory 
known as KARAP). Activatin KI e act1vatmg adaptor protein DAP12 (also 
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Fig. 2.58 The structural families of NK 
~ec_e~tors encode both activating and 
~nh1b1tory receptors. The families of killer 
immunoglobulin-like receptors (KIR) and 
killer lectin-like receptors (KLR) have 
members that send activating signals to 
the NK cell, as shown in the upper panel 
and those that send inhibitory signals a; 
shown in the lower panel. KIR family , 
members are designated according to the 
number of immunoglobulin-like domains 
they possess and by the length of their 
cytoplasmic tails. Activating KIR receptors 
have short cytoplasmic tails and bear the 

d_esignation 'S' . These associate with a 
signaling adaptor protein, DAP12. The 
actIvatIng KLR receptor is a heterodimer 
of NKG2C with another C-type lectin 
family member, CD94. The inhibitory KIR 
receptors have longer cytoplasmic tails 
and a~e designated 'L' ; these do not 
associate constitutively with adaptor 
proteins but contain signaling motifs that 
when phosphorylated are recognized by 
1nhIbItory phosphatases. Like the 
actIvatIng KLR, the inhibitory KLRs 
(NKG2A and NKG2B) form heterodimers 
with CD94. 

The overall response of NK cells to differences in MHC expression is further 
complicated by the polymorphism of KIR genes; for example, for one of the 
KIR genes there are two alleles, one of which is activating and the other 
inhibitory. Moreover, the KIR gene cluster seems to be a very dynamic part of 
the human genome, because different numbers of activating and inhibitory 
KIR genes are found in different people. What advantage this diversity might 
have is not clear. As noted earlier, the KIR locus is not present in mice, and 
they use only the KLR molecules to regulate NK cell activity. So whatever the 
driving force is for the evolution of the KIR locus and its diversity, it may have 

arisen relatively recently in evolutionary terms. 

Signaling by the inhibitory NK receptors suppresses the killing activity of NK 
cells. This means that NK cells will not kill healthy, genetically identical cells 
with normal expression of MHC class I molecules, such as the other cells of 
the body. Virus-infected cells, however, can become susceptible to being 
killed by NK cells by a variety of mechanisms. First, some viruses inhibit all 
protein synthesis in their host cells, so that synthesis of MHC class I proteins 
would be blocked in infected cells, even while their production in uninfected 
cells is being stimulated by the actions of interferon. The reduced level of 
MHC class I expression in infected cells would make them correspondingly 
less able to inhibit NK cells through their MHC-specific receptors, and they 
would therefore be more susceptible to being killed. Second, some viruses 
can selectively prevent the export ofMHC class I molecules to the cell surface. 
This might allow the infected cell to evade recognition by cytotoxic T cells, but 
would make them susceptible to being killed by NK cells. Virus infection also 
alters the glycosylation of cellular proteins, perhaps allowing recognition by 
NK cell-activating receptors to dominate, or removing the normal ligand for 
the inhibitory receptors. This could allow infected cells to be detected even 
when the level of MHC class I expression has not changed. 

Clearly, much remains to be learned about this innate mechanism of cyto­
toxic attack and its physiological relevance. The role of MHC class I molecules 
in allowing NK cells to detect intracellular infections is of particular interest 
because these same proteins govern the response of T cells to intracellular 
pathogens. It is possible that NK cells, which use a diverse set of nonclonal 
receptors to detect altered MHC, represent the modern remnants of the 
evolutionary forebears of T cells. Those I-cell ancestors went on to evolve 
rearranging genes that encode a vast repertoire of antigen-specific I-cell 
receptors geared to recognizing MHC molecules 'altered' by binding peptide 

antigens. 

2-32 NK cells bear receptors that activate their killer function in response 
to ligands expressed on infected cells or tumor cells. 

In addition to the KIR and KLR receptors, which have a role in sensing the 
level ofMHC class I expression on other cells, NK cells also express receptors 
that more directly sense the presence of infection or other perturbations in a 
cell. The most important activating receptors for the recognition of infected 
cells are the natural cytotoxicity receptors (NCRs) NKp30, NKp44, and 
NKp46, which are immunoglobulin-like receptors, and the C-type lectin fam­
ily member NKG2D (Fig. 2.59). The ligands recognized by the natural cyto­
toxicity receptors are not well defined, although NKp46 is known to recognize 
heparan sulfate proteoglycans as well as some viral proteins. 

NKG2D seems to have a specialized role in activating NK cells. Other NKG2 
family members (NKG2A, C, and E) form heterodimers with CD94 and bind 
the MHC class I molecule HLA-E. NKG2D does neither; instead, the ligands 
for the NKG2D receptor are families of proteins that are distantly related to 
the MHC class I molecules but have a completely different function, being 

Induced innate responses to infection 

The major activating receptors of NK cells 

NKp30 NKp40 NKp46 NKG2D 

Fig. 2.59 The major activating 
receptors of NK cells are the natural 
cytotoxicity receptors and NKG2D. 
The natural cytotoxicity receptors are 
immunoglobulin-like proteins. NKp30 and 
NKp40 have an extracellular domain that 
resembles a single variable domain of an 
immunoglobulin molecule. They activate 
the NK cell through their association with 
homodimers of the CD3(, chain or the Fe 
receptor y chain (these are signaling 
proteins that also associate with other 
types of receptors and will be described 
in more detail in Chapter 6) . NKp46 
resembles the KIR-2D molecules in 
having two domains that resemble the 
constant domains of an immunoglobulin 
molecule. NKG2D is a member of the 
C-type lectin family and forms a 
homodimer. 
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The ligands for NKG2D are MHC-like molecules, 
MIC-A, MIC-8 or RAET1 family members, 

whose expression is induced by cellular stress 
produced in response to stress. The ligands in humans for NKG2D, as shown 
in Fig. 2.60, are the MHC class I-like MIC molecules, MIC-A and MIC-B, anct 
the RAETI protein family, which are homologous to the a

1 
and a2 domains of 

MHC class I molecules (which will be described when we discuss MHC mol­
ecule structure in Chapter 3). The RAETI family has 10 members, 3 of which 
were initially characterized as ligands for the cytomegalovirus UL16 protein 
and are therefore also called UL16-binding proteins, or ULBPs. Mice do not 
express an equivalent of the MIC molecules, and the ligands for mouse 
NKG2D have a very similar structure to the RAETI proteins, and are probably 
homologs of them. In fact, these ligands were first identified in mice as the 
retinoic acid early inducible I (Rael) protein family. 

MIC-A RAET1 family 
or (includes ULBPs) 

MIC-8 

Fig. 2.60 The ligands for the activating 
NK receptor NKG2D are proteins that 
are expressed in conditions of cellular 
stress. The MIC proteins MIC-A and 
MIC-8 are MHC-like molecules induced 
on epithelial and other cells by stresses, 
such as heat shock, metabolic stress, or 
infection. RAET1 family members, 
including the subset designated as 
UL 16-binding proteins (ULBPs), also 
resemble a portion of an MHC class I 
molecule, the a1 and a2 domains, and are 
attached to the cell via a 
glycophosphatidylinositol linkage. 

The ligands for NKG2D are expressed in response to cellular or metabolic 
stress, and so are upregulated on cells that are infected with intracellular bac­
teria or with some viruses, such as cytomegalovirus, as well as on incipient 
tumor cells that have become malignantly transformed. Thus, recognition by 
NKG2D acts as a generalized 'danger' signal to the immune system. NKG2D is 
also expressed on activated macrophages and activated CDB cytotoxic T cells, 
and recognition of NKG2D ligands by these cells provides a potent co-stimu­
latory signal that enhances their effector functions. 

2-33 The NKG20 receptor activates a different signaling pathway from that 
of the other activating NK receptors. 

As well as the ligands it recognizes, NKG2D also differs from other activating 
receptors of NK cells in the signaling pathway it engages within the cell. The 
other activating receptors, both the natural cytotoxicity receptors and acti­
vating KlRs, bind adaptor molecules such as the CD31;; chain, the Fe receptor 
y chain, and DAPI2, which all contain specific signaling motifs called 
immunoreceptor tyrosine-based activation motifs (ITAMs). When the NK 
receptor binds its ligand, the ITAMS become phosphorylated, leading to the 
binding and activation of the intracellular tyrosine kinase Syk and further sig­
naling events in the cell (see Section 6-17). In contrast, NKG2D binds a differ­
ent adaptor protein, DAPlO, which does not contain an ITAM sequence and 
instead activates the intracellular lipid kinase phosphatidylinositol-3-kinase 
(PI 3-kinase), initiating a different series of intracellular signaling events. 
Nevertheless, both signaling pathways result in the activation of the NK cell. 
In mice, the workings of NKG2D are even more complicated, because mouse 
NKG2D is produced in two alternatively spliced forms, one of which binds 
DAPI2 while the other binds DAPlO. Mouse NKG2D can thus activate both 
signaling pathways, whereas human NKG2D signals only through DAPlO to 
activate the PI 3-kinase pathway. 

2-34 Several lymphocyte subpopulations behave as innate-like 
lymphocytes. 

Receptor gene rearrangements are a defining characteristic of the lympho­
cytes of the adaptive immune system, and they allow the generation of an 
infinite variety of antigen receptors, each expressed by a different individual 
T cell or B cell (see Section 1-11). There are, however, several minor lympho­
cyte subsets that produce antigen receptors of this type but with only very 
limited diversity, encoded by a few common gene rearrangements. Because 
their receptors are relatively invariant and because they occur only in specific 
locations within the body, these lymphocytes do not need to undergo clonal 
expansion before responding effectively to the antigens they recognize; they 
are therefore known as innate-like lymphocytes (ILLs) (Fig. 2.61). To produce 
antigen receptors in these cells requires the recombinases RAG- I and RAG-2; 
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Fig. 2.61 The three main classes_ of 
innate-like lymphocytes and their 
properties. 
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Chapter 2: Innate Immunity 

B-1 cell binds bacterial capsular 
polysaccharide or cell-wall components and 
receives a signal (IL-5) from accessory cells 

IL-5 

L1 

B-1 cell secretes lgM 
anti-polysaccharide antibody 

lgM binds polysaccharide capsule 

Activation of complement and 
removal of bacteria 

Fig. 2.62 8-1 cells might be important 
in the response to carbohydrate 
antigens such as bacterial 
polysaccharides. These responses occur 
rapidly, with antibody appearing within 48 
hours after infection, presumably because 
there is a high frequency of precursors of 
the responding lymphocytes so that little 
clonal expansion is required. Unlike the 
responses to many other antigens, this 
response does not need the 'help' of 
T cells. In the absence of such help, only 
lgM is made (for reasons that will be 
explained in Chapter 9) and, in mice, 
these responses therefore clear bacteria 
mainly through the activation of 
complement, which is most efficient when 
the antibody is of the lgM isotype. 

microenvironment-the peritoneal and pleural cavities. B-1 cells seem to make 
antibody responses mainly to polysaccharide antigens and can produce anti­
bodies of the IgM class without needing help from T cells (Fig. 2.62). Although 
these responses can be augmented by T cells, they first appear within 48 hours 
of exposure to antigen, and so T cells cannot be involved. Thus, B-1 cells are not 
active in an antigen-specific adaptive immune response. The lack of an anti­
gen-specific interaction with helper T cells might explain why immunological 
memory is not generated as a result of B-1 cell responses: repeated exposures 
to the same antigen elicit similar, or decreased, responses with each exposure. 
These responses, although generated by lymphocytes with rearranging recep­
tors, therefore resemble innate rather than adaptive immune responses. 

As with y:o T cells, the precise role of B-1 cells in host defense is uncertain. 
Mice that are deficient in B-1 cells are more susceptible to infection with 
Streptococcus pneumoniae because they fail to produce an anti-phospho­
choline antibody that provides protection against this bacterium. A signifi­
cant fraction of the B-1 cells can make antibodies of this specificity, and 
because no antigen-specific T-cell help is required, a potent response can be 
produced early in infection with this pathogen. Whether human B-1 cells 
have the same role is not certain. 

A third subset of ILLs, known as NK T cells, exists both in the thymus and in 
peripheral lymphoid organs. These cells express an invariant T-cell receptor a. 
chain, paired with one of three different ~ chains, and are able to recognize 
glycolipid antigens. The main response of NK T cells seems to be the rapid 
secretion of cytokines, including IL-4, IL-10, and IFN-y, and it is thought that 
these cells may have a primarily regulatory function. We shall encounter 
these unusual cells again in Chapter 10. 

From an evolutionary perspective, it is interesting to note that y:o T cells 
seem to defend the body surfaces, whereas B-1 cells defend the body cavity. 
Both cell types are relatively limited in their range of specificities and in the 
efficiency of their responses. It is possible that these two cell types represent 
a transitional phase in the evolution of the adaptive immune response, 
guarding the two main compartments of primitive organisms-the epithelial 
surfaces and the body cavity. It is not yet clear whether they are still critical 
to host defense or whether they represent an evolutionary relic. 
Nevertheless, because each cell type is prominent in certain sites in the body 
and contributes to responses against certain pathogens, they must be incor­
porated into our thinking about host defense. 

A final component of the body's innate immune defenses are the IgM anti­
bodies that are known as natural antibodies. This natural IgM is encoded by 
rearranged antibody genes that have not undergone further diversification by 
the process known as somatic hypermutation (which is described in Chapter 
4). It makes up a considerable amount of the IgM circulating in humans and 
does not seem to be the consequence of an antigen-specific adaptive 
immune response to infection. It has a low affinity for many microbial 
pathogens and is highly cross-reactive, even binding to some self molecules. 
Furthermore, it is not known whether it is produced in response to the nor­
mal flora of the epithelial surfaces of the body or in response to self. However, 
it can have a role in host defense against Streptococcus pneumoniae by bind­
ing to phosphocholine in the bacterial cell envelope, leading to clearance of 
the bacteria before they become dangerous. 

Summary. 

Innate immunity uses a variety of induced effector mechanisms to clear an 
infection or, failing that, to hold it in check until the pathogen can be recognized 
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human TLR-4 has opened a window onto mnate immune_ recogi:1 ion 
microbe-associated molecular patterns. Recognition by the mnat~ immun~ 
system leads to the elimination of invading pathogens throu~h v~~1~us ~ff::e 

tor mec~anisms. ~ost of the~e have been kno~!~r :;~n~~:mf~;;~ i:~une 
elimination of m1croorgamsms by pha~oc:. learned all the time; the 

~~:;::n:~ bf~r°~::;;!, :~:e::~ ~~:: ~o:gof for about 15 years, and 
50 che~okine proteins have now been discovered. The complement sysd 

~;: of proteins mediates humoral innate immunityhof ~e tis~~et~~a~::i:nof 
I d Th . d ction of powerful effector mec amsms 

~~:a~eoi:~un: ~:c~gnition throughd germd line-~n~:i:t~:~eb~o;~;1:;:1~;~~ 
d gers Indeed the double-e ge swor . 

some an_ . 'b fi .al when it is released locally but disastrous th cytokine TNF-a.- ene c1 ·t d ~ ·t is released systemically-illustrates the evolutionary kn1 ~-e ge 
: en 1 h" h all innate mechanisms of host defense travel. The mnate 
. ong w ic b . ewed as a defense system that mainly frustrates the 
immune system can e Vl h · · · dequate to 
establishment of a focus of infection; however, even w_ e~ it is ma 
this function it can still set the scene for the adaptive immu~e ~es~o~se, 
which forms ~ essential part of host defense in human~. Thus: aving i::i ro­
duced the study of immunology with a considerat~on ?f mnate immune T~~; 
tion we will now turn our attention to the adaptive immune resp?~se. 
has been the focus of nearly all studies in immunology, because it ishmuch 
easier to follow and experiment with by using reagents and responses t at are 
specific for defined antigens. 

Summary to Chapter 2 
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General references. 

Questions. 

2.1 The innate immune syst . 
em uses two different strategies to ident · 

pathogens: recognition of nonself and recognition of self. (a) G' ,fy 
of each and discuss how each example contributes to th . . we examples 
organism to protect itself from infection. (b) What are t: a:,,i,t~ of the 
of these different strategies? e isa vantages 

2.2 The complement system gives rise to inflammato . . 
molecules that lyse bacteria directly. (a) D 'b ry hs,gnals, opsomns and 

h · escr, e t e general pro rt· 
ea~ ~lass and discuss their utility in host defense (b) S h' :e ,es of 
think is most important in host defense, and why. . ay w ,c you 

2.3 "The Toll receptors represent t he most ancient athw. 
Is this statement justified? G' I . p ays of host defense." 

. we an exp a nation for your answer. 

2.4 
Elie M~tchnikoff discovered the protective role of macro ha es b 
observing what happened in a starf' h . . d b p g y 
D 'b h ,s 111Jure Ya sea urchin spine 

escr, e t e sequence of events that would follow . 
by a sea urchin spine. were you t o be speared 

2.5 The complement system is a cascade of enz 
powerful deleterious effects. (a) How is com ~==n:apable of producing 
us rather than creating harm? (b) Wh t h p harn~ssed to protect 

a appens when things go wrong? 
2.6 During their development and in order to erf, . . 

efficient ly, cells of the imm p orm their varwus functions 
part of t he body. How do thune syst em must find their way to the correct 

· ey manage to do this? 

2-2 
lnfectiou~ age~ts must overcome innate host defenses to establish a 
focus of infection. 
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PART II THE RECOGNITION 
OF ANTIGEN 

Chapter 3 Antigen Recognition by 8-cell and T-cell Receptors 

The structure of a typical antibody molecule. 

The interaction of the antibody molecule with specific antigen. 

Antigen recognition by T cells. 

Chapter 4 The Generation of Lymphocyte Antigen Receptors 

Primary immunoglobulin gene rearrangement. 

T-cell receptor gene rearrangement. 

Structural variation in immunoglobulin constant regions. 

Secondary diversification of the antibody repertoire. 

Chapter 5 Antigen Presentation to T Lymphocytes 

The generation of T-cell receptor ligands. 

The major histocompatibility complex and its functions. 

Antigen Recognition by 
B-cell and T-cell Receptors 

Innate immune responses initially defend the body against infection, but 
these only work to control pathogens that have certain molecular patterns or 
that induce interferons and other secreted yet nonspecific defenses, as we 
have learned in Chapter 2. To effectively fight the wide range of pathogens an 
individual will encounter, the lymphocytes of the adaptive immune system 
have evolved to recognize a great variety of different antigens from bacteria, 
viruses, and other disease-causing organisms. The antigen-recognition mole­
cules of B cells are the immunoglobulins (lg). These proteins are produced by 
B cells in a vast range of antigen specificities, each B cell producing 
immunoglobulin of a single specificity (see Sections 1-11 and 1-12). Mem­
brane-bound immunoglobulin on the B-cell surface serves as the cell's recep­
tor for antigen, and is known as the B-cell receptor (BCR). Immuno-globulin 
of the same antigen specificity is secreted as antibody by terminally differen­
tiated B cells-the plasma cells. The secretion of antibodies, which bind 
pathogens or their toxic products in the extracellular spaces of the body, is the 
main effector function of B cells in adaptive immunity. 

Antibodies were the first molecules involved in specific immune recognition 
to be characterized, and they are still the best understood. The antibody mol­
ecule has two separate functions: one is to bind specifically to molecules from 
the pathogen that elicited the immune response; the other is to recruit other 
cells and molecules to destroy the pathogen once the antibody is bound to it. 
For example, binding by antibody neutralizes viruses and marks pathogens 
for destruction by phagocytes and complement, as described in Section 1-18. 
Recognition and effector functions are structurally separated in the antibody 
molecule, one part of which specifically binds to the antigen whereas the 
other engages the various elimination mechanisms. The antigen-binding 
region varies extensively between antibody molecules and is thus known as 
the variable region or V region. The variability of antibody molecules allows 
each antibody to bind a different specific antigen, and the total repertoire of 
antibodies made by a single individual is large enough to ensure that virtually 
any structure can be recognized. The region of the antibody molecule that 
engages the effector functions of the immune system does not vary in the 
same way and is thus known as the constant region or C region. It comes in 
five main forms, each of which is specialized for activating different effector 
mechanisms. The membrane-bound B-cell receptor does not have these 
effector functions, because the C region remains inserted in the membrane of 
the B cell. Its function is to recognize and bind antigen by the V regions 
exposed on the surface of the cell, thus transmitting a signal that causes B-cell 
activation, leading to clonal expansion and specific antibody production. 

The antigen-recognition molecules ofT cells are made solely as membrane­
bound proteins and function only to signal T cells for activation. These T-cell 
receptors (TCRs) are related to immunoglobulins both in their protein 
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Fig. 3.1 Structure of an antibody 
molecule. Panel a illustrates 
a ribbon diagram based on the X-ray 
crystallographic structure of an lgG 
antibody, showing the course of the 
backbones of the polypeptide chains. 
Three globu!ar regions form a y shape. 
The two antigen-binding sites are at the 
tips of the arms, which are tethered to 
the_ trunk of the y by a flexible hinge 
region. A schematic representation of 
the structure in a is given in panel b, 
illustrating the four-chain composition 
and the separate domains comprising 
each chain . Panel c shows a simplified 
schematic representation of an antibody 
molecule that will be used throughout 
this book. C terminus, carboxy terminus· 
N terminus, amino terminus. Panel a ' 
courtesy of A. McPherson and L. Harris. 
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ive immune response. 

The structure of a typical antibody molecule. 
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their C region. More subtle differences confined to the V region account for 
the specificity of antigen binding. We will use the IgG antibody molecule as 
an example to describe the general structural features of immunoglobulins. 

3-1 lgG antibodies consist of four polypeptide chains. 

IgG antibodies are large molecules with a molecular weight of approximately 
150 kDa and are composed of two different kinds of polypeptide chain. One, 
of approximately 50 kDa, is termed the heavy or H chain, and the other, of 25 
kDa, is termed the light or L chain (Fig. 3.2). Each IgG molecule consists of 
two heavy chains and two light chains. The two heavy chains are linked to 
each other by disulfide bonds and each heavy chain is linked to a light chain 
by a disulfide bond. In any given immunoglobulin molecule, the two heavy 
chains and the two light chains are identical, giving an antibody molecule 
two identical antigen-binding sites (see Fig. 3.1) and thus the ability to bind 
simultaneously to two identical structures. 

Two types oflight chain, termed lambda (A.) and kappa (K) , are found in anti­
bodies. A given immunoglobulin has either K chains or 'A, chains, never one of 
each. No functional difference has been found between antibodies having 'A, 
or K light chains, and either type of light chain can be found in antibodies of 
any of the five major classes. The ratio of the two types of light chains varies 
from species to species. In mice, the average K to 'A, ratio is 20:1, whereas in 
humans it is 2:1 and in cattle it is 1:20. The reason for this variation is 
unknown. Distortions of this ratio can sometimes be used to detect the 
abnormal proliferation of a clone of B cells. These would all express the iden­
tical light chain, and thus an excess of 'A, light chains in a person might indi­
cate the presence of a B-cell tumor producing 'A, chains. 

The class, and thus the effector function, of an antibody is defined by the 
structure of its heavy chain. There are five main heavy-chain classes or iso­
types, some of which have several subtypes, and these determine the func­
tional activity of an antibody molecule. The five major classes of 
immunoglobulin are immunoglobulin M (IgM) , immunoglobulin D (IgD), 
immunoglobulin G (IgG) , immunoglobulin A (IgA), and immunoglobulin E 
(IgE). Their heavy chains are denoted by the corresponding lower-case Greek 
letter (µ, a, y, a, and e, respectively). IgG is by far the most abundant 
immunoglobulin and has several subclasses (IgGl, 2, 3, and 4 in humans). 
Their distinctive functional properties are conferred by the carboxy-terminal 
part of the heavy chain, where it is not associated with the light chain. We will 
describe the structure and functions of the different heavy-chain isotypes in 
Chapter 4. The general structural features of all the isotypes are similar, and 
we will consider IgG, the most abundant isotype in plasma, as a typical anti­
body molecule. 

The structure of the B-cell receptor structure is identical to that of its corre­
sponding antibody except for a small portion of the carboxy terminus of the 
heavy-chain C region. In the B-cell receptor the carboxy terminus is a 
hydrophobic sequence that anchors the molecule in the membrane, and in 
the antibody it is a hydrophilic sequence that allows secretion. 

3-2 lmmunoglobulin heavy and light chains are composed of constant 
and variable regions. 

The amino acid sequences of many immunoglobulin heavy and light chains 
have been determined and reveal two important features of antibody mole­
cules. First, each chain consists of a series of similar, although not identical, 
sequences, each about 110 amino acids long. Each of these repeats corre­
sponds to a discrete, compactly folded region of protein structure known as 

The structure of a typical antibody molecule 

heavy 
chain 

Fig. 3.2 lmmunoglobulin molecules are 
composed of two types of protein 
chains: heavy chains and light chains. 
Each immunoglobulin molecule is made 
up of two heavy chains (green) and two 
light chains (yellow) joined by disulfide 
bonds so that each heavy chain is linked 
to a light chain and the two heavy chains 
are linked together. 
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a protein domain. The light chain is made up of two such immunoglobulin 
domains, whereas the heavy chain of the IgG antibody contains four (see Fig. 
3.la). This suggests that the immunoglobulin chains have evolved by 
repeated duplication of an ancestral gene corresponding to a single domain. 

The second important feature revealed by comparisons of amino acid 
sequences is that the amino-terminal sequences of both the heavy and light 
chains vary greatly between different antibodies. The variability in sequence 
is limited to approximately the first 110 amino acids, corresponding to the firs t 
domain, whereas the remaining domains are constant between immunoglob­
ulin chains of the same isotype. The amino-terminal variable domains 
(V domains) of the heavy and light chains (VH and V1, respectively) together 
make up the V region of the antibody and confer on it the ability to bind spe­
cific antigen, whereas the constant domains (C domains) of the heavy and 
light chains (CH and C1, respectively) make up the C region (see Fig. 3.lb and 
c). The multiple heavy-chain C domains are numbered from the amino-ter­
minal end to the carboxy terminus, for example CHl, CH2, and so on. 

3-3 The antibody molecule can readily be cleaved into functionally 
distinct fragments. 

The protein domains described above associate to form larger globular 
domains. Thus, when fully folded and assembled, an antibody molecule com­
prises three equal-sized globular portions joined by a flexible stretch of 
polypeptide chain known as the hinge region (see Fig. 3.lb) . Each arm of this 
Y-shaped structure is formed by the association of a light chain with the 
amino-terminal half of a heavy chain, whereas the trunk of the Y is formed by 
the pairing of the carboxy-terminal halves of the two heavy chains. The asso­
ciation of the heavy and light chains is such that the VH and V1 domains are 
paired, as are the CHl and C1 domains. The CH3 domains pair with each other 
but the CH2 domains do not interact; carbohydrate side chains attached to 
the CH2 domains lie between the two heavy chains. The two antigen-binding 
sites are formed by the paired VH and V1 domains at the ends of the two arms 
of the Y (see Fig. 3.lb). 

Proteolytic enzymes (proteases) that cleave polypeptide sequences have 
been used to dissect the structure of antibody molecules and to determine 
which parts of the molecule are responsible for its various functions. Limited 
digestion with the protease papain cleaves antibody molecules into three 
fragments (Fig. 3.3). Two fragments are identical and contain the antigen­
binding activity. These are termed the Fab fragments, for Fragment antigen 
binding. The Fab fragments correspond to the two identical arms of the anti­
body molecule, each of which consists of a complete light chain paired with 
the VH and CHl domains of a heavy chain. The other fragment contains no 
antigen-binding activity but was originally observed to crystallize readily, and 
for this reason it was named the Fe fragment, for Fragment crystallizable. 
This fragment corresponds to the paired CH2 and CH3 domains and is the 
part of the antibody molecule that interacts with effector molecules and cells. 
The functional differences between heavy-chain isotypes lie mainly in the Fe 
fragment. 

The protein fragments obtained after proteolysis are determined by where 
the protease cuts the antibody molecule in relation to the disulfide bonds 
that link the two heavy chains. These lie in the hinge region between the CHl 
and CH2 domains and, as illustrated in Fig. 3.3, papain cleaves the antibody 
molecule on the amino-terminal side of the disulfide bonds. This releases the 
two arms of the antibody as separate Fab fragments, whereas in the Fe frag­
ment the car boxy-terminal halves of the heavy chains remain linked. 

Proteolytic cleavage by papain 

Fe 

Proteolytic cleavage by papain 

pFc' 

. . th general region of the antibody 
Another protease, pepsm, cuts m e same . al . d of the disulfide bonds 
molecule as papain but on the carboxy-termm si e . h ' h the 
(see Fig. 3.3). This produces a fragment, the F(ab'h fragm~nt, _~: i~ this 
two anti en-binding arms of the antibody molecule remam h e . 
case the ;emaining part of the heavy chain is c1:1t into _sev~ral sm~c~:rr:~~~~ 
The F(ab'h fragment has exactly the same antig_en-bmdmg char 1 ul It . 
the ori inal antibody but is unable to interact with any effec:or ~o ec e. is 
thus of potential value in the therapeutic applicat_ions of antibodies as well as 
in research into the functional role of the Fe portion. 

. al ermit the construction of many 
Genetic engineering techmques so now ? . t cated Fab 
different antibody-related molecules. One important type is a hru~ thetic 

. . the V domain of a heavy chain linked by a stretc o syn 
compnsmg . all d · l hain Fv named 
peptide to a V domain of a light chain. This is c e smg e-c , . 

variable Fv molecules may become valuable therapeutic zo:t:::~~~: of their ~mall size, which allows them _to penetrate tissues 
r:adily. For example, Fv molecules specific ~or tumor antigens and_couple1 !o 
protein toxins have potential applications m tumor therapy, as discusse m 

Chapter 15. 

3-4 The immunoglobulin molecule is flexible, especially at the hinge 

region. 

The structure of a typical antibody molecule 

Fig. 3_3 The v-shaped immunoglob~lin 
molecule can be dissected by partial 
digestion with proteases. Upper_ panels: 
papain cleaves the immunoglobuhn 
molecule into three pieces, two Fab 
fragments and one Fe fragment. The Fab 
fragment contains the V reg1ons_and 
binds antigen. The Fe fragment is 
crystallizable and contains C regions. 
Lower panels: pepsin cleaves 
immunoglobulin to yield one F(ab')2 
fragment and many small pieces of the Fe 
fragment, the largest of which is called 
the pFc' fragment. F(ab')2 is written with a 
prime because it contains a few more 
amino acids than Fab, including the 
cysteines that form the disulfide bonds. 

The region that links the Fe and Fab portions of the antibody molecule is ~ 
reality not a rigid hinge but a flexible tether, allowing independent movemen 
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Fig. 3.4 Antibody arms are joined by a 
flexible hinge. An antigen consisting of 
two hapten molecules (red balls in 
diagrams) that can cross-link two 
antigen-binding sites is used to create 
antigen:antibody complexes, which can 
be seen in the electron micrograph. 
Linear, triangular, and square forms are 
seen, with short projections or spikes. 
Limited pepsin digestion removes these 
spikes (not shown in the figure), which 
therefore correspond to the Fe portion of 
the antibody; the F(ab')2 pieces remain 
cross-linked by antigen. The 
interpretation of the complexes is shown 
in the diagrams. The angle between the 
arms of the antibody molecules varies, 
from o• in the antibody dimers, through 
60° in the triangular forms, to 90° in the 
square forms, showing that the 
connections between the arms are 
flexible. Photograph (x 300,000) courtesy 
of N.M. Green. 

Angle between arms is o0 

of the two Fab arms. This flexibility is revealed by studies of antibodies bound 
to sm~ antigens known_as haptens. These are molecules of various types that 
are tyr1cally about the size of a tyrosine side chain. Although haptens can be 
spe_c1fically reco_gnized by antibody, they can only stimulate the production of 
ant1-~apt~n antibodies when linked to a protein (see Appendix I, Section A-1). 
Two 1dentic~ hapten molecules joined by a short flexible region can link two 
or mor~ anti-hapten antibodies, forming dimers, trimers, tetramers, and so 
on, which can be seen by electron microscopy (Fig. 3.4). The shapes formed 
by ~ese complex~s- ~ho:"" that antibody molecules are flexible at the hinge 
reg10n. Some flexibility 1s also found at the junction between the v and c 
domains, allowing bending and rotation of the V domain relative to the c 
domain. For ~xampl~, in the antibody molecule shown in Fig. 3.la, not only 
are the two ~g~ reg10ns clearly bent differently, but the angle between the v 
and. C domains m ea~h of_ the two Fab arms is also different. This range of 
mo~on has led to the Junction between the V and C domains being referred to 
~s a ~olecular ball-and-socket joint.' Flexibility at both the hinge and the V-C 
J~ction enables the two arms of an antibody molecule to bind to sites some 
~stance ap~i:1• such as ~e repeating sites on bacterial cell-wall polysaccha­
ndes. Flexibility at the hmge also enables antibodies to interact with the anti­
body-binding proteins that mediate immune effector mechanisms. 

3-5 The domains of an immunoglobulin molecule have similar structures. 

As we saw in Section 3-2, irnmunoglobulin heavy and light chains are com­
posed of a series of discrete protein domains, all of which have a similar 
f?lded _structure. Within this basic three-dimensional structure there are dis­
tinct differences between V and C domains. The structural similarities and 
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differences can be seen in the diagram of a light chain in Fig. 3.5. Ea~h 
domain is constructed from two ~ sheets, which are elements of protem 
structure made up of strands of the polypeptide chain (~ strands) packed 
together the sheets are linked by a disulfide bridge and together form a 
roughly barrel-shaped structure, known as a_~ barrel. _Th~ distinctive folded 
structure of the immunoglobulin protem domam 1s known as the 
immunoglobulin fold. 

Both the essential similarity ofV and C domains and the critical difference 
between them are most clearly seen in the bottom panels of Fig. 3:5, whe~e 
the cylindrical domains are opened out to reveal how the polypeptide ch~ 
folds to create each of the ~ sheets and how it forms flexible l~op~ as it 
changes direction. The main difference between the V and C domams 1s ti:iat 
the v domain is larger, with an extra loop. The flexible loops of the V domams 
form the antigen-binding site of the imrnunoglobulin molecule. 

Many of the amino acids that are comm?n to C and '! domains of 
imrnunoglobulin chains lie in the core of the rmm~ogl?bulin fold and_ ar_e 
essential for its stability. For that reason, other protems with se~uences_ s11:11-
lar to those of immunoglobulins are believed to form domains of similar 
structure, and in many cases this has been demonstrated by crystallogr~phy. 
These immunoglobulin-like domains are present in many other protems of 

The structure of a typical antibody molecule 

Fig. 3.5 The structure of 
immunoglobulin constant and variable 
domains. The upper panels show 
schematically the folding pattern of the 
constant (C) and variable M domains of 
an immunoglobulin light chain. Each 
domain is a barrel-shaped structure in 
which strands of polypeptide chain 
(~ strands) running in opposite directions 
(antiparallel) pack together to form two 
~ sheets (shown in yellow and green for 
the C domain and red and blue for the 
V domain), which are held together by a 
disulfide bond. The way the polypeptide 
chain folds to give the final structure can 
be seen more clearly when the sheets are 
opened out, as shown in the lower 
panels. The ~ strands are lettered 
sequentially with respect to the order of 
their occurrence in the amino acid 
sequence of the domains; the order in 
each ~ sheet is characteristic of 
immunoglobulin domains. The ~ strands 
C' and C" that are found in the 
V domains but not in the C domains are 
indicated by a blue shaded background. 
The characteristic four-strand plus three­
strand (C-region type domain) or four­
strand plus five-strand (V-region type 
domain) arrangements are typical 
immunoglobulin superfamily domain 
building blocks, found in a whole range of 
other proteins as well as antibodies and 
T-cell receptors. 
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the immune system, and in proteins involved in cell-cell recognition and 
adhesion in the nervous system and other tissues. Together with the 
immunoglobulins and the T-cell receptors, they make up the extensive 
immunoglobulin superfamily. 

Summary. 

The IgG antibody molecule is made up of four polypeptide chains, comprising 
two identical light chains and two identical heavy chains, and can be thought 
of as forming a flexible Y-shaped structure. Each of the four chains has a vari­
able (V) region at its amino terminus, which contributes to the antigen-bind­
ing site, and a constant (C) region, which determines the isotype. The isotype 
of the heavy chain determines the functional properties of the antibody. The 
light chains are bound to the heavy chains by many noncovalent interactions 
and by disulfide bonds, and the V regions of the heavy and light chains pair in 
each arm of the Y to generate two identical antigen-binding sites, which lie at 
the tips of the arms of the Y. The possession of two antigen-binding sites allows 
antibody molecules to cross-link antigens and to bind them much more sta­
bly. The trunk of the Y, called the Fe fragment, is composed of the carboxy-ter­
minal domains of the heavy chains. Joining the arms of the Y to the trunk are 
the flexible hinge regions. The Fe fragment and hinge regions differ in anti­
bodies of different isotypes, thus determining their functional properties. 
However, the overall organization of the domains is similar in all isotypes. 

The interaction of the antibody molecule with 
specific antigen. 

We have described the structure of the antibody molecule and how the 
V regions of the heavy and light chains fold and pair to form the antigen­
binding site. In this part of the chapter we look at the antigen-binding site in 
more detail. We discuss the different ways in which antigens can bind to 
antibody and address the question of how variation in the sequences of the 
antibodyV domains determines the specificity for antigen. 

3-6 Localized regions of hypervariable sequence form the antigen-
binding site. 

The V regions of any given antibody molecule differ from those of every other. 
Sequence variability is not, however, distributed evenly throughout the 
V region but is concentrated in certain segments, as can be clearly seen in 
what is termed a variability plot (Fig. 3.6) , in which the amino acid sequences 
of many different antibody V regions are compared. Three particularly vari­
able segments can be identified in both the VH and VL domains. They are des­
ignated hypervariable regions and are denoted HVl, HV2, and HV3. In the 
heavy chains they run roughly from residues 30 to 36, 49 to 65, and 95 to 103, 
respectively, while in the light chains they are located roughly at residues 28 
to 35, 49 to 59, and 92 to 103, respectively. The most variable part of the 
domain is in the HV3 region. The regions between the hypervariable regions, 
which comprise the rest of the V domain, show less variability and are termed 
the framework regions. There are four such regions in each V domain, desig­
nated FRI, FR2, FR3, and FR4. 

The framework regions form the ~ sheets that provide the structural frame­
work of the domain, whereas the hypervariable sequences correspond to 
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three loops at the outer edge of the ~ barrel, which are juxtapo_sed in _the 
folded domain (Fig. 3.7). Thus, not only is diversity concentr~ted m p~ticu­
lar parts of the v domain sequence, but it is localized to a_ particul~ regi?n on 
the surface of the molecule. When the VH and VL domams ar~ paued m the 
antibody molecule, the hypervariable loops from ~ach domam are brought 
together, creating a single hypervariable site at the tip of e~ch_ arm _of the mo~ -
ecule. This is the binding site for antigen, the antigen-bmdmg ~•te or ~t•­
body combining site. The six hypervariable loops d~termme antige: 
specificity by forming a surface complementary to ~~ antigei:, and are mar 
commonly termed the complementarity-deterrmmng reg10ns, or CDRs 
(there are three CD Rs from each of the heavy and light chain~, namel~ CDRl, 
CDR2 and CDR3). Because CD Rs from both VH and VL domams contnbut_e to 
the a~tigen-binding site, it is the combination of t?e heav:r and th~ ~i?ht 
chain and not either alone, that determines the final antigen s_pec1~c1ty. 
Thus,' one way in which the immune system is able to _gen_erate ant1bod1es of 
different specificities is by generating different c~m~1~a~10ns of heavy- an~ 
light-chain V regions. This means of producing variability 1s ~own a~ co.r_nhi­
natorial diversity; we will encounter a second form of co_mbmatonal diver­
sity when we consider in Chapter 4 how the genes encodmg the heavy- and 
light-chain v regions are created from smaller segments of DNA. 

3-7 Antibodies bind antigens via contacts with amino acids in CDRs,_ but 
the details of binding depend upon the size and shape of the antigen. 

In early investigations of antigen binding to antibodies, the only available 
sources of large quantities of a single type of antibody molecule ~ere_ tumors 
of antibody-secreting cells. The antigen specificities of these ~t1~od1es were 
unknown, so many compounds had to be screened to identify ligands that 
could be used to study antigen binding. In general, the substances found to 
bind to these antibodies were haptens (see Section 3-4) such ~s p~osp~o­
choline or vitamin K1. Structural analysis of complexes of ant1bod1es _with 
their hapten ligands provided the first direct evidence that the hypervanab~e 
regions form the antigen-binding site, and demonstrated the structural bas1~ 
of specificity for the hapten. Subsequently, with the disc?very of ~ethods o 
generating monoclonal antibodies (see Appendix I, Sect10n A-12), 1t became 

Fig. 3.6 There are discrete regions of 
hypervariability in V domains. A . 
variability plot derived from comparison 
of the amino acid sequences of several 
dozen heavy-chain and light-chain 
v domains is shown. At each amino acid 
position the degree of variability is the 
ratio of the number of different amino 
acids seen in all of the sequences 
together to the frequency of the most 
common amino acid. Three hypervanable 
regions (HV1, HV2, and HV3) are 
indicated in red and are also known as 
the complementarity-determining regions, 
CDR1, CDR2, and CDR3. They are 
flanked by less variable framework 
regions (FR1, FR2, FR3, and FR4, shown 
in blue or yellow) . 
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Fig. 3.7 The hypervariable regions lie in 
discrete loops of the folded structure. 
When the hypervariable regions (CDRs) 
are positioned on the structure of a V 
domain it can be seen that they lie in 
loops that are brought together in the 
folded structure. In the antibody molecule, 

the pairing of a heavy and a light chain 
brings together the hypervariable loops 
from each chain to create a single 
hypervariable surface, which forms the 
antigen-binding site at the tip of each 
arm. C, carboxy terminus; N, amino 
terminus. 

possible to make large amounts of pure antibody specific for a given antigen. 
This has provided a more general picture of how antibodies interact with their 
antigens, confirming and extending the view of antibody-antigen interac­
tions derived from the study of hap tens. 

The surface of the antibody molecule formed by the juxtaposition of the 
CDRs of the heavy and light chains is the site to which an antigen binds. 
Clearly, as the amino acid sequences of the CDRs are different in different 
antibodies, so are the shapes of the surfaces created by these CD Rs. As a gen­
eral principle, antibodies bind ligands whose surfaces are complementary to 
that of the antigen-binding site. A small antigen, such as a hapten or a short 
peptide, generally binds in a pocket or groove lying between the heavy- and 
light-chain V domains (Fig. 3.8a and b). Some antigens, such as proteins, can 
be the same size as, or larger than, the antibody itself. In these cases, the 
interface between antigen and antibody is often an extended surface that 
involves all the CD Rs and, in some cases, part of the framework region as well 
(Fig. 3.8c). This surface need not be concave but can be flat, undulating, or 
even convex. In some cases, antibody molecules with elongated CDR3 loops 
can protrude a 'finger' into recesses in the surface of the antigen, as shown in 
Fig. 3.8d, where an antibody binding to the HIV gp 120 antigen projects a long 
loop against its target. 

3-8 Antibodies bind to conformational shapes on the surfaces of 
antigens. 

The biological function of antibodies is to bind to pathogens and their prod­
ucts, and to facilitate their removal from the body. An antibody generally rec­
ognizes only a small region on the surface of a large molecule such as a 
polysaccharide or protein. The structure recognized by an antibody is called 
an antigenic determinant or epitope. Some of the most important 
pathogens have polysaccharide coats, and antibodies that recognize epitopes 
formed by the sugar subunits of these molecules are essential in providing 
immune protection from such pathogens. In many cases, however, the anti­
gens that provoke an immune response are proteins. For example, protective 
antibodies against viruses recognize viral coat proteins. In all such cases, the 
structures recognized by the antibody are located on the surface of the pro­
tein. Such sites are likely to be composed of amino acids from different parts 
of the polypeptide chain that have been brought together by protein folding. 
Antigenic determinants of this kind are known as conformational or discon­
tinuous epitopes because the structure recognized is composed of segments 
of the protein that are discontinuous in the amino acid sequence of the anti­
gen but are brought together in the three-dimensional structure. In contrast, 
an epitope composed of a single segment of polypeptide chain is termed a 
continuous or linear epitope. Although most antibodies raised against 
intact, fully folded proteins recognize discontinuous epitopes, some will bind 
peptide fragments of the protein. Conversely, antibodies raised against pep­
tides of a protein or against synthetic peptides corresponding to part of its 
sequence are occasionally found to bind to the natural folded protein. This 
makes it possible, in some cases, to use synthetic peptides in vaccines that 
aim at raising antibodies against a pathogen protein. 

3.9 Antigen-antibody interactions involve a variety of forces. 

The interaction between an antibody and its antigen can be disrupted by high 
salt concentrations, by extremes of pH, by detergents, and sometimes by 
competition with high concentrations of the pure epitope itself. The binding 
is therefore a reversible noncovalent interaction. The forces, or bonds, 
involved in these noncovalent interactions are outlined in Fig. 3.9. 

Electrostatic interactions occur between charged amino acid side chains, as 
in salt bridges. Interactions also occur between electric dipoles, as in hydro­
gen bonds, or can involve short-range van der Waals forces . High salt con­
centrations and extremes of pH disrupt antigen-antibody binding by 
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Fig. 3.8 Antigens can bind in pockets, 
or grooves, or on extended surfaces in 
the binding sites of antibodies. The 
panels in the top row show schematic 
representations of the different types of 
binding sites in a Fab fragment of an 
antibody: first panel, pocket; second 
panel, groove; third panel , extended 
surface; and fourth panel, protruding 
surface. Below are examples of each 
type. Panel a: the top image shows the 
molecular surface of the interaction of a 
small hapten with the complementarity­
determining regions (CDRs) of a Fab 
fragment as viewed looking into the 
antigen-binding site. The ferrocene 
hapten, shown in green, is bound into the 
antigen-binding pocket (yellow). In the 
bottom image (and in those of panels b, 
c, and d) the molecule has been rotated 
by about 90° to give a side-on view of the 
binding site. Panel b: in a complex of an 
antibody with a peptide from the human 
immunodeficiency virus (HIV), the peptide 
(green) binds along a groove (yellow) 
formed between the heavy- and light­
chain V domains. Panel c: complex 
between hen egg-white lysozyme and the 
Fab fragment of its corresponding 
antibody (HyHel5) . The surface on the 
antibody that comes into contact with the 
lysozyme is colored yellow. All six CDRs 
of the antigen-binding site are involved in 
the binding. Panel d: an antibody 
molecule against the HIV gp120 antigen 
has elongated CDR3 loops that protrude 
into a recess in the surface of the antigen. 
The structure of the complex between 
this antibody and gp120 has not been 
solved, and so the yellow area on the 
images in the lower panels represents the 
extent of the CDR regions rather than the 
actual region of contact between 
antibody and antigen. Photographs 
courtesy of I.A. Wilson and R.L. Stanfield. 

Fig. 3.9 The noncovalent forces that 
hold together the antigen:antibody 
complex. Partial charges found in electric 
dipoles are shown as o+ or ◊- . 
Electrostatic forces diminish as the 
inverse square of the distance separating 
the charges, whereas van der Waals 
forces, which are more numerous in most 
antigen-antibody contacts, fall off as the 
sixth power of the separation and 
therefore operate only over very short 
ranges. Covalent bonds never occur 
between antigens and naturally produced 
antibodies. 
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Fig. 3.10 The complex of lysozyme with 
the antibody D1 .3. The interaction of the 
Fab fragment of D1 .3 with hen egg-white 
lysozyme is shown, with the lysozyme in 
blue, the heavy chain in purple and the 
light chain in yellow. A glutamine residue 
of lysozyme, shown in red, protrudes 
between the two V domains of the 
antigen-binding site and makes hydrogen 
bonds that are important to the 
antigen-antibody binding. Courtesy of 
R.J . Poljak. 

:,veakening el~ctrostatic interactions and/or hydrogen bonds. This principle 
~s empl_o_Yed m t~e p~rification of antigens by using affinity columns of 
immobilized antibodies, and vice versa for antibody purification (see 
Appendix I, Section A-5). Hydrophobic interactions occur when two 
hydrophobic surfaces come together to exclude water. The strength of a 
hydrophobic interaction is proportional to the surface area that is hidden 
from water. For some antigens, hydrophobic interactions probably account 
for most_ofthe _binding energy. In some cases, water molecules are trapped in 
pockets m the mterface between antigen and antibody. These trapped water 
mole~ules, esp~ci~ly those between polar amino acid residues, may also 
contnbute to bmdmg and hence to the specificity of the antibody. 

The con~ribution ?f each of these forces to the overall interaction depends on 
the particular antibody and antigen involved. A striking difference between 
a~tibody interactions with protein antigens and most other natural pro­
tem-protein interactions is that antibodies often have many aromatic amino 
acids in their antigen-binding sites. These amino acids participate mainly in 
van der Wa~s and hydrophobic interactions, and sometimes in hydrogen 
?onds. Tyrosu_ie, for example, can participate in both hydrogen bonding and 
i~ hyd_ro~hobic_interactions; it is therefore particularly suitable for providing 
~iversity m antigen recognition and is over-represented in antigen-binding 
sites. In general, the hydrophobic and van derWaals forces operate over very 
~hort rang~s and serve to pull together two surfaces that are complementary 
~n shape: hills on one surface must fit into valleys on the other for good bind­
mg . to occur. In contrast, electrostatic interactions between charged side 
chams, and hydrogen bonds bridging oxygen and/ or nitrogen atoms, accom-
1:1-odate specific_ features or reactive groups while strengthening the interac­
t10n overall. Ammo acids that possess charged side chains, such as arginine, 
are also over-represented at antigen-binding sites. 

An ex_ample of a reaction involving a specific amino acid in the antigen can be 
seen m the complex of hen egg-white lysozyme with the antibody Dl.3 (Fig. 
3.10), where strong hydrogen bonds are formed between the antibody and a 
particular glutamine in the lysozyme molecule that protrudes between the VH 
and V1 domains. Lysozymes from partridge and turkey have another amino 
ac~d _in place of the glutamine and do not bind to this antibody. In the high­
affimt_Y complex of hen ~gg-white lysozyme with another antibody, HyHel5 
(see Fig. 3.8c), two salt bndges between two basic arginines on the surface of 
the lysozyme interact with two glutamic acids, one each from the VH CDRl 
and CDR2 loops. Lysozymes that lack one of the two arginine residues show a 
1000-fold decr~ase in affinity for HyHel5. Overall surface complementarity 
must have an important role in antigen-antibody interactions but in most 
antibodies that have been studied at this level of detail only a

1 

few residues 
1:1-~e a major c?ntribution to the binding energy and hence to the final speci­
fi~ity ~f the ~~ibody. Although many antibodies naturally bind their ligands 
with high affimty, genetic engineering by site-directed mutagenesis can tailor 
an antibody to bind even more strongly to its epitope. 

Summary. 

X-ray crystallographic analysis of antigen:antibody complexes has shown 
th~t the hypervariable loops (complementarity-determining regions, CDRs) 
of immunoglobulin V regions determine the binding specificity of an anti­
body. With protein antigens, an antibody molecule contacts the antigen over 
a bro a~ area of its surface that is complementary to the surface recognized on 
the antigen. Electrostatic interactions, hydrogen bonds, van derWaals forces, 
and ?Ydrophobic interactions can all contribute to binding. Depending on 
the size of the antigen, amino acid side chains in most or all of the CDRs make 

contact with antigen and determine both the specificity and the affinity of the 
interaction. Other parts of the V region play little part in the direct contact 
with the antigen but provide a stable structural framework for the CDRs and 
help to determine their position and conformation. Antibodies raised against 
intact proteins usually bind to the surface of the protein and make contact 
with residues that are discontinuous in the primary structure of the molecule; 
they may, however, occasionally bind peptide fragments of the protein, and 
antibodies raised against peptides derived from a protein can sometimes be 
used to detect the native protein molecule. Peptides binding to antibodies 
usually bind in the cleft between the V regions of the heavy and light chains, 
where they make specific contact with some, but not necessarily all, of the 
CD Rs. This is also the usual mode of binding for carbohydrate antigens and 
small molecules such as haptens. 

Antigen recognition by T cells. 

In contrast to the immunoglobulins, which interact with pathogens and their 
toxic products in the extracellular spaces of the body, T cells only recognize 
foreign antigens that are displayed on the surfaces of the body's own cells. 
These antigens can derive from pathogens such as viruses or intracellular 
bacteria, which replicate within cells, or from pathogens or their products 
that cells have internalized by endocytosis from the extracellular fluid. 

T cells detect the presence of an intracellular pathogen because the infected 
cells display on their surface peptide fragments of the pathogen's proteins. 
These foreign peptides are delivered to the cell surface by specialized host-cell 
glycoproteins-the MHC molecules. These are encoded in a large c~uster of 
genes that were first identified by their powerful effects on the unmune 
response to transplanted tissues. For that reason, the gene complex was called 
the major histocompatibility complex (MHC) and the peptide-binding glyco­
proteins are known as MHC molecules. The recognition of antigen as a small 
peptide fragment bound to an MHC molecule and displayed at the cell surface 
is one of the most distinctive features ofT cells, and will be the focus of this part 
of the chapter. How the peptide fragments of antigen are generated and 
become associated with MHC molecules will be described in Chapter 5. 

We describe here the structure and properties of the T-cell receptor (TCR). As 
might be expected from their function as highly variable antigen-recognition 
structures, the genes for T-cell receptors are closely related to those for 
immunoglobulins. There are, however, important differences between T-cell 
receptors and immunoglobulins that reflect the special features of antigen 
recognition by T cells. 

3-1 O The T-cell receptor is very similar to a Fab fragment of 
immunoglobulin. 

T-cell receptors were first identified by using monoclonal antibodies that 
bound to a single cloned T-cell line: such antibodies either specifically inhibit 
antigen recognition by the clone or specifically activate it by mimicking the 
antigen (see Appendix I, Section A-19). These clonotypic antibodies were 
then used to show that each T cell bears about 30,000 identical antigen recep­
tors on its surface, each receptor consisting of two different polypeptide 
chains, termed the T-cell receptor ex. (TCRcx.) and J3 (TCRJ3) chains, linked by a 
disulfide bond. The cx.:J3 heterodimers are very similar in structure to the Fab 
fragment of an immunoglobulin molecule (Fig. 3.11), and they account for 
antigen recognition by most T cells. A minority ofT cells bear an alternative, 

Antigen recognition byT cells 

antigen-binding 
site 

,-l----, 
antibody 

antigen-binding 
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,--L-, 

T cell 

T-cell 
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Fig. 3.11 The T-cell receptor resembles 
a membrane-bound Fab fragment. The 
Fab fragment of an antibody molecule is 
a disulfide-linked heterodimer, each chain 
of which contains one immunoglobulin 
C domain and one V domain; the 
juxtaposition of the V domains forms the 
antigen-binding site (see Section 3-6) . 
The T-cell receptor is also a disulfide­
linked heterodimer, with each chain 
containing an immunoglobulin C-like 
domain and an immunoglobulin V-like 
domain. As in the Fab fragment, the 
juxtaposition of the V domains forms the 
site for antigen recognition. 
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Fig. 3.12 Structure of the T-cell 
receptor. The T-cell receptor heterodimer 
is composed of two transmembrane 
glycoprotein chains, a and p. The 
extracellular portion of each chain 
consists of two domains, resembling 
immunoglobulin V and C domains, 
respectively. Both chains have 
carbohydrate side chains attached to each 
domain. A short stalk segment, analogous 

to an immunoglobulin hinge region, 
connects the immunoglobulin-like domains 
to the membrane and contains the 
cysteine residue that forms the interchain 
disulfide bond. The transmembrane helices 
of both chains are unusual in containing 
positively charged (basic) residues within 
the hydrophobic transmembrane 
segment. The a chain carries two such 
residues; the p chain has one. 

but structurally similar, receptor made up of a different pair of polypeptide 
chains designated y and 8. The -y:8 T-cell receptors seem to have different anti -
gen-recognition properties from the ex:~ T-cell receptors, and the function of 
y:8 T cells in immune responses is not yet entirely clear (see Section 2-34) . In 
the rest of this chapter we shall use the term I-cell receptor to mean the ex:~ 
receptor, except where specified otherwise. Both types of I-cell receptor dif­
fer from the membrane-bound immunoglobulin that serves as the B-cell 
receptor in two main ways. A I-cell receptor has only one antigen-binding 
site, whereas a B-cell receptor has two, and I-cell receptors are never 
secreted, whereas immunoglobulin can be secreted as antibody. 

The first insights into the structure and function of the ex:~ I-cell receptor came 
from studies of cloned cDNA encoding the receptor chains. The amino acid 
sequences predicted from the cDNA showed clearly that both chains of the I-cell 
receptor have an amino-terminal variable (V) region with homology to an 
immunoglobulin V domain, a constant (C) region with homology to an 
immunoglobulin C domain, and a short stalk segment containing a cysteine 
residue that forms the interchain disulfide bond (Fig. 3.12). Each chain spans the 
lipid bilayer by a hydrophobic transmembrane domain, and ends in a short cyto­
plasmic tail. These close similarities of I-cell receptor chains to the heavy and 
light immunoglobulin chains first enabled prediction of the structural resem­
blance of the I-cell receptor heterodimer to a Fab fragment of immunoglobulin. 

The three-dimensional structure of the I-cell receptor has since been deter­
mined by X-ray crystallography and the structure is indeed similar to that of 
a Fab fragment. The I-cell receptor chains fold in much the same way as those 
of a Fab fragment (Fig. 3.13a), although the final structure appears a little 
shorter and wider. There are, however, some distinct structural differences 
between I-cell receptors and Fab fragments. The most striking is in the Ca 
domain, where the fold is unlike that of any other immunoglobulin-like 
domain. The half of the domain that is juxtaposed with the C~ domain forms 
a ~ sheet similar to that found in other immunoglobulin-like domains, but 
the other half of the domain is formed of loosely packed strands and a short 
segment of a helix (Fig. 3.13b). In a Ca domain the intramolecular disulfide 
bond, which in immunoglobulin-like domains normally joins two~ strands, 
joins a ~ strand to this segment of a helix. 

There are also differences in the way in which the domains interact. The 
interface between the V and C domains of both I-cell receptor chains is more 
extensive than in antibodies. The interaction between the Ca and C~ domains 
is distinctive as it might be assisted by carbohydrate, with a sugar group from 
the Ca domain making a number of hydrogen bonds to the C~ domain (see 
Fig. 3.13b). Finally, a comparison of the variable binding sites shows that, 
although the CDR loops align fairly closely with those of antibody molecules, 
there is some relative displacement (see Fig. 3.13c). This is particularly 
marked in the Va CDR2 loop, which is oriented at roughly right angles to the 
equivalent loop in antibody V domains, as a result of a shift in the ~ strand 
that anchors one end of the loop from one face of the domain to the other. A 
strand displacement also causes a change in the orientation of the V~ CDR2 

C 
a b 

Fig. 3.13 The crystal structure of an a:p T-cell receptor . . 
resolved at 2.5 A. In panels a and b the a chain is shown 1n pink 
and the p chain in blue. Disulfide bonds are sho_wn in green. In . 
panel a, the T-cell receptor is viewed from the side as 1t would sit 
on a cell surface, with the CDR loops that form the antigen­
binding site (labeled 1, 2, and 3) arrayed across its relatively flat 
top. In panel b, the Caand Cp domains are shown: The Ca .. 
domain does not fold into a typical immunoglobulln-llke domain, 
the face of the domain away from the Cp domain is mainly 
composed of irregular strands of polypeptide rather than P sheet. 
The intramolecular disulfide bond joins a P strand to this segment 
of a helix. The interaction between the Ca and Cp domains 1s 
assisted by carbohydrate (colored gray and labeled on the figure) , 
with a sugar group from the Ca domain making hydrogen bonds 
to the Cp domain. In panel c, the T-cell receptor Is shown aligned 

with the antigen-binding sites from three different antibo_dies. This 
view is looking down into the binding site. The Va domain of the 
T-cell receptor is aligned with the VL domains of the antigen- . 
binding sites of the antibodies, and the Vp domain Is aligned with 
the VH domains. The CDRs of the T-cell receptor and 
immunoglobulin molecules are colored, with CDRs 1, 2, and 3 of 
the TCR shown in red and the HV4 loop in orange. For the 
immunoglobulin V domains, the CDR1 loops of the heavy chain 
(H1) and light chain (L 1) are shown in light _and dark blue, 
respectively, and the CDR2 loops (H2, L2) In light and dark. 
purple, respectively. The heavy-chain CDR3 loops (H3) are 1n 
yellow; the light-chain CDR3s (L3) are In bright green. The HV4_ 
loops of the TCR (orange) have no hypervariable coun_terparts 1n 
immunoglobulins. Model structures courtesy of I.A. Wilson . 

loop in some v~ domains whose structures are known. As relat~vel~ few crys­
tallographic structures have been solved to this level of resolution, 1t remams 
to be seen to what degree all I-cell receptors share these features, and 
whether there are more differences to be discovered. 

3-1 1 AT-cell receptor recognizes antigen in the form of a complex of a 
foreign peptide bound to an MHC molecule. 

Antigen recognition by I-cell receptors clearly ?~ffers from rec_ognition by 
B-cell receptors and antibodies. Antigen recogmt10n by B cells n~volves tl:e 
direct binding of immunoglobulin to the intact antigen an~, as d~scussed m 
Section 3-8 antibodies typically bind to the surface of protem antigens, con­
tacting amino acids that are discontinuous in the primary structure but are 
brought together in the folded protein. T cells, in contrast, respond to short 

Fig. 3.14 Differences in the recognition 
of hen egg-white lysozyme by 
immunoglobulins and T-cell receptors. 
Antibodies can be shown by X-ray 
crystallography to bind epitopes on the 
surface of proteins, as shown in panel a, 
where the epitopes for three antibodies are 
shown in different colors on the surface of 
hen egg-white lysozyme (see also Fig. 
3.10). In contrast, the epitopes recognized 
by T-cell receptors need not lie on the 
surface of the molecule, because the T-cell 

receptor recognizes not the antigenic 
protein itself but a peptide fragment of the 
protein. The peptides corresponding to two 
T-cell epitopes of lysozyme are shown in 
panel b. One epitope, shown in blue, lies 
on the surface of the protein but a second, 
shown in red, lies mostly within the core 
and is inaccessible in the folded protein. 
For this residue to be accessible to the 
T-cell receptor, the protein must be 
unfolded and processed. Panel a courtesy 
of S. Sheriff. 
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Fig. 3.15 The structure of an MHC 
class I molecule determined by X-ray 
crystallography. Panel a shows a 
computer graphic representation of a 
human MHC class I molecule, HLA-A2, 
which has been cleaved from the cell 
surface by the enzyme papain. The 
surface of the molecule is shown, colored 
according to the domains shown in 
panels b-d and described below. Panels 
b and c show a ribbon diagram of that 
structure. Shown schematically in panel 
d, the MHC class I molecule is a 
heterodimer of a membrane-spanning a 
chain (molecular weight 43 kDa) bound 
noncovalently to p2-microglobulin 
(12 kDa), which does not span the 
membrane. The a chain folds into three 
domains: a.1, a.2, and a.3. The a.3 domain 
and P2-microglobulin show similarities in 
amino acid sequence to immunoglobulin 
C domains and have similar folded 
structures, whereas the a,1 and a,2 
domains fold together into a single 
structure consisting of two separated a 
helices lying on a sheet of eight 
antiparallel P strands. The folding of the 
a.1 and a.2 domains creates a long cleft or 
groove, which is the site at which peptide 
antigens bind to the MHC molecules. The 
transmembrane region and the short 
stretch of peptide that connects the 
external domains to the cell surface are 
not seen in panels a and b because they 
have been removed by the digestion with 
papain. As can be seen in panel c, 
looking down on the molecule from 
above, the sides of the cleft are formed 
from the inner faces of the two a helices· 
the P-pleated sheet formed by the pairin; 
of the a.1 and a.2 domains creates the 
floor of the cleft. 

con~iguo~s _amino acid sequences in proteins. These sequences are often 
b~ned ~thm the native structure of the protein and thus cannot be reco 
~uzed du~ctly byT-cell rec~ptors unless the protein is unfolded and process;d 
mto peptide fragments (Fig. 3.14). We shall see in Chapter 5 how this occurs. 

~he nature of the antigen recognized by T cells became clear with the real· 
t10n that the peptides that stimulate T cells are recognized only when bo izad 
to a1: MHC molecule. The ligand reco_gnized by the T cell is thus a comple~:f 
peptide and ~HC mole~ule. The evidence for involvement of the MHC in 
T-cell recogmti?n of anti?en w~s at first indirect, but it has recently been 
proved conclusively by stimulatmg T cells with purified peptide:MHC com­
plexes. The T-cell receptor interacts ~th this ligand by making contacts with 
both the MHC molecule and the antigen peptide. 

3-12 There ar_e_ two clas_se~ of MHC molecules with distinct subunit 
compos1t1on but s1m1lar three-dimensional structures. 

Th~re a~e rn:o classes ~f MHC molecules-MHC class I and MHC class II­
which differ m both their structure and expression pattern on the tissues of th 
body. As shown in ~igs 3.15 and 3.16, MHC class I and MHC class II molecule: 
are closely related m overall structure but differ in their subunit composition. 

C d 

peptide-binding 
cleft 

f3 2-microglobulin 

In both classes, the two paired protein domains nearest to the membrane 
resemble immunoglobulin domains, whereas the two domains furthest away 
from the membrane fold together to create a long cleft, or groove, which is the 
site at which a peptide binds. Purified peptide:MHC class I and peptide:MHC 
class II complexes have been characterized structurally, allowing us to 
describe in detail both the MHC molecules themselves and the way in which 

they bind peptides. 
MHC class I molecules (see Fig. 3.15) consist of two polypeptide chains. One 
chain, the a chain, is encoded in the MHC (on chromosome 6 in humans) 
and is noncovalently associated with a smaller chain, ~2-microglobulin, 
which is not polymorphic and is encoded on a different chromosome-chro­
mosome 15 in humans. Only the class I a chain spans the membrane. The 
complete molecule has four domains, three formed from the MHC-encoded 
a. chain, and one contributed by ~2-microglobulin. The a.3 domain and ~2-
microglobulin closely resemble immunoglobulin-like domains in their 
folded structure. The folded a.1 and a.2 domains form the walls of a cleft on the 
surface of the molecule; this is where the peptide binds and is known as the 
peptide-binding cleft or peptide-binding groove. The MHC molecules are 
highly polymorphic and the major differences between the different forms 
are located in the peptide-binding cleft, influencing which peptides will bind 
and thus the specificity of the dual antigen presented to T cells. 

C d 

peptide-binding 
cleft 

Antigen recognition by T cells 

Fig. 3.16 MHC class II molecules 
resemble MHC class I molecules in 
overall structure. The MHC class II 
molecule is composed of two 
transmembrane glycoprotein chains, 
a (34 kDa) and p (29 kDa), as shown 
schematically in panel d. Each chain has 
two domains, and the two chains 
together form a compact four-domain 
structure similar to that of the MHC class 
I molecule (compare with panel d of Fig. 
3.15). Panel a shows a computer graphic 
representation of the surface of the MHC 
class II molecule, in this case the human 
protein HLA-DR1 , and panel b shows the 
equivalent ribbon diagram. The a.2 and P2 
domains, like the a.3 and Pr microglobulin 
domains of the MHC class I molecule, 
have amino acid sequence and structural 
similarities to immunoglobulin C domains; 
in the MHC class II molecule the two 
domains forming the peptide-binding cleft 
are contributed by different chains and 
are therefore not joined by a covalent 
bond (see panels c and d). Another 
important difference, not apparent in this 
diagram, is that the peptide-binding 
groove of the MHC class II molecule is 
open at both ends. 
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Fig. 3.17 MHC molecules bind peptides 
tightly within the cleft. When MHC 
molecules are crystallized with a single 
synthetic peptide antigen, the details of 
peptide binding are revealed . In MHC 
class I molecules (panels a and c) the 
peptide is bound in an elongated 
conformation with both ends tightly 
bound at either end of the cleft. In MHC 
class II molecules (panels b and d) the 
peptide is also bound in an elongated 
conformation but the ends of the peptide 
are not tightly bound and the peptide 
extends beyond the cleft. The upper 
surface of the peptide:MHC complex is 
recognized by T cells, and is composed 
of residues of the MHC molecule and the 
peptide. In representations c and d, the 
electrostatic potential of the MHC 
molecule surface is shown, with blue 
areas indicating a positive potential and 
red a negative potential. 

An MHC class II molecule consists of a noncovalent complex of two chains, a 
and~, both of which span the membrane (see Fig. 3.16). The MHC class II a 
chain is a different protein from the class I a chain. The MHC class II a and 
~ chains are both encoded within the MHC. The crystallographic structure 
of the MHC class II molecule shows that it is folded very much like the 
MHC class I molecule, but in MHC class II molecules the peptide-binding cleft 
is formed by two domains from different chains, the a1 and ~1 domains. The 
major differences lie at the ends of the peptide-binding cleft, which are more 
open in MHC class II molecules than in MHC class I molecules. Consequently, 
the ends of a peptide bound to an MHC class I molecule are substantially 
buried within the molecule, whereas the ends of peptides bound to MHC class 
II molecules are not. In both MHC class I and class II molecules, bound pep­
tides are sandwiched between the two a-helical segments of the MHC mole­
cule (Fig. 3.17). The T-cell receptor interacts with this compound ligand, 
making contacts both with the MHC molecule and with the peptide antigen. 
The sites of major polymorphism in MHC class II molecules are again located 
in the peptide-binding cleft. 

3-13 Peptides are stably bound to MHC molecules, and also serve to 
stabilize the MHC molecule on the cell surface. 

An individual can be infected by a wide variety of pathogens, the proteins of 
which will not generally have peptide sequences in common. If T cells are to 
be alerted to all possible infections, the MHC molecules on each cell (both 
class I and class II) must be able to bind stably to many different peptides. 
This behavior is quite distinct from that of other peptide-binding receptors, 
such as those for peptide hormones, which usually bind only a single type of 
peptide. The crystal structures of peptide:MHC complexes have helped to 
show how a single binding site can bind peptides with high affinity while 
retaining the ability to bind a wide variety of different peptides. 

An important feature of the binding of peptides to MHC molecules is that the 
peptide is bound as an integral part of the MHC molecule's structure, and 
MHC molecules are unstable when peptides are not bound. Stable peptide 
binding is important, because otherwise peptide exchanges occurring at the 

11 surface would prevent peptide:MHC complexes from being reliable indi­
~:tors of infection or of uptake of a specific antigen. Whe? MI:C molecules 
re purified from cells, their stably bound peptides co-punfy with them, and 

~is has enabled the peptides bound by particular MHC molecul~s to be ana­
lyzed. Peptides are released from the MHC molecules by denatunngthe co~-

lex in acid; they can then be purified _ and sequenced. Pure synthetic 
p e tides can also be incorporated into previously ~mpty M:8C molecules and 
~~ structure of the complex determined, revealmg details of_ the cont~cts 
between the MHC molecule and the peptide. Fr~m such st~dies ~ detailed 
picture of the binding i~teractions has been built up. We first discuss the 
peptide-binding properties of MHC class I molecules. 

3-14 MHC class I molecules bind short peptides of 8-1 O amino acids by 
both ends. 

Binding of a peptide to an MHC class I molecule is sta~ilized at both _ends of 
the peptide-binding cleft by contacts between atoms m the free ammo and 
carboxy termini of the peptide and invari_ant sites that are found at each end 

f the cleft in all MHC class I molecules (Fig. 3.18). These are thought to be the 
:ain stabilizing contacts for peptide:MHC class I complexes because ~yn­
thetic peptide analogs lacking terminal amino and carboxyl gr?ups fail to 
bind stably to MHC class I molecules. Other residues in the peptide serve as 
additional anchors. Peptides that bind to MHC class I molecules ar~ usually 

8_ 10 amino acids long. Longer peptides are thou_ght to be able to bmd, par­
ticularly if they can bind at their carboxy termmus,. but ~e subseq~en~y 
cleaved by exopeptidases present in the endoplasm~c r~tic~um, which is 
where MHC class I molecules bind peptides. The peptide hes m an elongated 
conformation along the cleft; variations in pepti~e length seem to be accom­
modated, in most cases, by a kinking in the peptide b_ack?one. However, two 
examples ofMHC class I molecules in which the peptide is able to ~xt~nd out 
of the cleft at the carboxy terminus suggest that some length variation can 
also be accommodated in this way. 

Antigen recognition by T cells 

Fig. 3.18 Peptides are bound to MHC 
class I molecules by their ends. MHC 
class I molecules interact with the 
backbone of a bound peptide (shown in 
yellow) through a series of hydrogen 
bonds and ionic interactions (shown as 
dotted blue lines) at each end of the 
peptide. The amino terminus of the 
peptide is to the left, the carboxy 
terminus to the right. Black circles are 
carbon atoms; red are oxygen; blue are 
nitrogen. The amino acid residues in the 
MHC molecule that form these bonds are 
common to all MHC class I molecules, 
and their side chains are shown in full (in 
gray) on a ribbon diagram of the_ MHC 
class I groove. A cluster of tyrosine 
residues common to all MHC class I 
molecules forms hydrogen bonds to the 
amino terminus of the bound peptide, 
while a second cluster of residues forms 
hydrogen bonds and ionic interactions 
with the peptide backbone at the 
carboxy terminus and with the carboxy 
terminus itself. 
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Fig. 3.19 Peptides bind to MHC 
molecules through structurally related 
anchor residues. Peptides eluted from 
two different MHC class I molecules are 
shown in the upper and lower panels, 
respectively. The anchor residues (green) 
differ for peptides that bind different 
alleles of MHC class I molecules but are 
similar for all peptides that bind to the 
same MHC molecule. The anchor 
residues that bind a particular MHC 
molecule need not be identical , but are 
always related (for example, 
phenylalanine (F) and tyrosine (Y) are 
both aromatic amino acids, whereas 
valine M, leucine (L), and isoleucine (I) 
are all large hydrophobic amino acids). 
Peptides also bind to MHC class I 
molecules through their amino (blue) and 
carboxy (red) termini. 

These interactions give all MHC class I molecules their broad peptide-bind­
ing specificity. In addition, MHC molecules are highly polymorphic. There are 
hundreds of different versions, or alleles, of the MHC class I genes in the 
human population as a whole, and each individual carries only a small selec­
tion. The main differences between the allelic MHC variants are found at cer­
tain sites in the peptide-binding cleft, resulting in different amino acids in key 
peptide-interaction sites in the different MHC variants. The consequence of 
this is that the different MHC variants preferentially bind different p eptides. 
The peptides that can bind to a given MHC variant have the same or very sim­
ilar amino acid residues at two or three particular positions along the peptide 
sequence. The amino acid side chains at these positions insert into pockets in 
the MHC molecule that are lined by the polymorphic amino acids. Because 
the binding of these side chains anchors the peptide to the MHC molecule, 
the peptide residues involved have been called anchor residues. Both the 
position and identity of these anchor residues can vary, depending on the 
particular MHC class I variant that is binding the peptide. However, most 
peptides that bind to MHC class I molecules have a hydrophobic (or some­
times basic) anchor residue at the carboxy terminus (Fig. 3.19). Whereas 
changing an anchor residue will in most cases prevent the peptide from bind­
ing, not every synthetic peptide of suitable length that contains these anchor 
residues will bind the appropriate MHC class I molecule, and so the overall 
binding must also depend on the nature of the amino acids at other positions 
in the peptide. In some cases, particular amino acids are preferred in certain 
positions, whereas in others the presence of particular amino acids prevents 
binding. These additional amino acid positions are called 'secondary 
anchors'. These features of peptide binding enable an individual MHC class I 
molecule to bind a wide variety of different peptides, yet allow different MHC 
class I allelic variants to bind different sets of peptides. 

3-15 The length of the peptides bound by MHC class II molecules is not 
constrained. 

Peptide binding to MHC class II molecules has also been analyzed by elution 
of bound peptides and by X-ray crystallography, and differs in several ways 
from peptide binding to MHC class I molecules. Peptides that bind to MHC 
class II molecules are at least 13 amino acids long and can be much longer. 
The clusters of conserved residues that bind the two ends of a peptide in 
MHC class I molecules are not found in MHC class II molecules, and the ends 
of the peptide are not bound. Instead, the peptide lies in an extended confor­
mation along the MHC class II peptide-binding cleft. It is held there both by 
peptide side chains that protrude into shallow and deep pockets lined by 
polymorphic residues and by interactions between the peptide backbone and 
side chains of conserved amino acids that line the peptide-binding cleft in all 
MHC class II molecules (Fig. 3.20) . Although there are fewer crystal structures 
ofMHC class II-bound peptides than of peptides bound to MHC class I, the 
available data show that amino acid side chains at residues l, 4, 6, and 9 of an 
MHC class II-bound peptide can be held in these binding pockets. 

The binding pockets of MHC class II molecules accommodate a greater vari­
ety of side chains than those of MHC class I molecules, making it more diffi­
cult to define anchor residues and to predict which peptides will be able to 
bind a particular MHC class II molecule (Fig. 3.21). Nevertheless, by compar­
ing the sequences of known binding peptides it is usually possible to detect a 
pattern of permissive amino acids for each of the different alleles of MHC 
class II molecules, and to model how the amino acids of this peptide 
sequence motif will interact with the amino acids that make up the peptide­
binding cleft. Because the peptide is bound by its backbone and allowed to 
emerge from both ends of the binding groove, there is, in principle, no upper 

Fig. 3.21 Peptides that bind MHC clas~ II mol_ecules ~re 
variable in length and their anchor residues he at various 
distances from the ends of the peptide. The sequences of a set 
of peptides that bind to the mouse MHC class II Ak allele are 
shown in the upper panel. All contain the same core sequence 
(shaded) but differ in length. In the lower panel, different peptides 
binding to the human MHC class II allele HLA-DR3 are shown. 
Anchor residues are shown as green circles . The lengths of these 

Antigen recognition by T cells 

Fig. 3.20 Peptides bind to MHC class II 
molecules by interactions along the 
length of the binding groove. A peptide 
(yellow; shown as the peptide backbone 
only, with the amino terminus to the left 
and the carboxy terminus to the nght) 1s 
bound by an MHC class II molecule 
through a series of hydrogen bonds 
(dotted blue lines) that are distributed 
along the length of the peptide. _The 
hydrogen bonds toward the amino . 
terminus of the peptide are made with the 
backbone of the MHC class 11 
polypeptide chain, whereas throughout. 
the peptide's length bonds are made with 
residues that are highly conserved 1n 
MHC class II molecules. The side chains 
of these residues are shown in gray on 
the ribbon diagram of the MHC class 11 

groove. 

peptides can vary, and so by convention the first_ anchor residue 
is denoted as residue 1 . Note that all of the peptides share _a 
hydrophobic residue in position 1, a negatively charged residue 
(aspartic acid (D) or glutamic acid (E))_ in pos1t1on 4, and)\. t'd' 
tendency to have a basic residue (lysine (K)_, _arginine (R ' is I ine 
(H) , glutamine (Q) , or asparagine (N)) in pos1t1on 6 and a 
hydrophobic residue (for example, tyrosine (Y) , leuc1ne (L), 

phenylalanine (F)) in position 9 
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limit to t~e length of peptides that could bind to MHC class II molecul 
However, it seems that longer peptides bound to MHC class II 1 1 es. t · d b • mo ecu es are 
nmme Y peptidases to a length of 13-17 amino acids in most cases L'k 

MHC class I molec~~s, MHC_ ~l~ss ~I molecules that lack bound peptide ~: 
unstable, but the cnt1cal stabihzmg mteractions that the peptide makes with 
the MHC class II molecule are not yet known. 

3-16 The crystal structur~s ?f several peptide:MHC:T-cell receptor 
complexes show a s1m1larT-cell receptor orientation over the 
pept1de:MHC complex. 

At:~ ~~e that the first X-ray crystallographic structure of a T-cell receptor was 
pu 1s _e , a structure of the same T-cell receptor bound to a peptide·MHC 
class I lig~d ":'as also produced. This structure (Fig. 3.22), which had bee~ fore­
cast by s1te-drrec~ed mu:agenesis of the MHC class I molecule, showed the 
T;c:ll r~:r:{t aligned ~ago_nally over the peptide and the peptide-binding 
c e , WI e TCRa c~am lymg over the a 2 domain and the amino-terminal 
end of the ?oundpeptide, theTCR~ chainlyingoverthea1 domain and the _ 
boxy-termm~ end of the peptide, and the CDR3 loops of both TCRa and T~~ 
~hams meetmg over the central amino acids of the peptide. The T-cell rece t!r 
~s thread~d through a valley between the two high points on the two surroJnd­
mg a hehces that form the walls of the peptide-binding cleft. 

~~ysis of other peptide:MHC class I:T-cell receptor complexes and of pe _ 
tide.~H: clas~ II:T-~ell receptor complexes (Fig. 3.23) shows that all hav: a 
very similar onentat10n, particularly for the Va domain although s · abil'ty d • , ome van-

1 . oes occur m the location and orientation of the V~ domain I th· · 
;:tat1on, the Va ?omain makes contact primarily with the amino ~e~mi~:~r~f 

e ~ound peptide, whereas the V~ domain contacts primarily the carbo 
:rmmus of the bound peptide. Both chains also interact with the a helices~ 

e MHC_ class I _m~lecule (see Fig. 3.22). The T-cell receptor contacts are not 
symmetncally d~stnbuted over the MHC molecule: whereas the Va CDRl and 
CDR2 loops are ~n close contact with the helices of the peptide:MHC com lex 
~round the am1?0 :erminus of the bound peptide, the ~-chain CDRl ~nd 

DR2 loops'. which mter~ct with the complex at the carboxy terminus of the 
bound peptide, have vanable contributions to the binding. 

Comparison of the three-dimensional structure of an unliganded T-cell 
receptor and the_ sa1:1e T-cell receptor complexed to its peptide:MHC Ii and 
~-hows that the bmdmg results in some degree of conformational chan ~ or 
mduce~ fit,' particul~rlywithin the Va CDR3 loop. It has also been sho~ that 

s_ubtly different peptides can have strikingly different effects on the recog · 
tlon of an otherwise identical peptide:MHC ligand by the same T cell. T~~ 
Fig. 3.22 The T-cell receptor binds to 
the peptide:MHC complex. Panel a: the 
T-cell receptor binds to the top of the 
peptide:MHC complex, straddling, in the 
case of the MHC class I molecule shown 
here, both the a1 and a2 domain helices 
The CDRs of the T-cell receptor are · 
indicated in color: the CDR1 and CDR2 
loops of the ~ chain in light and dark 
blue, respectively; and the CDR1 and 
CDR2 loops of the a chain in light and 
dark purple, respectively. The a chain 
CDR3 loop is in yellow, and the ~ chain 
CDR3 loop is in green. The ~ chain HV4 
loop is in red. The thick yellow line P1-P8 
is the bound peptide. Panel b: the outline 
of the T-cell receptor antigen-binding site 

(thick black line) is superimposed on the 
top surface of the peptide:MHC complex 
(the peptide is shaded dull yellow). The 
T-cell receptor lies diagonally across the 
peptide:MHC complex, with the a and ~ 
CDR3 loops of the T-cell receptor (3a, 3~, 
yellow and green, respectively) 
contacting the center of the peptide. The 
a-chain CDR1 and CDR2 loops (1 a, 2a, 
light and dark purple, respectively) 
contact the MHC helices at the amino 
terminus of the bound peptide, whereas 
the ~-chain CDR1 and CDR2 loops (1 ~, 
2~, light and dark blue, respectively) 
make contact with the helices at the 
carboxy terminus of the bound peptide. 
Courtesy of I.A. Wilson. 

flexibility in the CDR3 loop demonstrated by these two structures helps to 
explain how the T-cell receptor can adopt conformations that can recognize 

related, but different, ligands. 

From an examination of the available structures it is hard to predict whether 
the main binding energy is contributed by T-cell receptor contacts with the 
bound peptide, or by T-cell receptor contacts with the MHC molecule. 
Measurements of the kinetics ofT-cell receptor binding to peptide:MHC lig­
ands suggest that the interactions between the T-cell receptor and the MHC 
molecule might predominate at the start of the contact, guiding the receptor 
into the correct position where a second, more detailed, interaction with the 
peptide as well as the MHC molecule dictates the final outcome of the inter­
action-binding or dissociation. As with antibody-antigen interactions, only 
a few amino acids at the interface may provide the essential contacts that 
determine the specificity and strength of binding. It is known that alterations 
as simple as changing a leucine to isoleucine in the peptide are sufficient to 
alter a T-cell response from strong killing to absolutely no response at all. 
Studies show that mutations of single residues in the presenting MHC mole­
cules can have the same effect. Thus, the specificity of T-cell recognition 
involves both the peptide and its presenting MHC molecule. This dual speci­
ficity underlies the MHC restriction of T-cell responses, a phenomenon that 
was observed long before the peptide-binding properties of MHC molecules 
were known. We will recount the story of how MHC restriction was discovered 
when we return to the issue of how MHC polymorphism affects antigen 
recognition by T cells in Chapter 5. Another consequence of this dual speci­
ficity is a need for T-cell receptors to be able to interact appropriately with the 
antigen-presenting surface of MHC molecules. It seems that some inherent 
specificity for MHC molecules is encoded in the T-cell receptor genes, and 
there is selection during T-cell development for a repertoire of receptors able 
to interact appropriately with the particular MHC molecules present in that 
individual. We discuss the evidence for this in Chapter 7. 

3-17 The CD4 and CDS cell-surface proteins of T cells are required to 
make an effective response to antigen. 

As well as engaging a peptide:MHC ligand with its antigen receptor, T cells 
make additional interactions with the MHC molecule that stabilize the inter­
action and are required for the T cell to respond effectively to antigen. T cells 
fall into two major classes that have different effector functions and are dis­
tinguished by the expression of the cell-surface proteins CD4 and CDS. CDS 
is carried by cytotoxic T cells, while CD4 is carried by T cells whose function 
it is to activate other cells (see Section 1-19). CD4 and CDS were known as 
markers for these different functional sets of T cells for some time before it 
became clear that this distinction was based on their ability to recognize the 
different classes of MHC molecules: CDS recognizes MHC class I molecules 
and CD4 recognizes MHC class II molecules. During antigen recognition, 
CD4 or CDS molecules (depending on the type of T cell) associate on the 
T-cell surface with the T-cell receptor and bind to invariant sites on the MHC 
portion of the composite peptide:MHC ligand, away from the peptide-bind­
ing site. This binding is required for the T cell to make an effective response, 
and so CD4 and CDS are called co-receptors. 

CD4 is a single-chain molecule composed of four immunoglobulin-like 
domains (Fig. 3.24). The first two domains (Dl and D2) of the CD4 molecule 
are packed tightly together to form a rigid rod about 60 A long, which is joined 
by a flexible hinge to a similar rod formed by the third and fourth domains (D3 
and D4) . There is some evidence that CD4 forms homo dimers on the T cell 
suface that are functional in recognition of MHC class II, although the struc­
tural basis of their formation is still uncertain. CD4 binds MHC class II mole-

Antigen recognition by T cells 

Fig. 3.23 The T-cell receptor interacts 
with MHC class I and MHC class II 
molecules in a similar fashion. The 
structure of a T-cell receptor binding to an 
MHC class II molecule has been 
determined, and shows the T-cell 
receptor binding to an equivalent site, 
and in an equivalent orientation, to the 
way in which T-cell receptors bind to 
MHC class I molecules (see Fig. 3.22). 
Only the Va and VB domains of the T-cell 
receptor are shown, colored in blue. The 
peptide is colored red , and carbohydrate 
residues are indicated in gray. The T-cell 
receptor sits in a shallow saddle formed 
between the a-helical regions of the MHC 
class II a (yellow-green) and ~ chain 
(orange), at roughly 90° to the long axis of 
the MHC class II molecule and the bound 
peptide. Courtesy of E.L. Reinherz and 
J-H . Wang. 
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Fig. 3.24 The structures of the CD4 and 
CDS co-receptor molecules. The CD4 
molecule contains four immunoglobulin­
like domains, shown in schematic form in 
panel a, and as a ribbon diagram of the 
crystal structure in panel b. The amino­
terminal domain, D1 , is similar in structure 
to an immunoglobulin V domain. The 
second domain, D2, although clearly 
related to an immunoglobulin domain, is 
different from both V and C domains and 
has been termed a C2 domain. The first 
two domains of CD4 form a rigid rodlike 
structure that is linked to the two 
carboxy-terminal domains by a flexible 
link. The binding site for MHC class II 
molecules is thought to involve mainly the 
D1 domain. The CD8 molecule is a 
heterodimer of an a and a ~ chain 
covalently linked by a disulfide bond; an 
alternative form of CD8 exists as a 
homodimer of a chains. The heterodimer 
is depicted in panel a, whereas the ribbon 
diagram in panel b is of the homodimer. 
CD8a and CD8~ chains have very similar 
structures, each having a single domain 
resembling an immunoglobulin V domain 
and a stretch of polypeptide chain , 
believed to be in a relatively extended 
conformation, that anchors the V-like 
domain to the cell membrane. 

CD4 

CDS 
ex 13 

a 

cules through a region that is located mainly on a lateral face of the first 
domain, D l. CD4 binds to a hydrophobic crevice formed at the junction of the 
0.2 and ~2 domains of the MHC class II molecule. This site is well away from the 
site where the T-cell receptor binds (Fig. 3.25a), and so the CD4 molecule and 
the T-cell receptor can bind simultaneously to the same peptide:MHC class II 
complex. The intracellular portion of CD4 interacts strongly with a cytoplas­
mic tyrosine kinase called Lek, and brings Lek close to the intracellular signal­
ing components associated with the T-cell receptor. This results in 
enhancement of the signal that is generated when the T-cell receptor binds its 
ligand, as we discuss in Chapter 6. When CD4 and the T-cell receptor simulta­
neously bind to the same MHC class II:peptide complex, the T cell is about a 
hundredfold more sensitive to the antigen than if CD4 were absent. 

The structure ofCD8 is quite different. It is a disulfide-linked dimer of two dif­
ferent chains, called a and~. each containing a single immunoglobulin-like 
domain linked to the membrane by a segment of extended polypeptide (see 
Fig. 3.24). This segment is extensively glycosylated, which is thought to main­
tain it in an extended conformation and protect it from cleavage by proteases. 
CD8o. chains can form homodimers, although these are not found when the 
CD8~ chains are present. The CD8o. homodimer may have a specific function 
in recognizing a specialized subset of nonclassical MHC class I molecules 
that we describe in Chapter 5. 

CD8 binds weakly to an invariant site in the 0.3 domain of an MHC class I mol­
ecule (see Fig. 3.25b). Although only the interaction of the CD8o. homodimer 
with MHC class I is known in detail, this shows that the MHC class I binding 
site of the CD8 a:~ heterodimer is formed by the interaction of the CD8o. and 
~chains.In addition, CD8 (most probably through the a chain) interacts with 
residues in the base of the o.2 domain of the MHC class I molecule. The 
strength of binding of CD8 to the MHC class I molecule is influenced by the 
glycosylation of the CD8 molecule; increased numbers of sialic acid residues 
added to the CD8 carbohydrate structures decrease the strength of the inter­
action. The pattern of sialylation of CD8 changes during the maturation of 
T cells and also on activation, and this is likely to have a role in modulating 
antigen recognition. 

CDS 
D4 CD4 

D3 
MHC class I 

MHC class II 

D2 ex2 ex1 
131 ex1 

13 ex 

D1 132 ex2 
ex3 o ~,m<m 

globulin 

d 
C 

By binding to the membrane-proximal domains of the MHC class I and class 
II molecules, the co-receptors leave the upper surface of the MHC molec~e 
exposed and free to interact with a T-cell receptor, as shown for CD_8 m 
Fig. 3.26. Both CD4 and CD8 bind Lek-in the case o~th: ~D8o.:~ hetero~~er 
throu h the cytoplasmic tail of the a chain-and brmg it m:o close proximity 
to thegT-cell receptor. And as with CD4, the presence of CD8 mcreases the sen­
sitivity ofT cells to antigen presented by MHC cla~s I molec~es about a hun­
dredfold. Thus, CD4 and CD8 have similar funct10ns and bmd to the same 
approximate location in MHC class I and MHC class II m?lecules, even though 
the structures of the two co-receptor proteins are only distantly related. 

3-18 The two classes of MHC molecules are expressed differentially 
on cells. 

MHC class I and MHC class II molecules have distinct distributions amo_ng 
cells that reflect the different effector functions of the T cells that recogmze 
them (Fig. 3.27). MHC class I molecules present peptides from pathogens, 
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Fig. 3.25 The binding sites for CD4 and 
CDS on MHC class II and class I 
molecules lie in the immunoglobulin-
like domains. The binding sites for CD4 
and CD8 on the MHC class II and class I 
molecules, respectively, lie in the 
immunoglobulin-like domains nearest to 
the membrane and distant from the 
peptide-binding cleft. The binding of CD4 
to an MHC class II molecule is shown as 
a structure graphic in panel a and 
schematically in panel c. The a chain of 
the MHC class II molecule is shown in 
pink, and the~ chain in white, while_CD4 
is in gold. Only the D1 and D2 domains of 
the CD4 molecule are shown in panel a. 
The binding site for CD4 lies at the base 
of the ~2 domain of an MHC class 11 
molecule, in the hydrophobic crevice 
between the ~2 and a2 domains. The 
binding of CD8 to an MHC class I 
molecule is shown in panel b and 
schematically in panel d. The class I 
heavy chain and ~2-microglobulin are 
shown in white and pink, respectively, 
and the two chains of the CD8 dimer are 
shown in light and dark purple. The 
structure is actually of the binding of the 
CD8a homodimer, but the CD8a:~ 
heterodimer is believed to bind in the 
same way. The binding site for CD8 on 
the MHC class I molecule lies in a similar 
position to that of CD4 in the MHC class 
II molecule, but CD8 binding also involves 
the base of the a1 and a2 domains, and 
thus the binding of CD8 to MHC class I is 
not completely equivalent to the binding 
of CD4 to MHC class II. 
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Fig. 3.27 The expression of MHC 
molecules differs between tissues. 
MHC class I molecules are expressed on 
all nucleated cells, although they are 
most highly expressed in hematopoietic 
cells. MHC class II molecules are 
normally expressed only by a subset of 
hematopoietic cells and by thymic 
stromal cells, although they may be 
expressed by other cell types on 
exposure to the inflammatory cytokine 
IFN-y. 
*In humans, activated T cells express 
MHC class II molecules, whereas in mice 
all T cells are MHC class II-negative t ' 
In the brain, most cell types are MHC 

class II-negative, but microglia, which are 
related to macrophages, are MHC class 
II-positive. 

Fig. 3.26 CDS binds to a site on MHC 
class I molecules distant from that to 
which the T-cell receptor binds. The 
relative positions of the T-cell receptor 
and CDS molecules bound to the same 
MHC class I molecule can be seen in this 
hypothetical reconstruction of the 
interaction of an MHC class I molecule 
(the ex chain is shown in green; 
~2-microglobulin (dull yellow) can be 

seen faintly in the background) with a 
T-cell receptor and CDS. The ex and ~ 
chains of the T-cell receptor are shown in 
pink and purple, respectively. The CDS 
structure is that of a CDSex homodimer 
but is colored to represent the likely ' 
orientation of the subunits in the 
heterodimer, with the CDSex subunit in red 
and the CDS~ subunit in blue. Courtesy of 
G. Gao. 

commonly viruse~, _to CD8 cytotoxic T cells, which are specialized to kill an 
cell that they specifically recognize. Because viruses can infect any nucleate~ 
cell, ~m~st all such cells express MHC class I molecules, although the level of 
constitutive expression varies from one cell type to the next F 1 11 f th · . or examp e 
ce s o _e immune system express abundant MHC class I on their surface' 
whereas hver cells (hepatocytes) express relatively low levels (see Fig. 3.27) '. 
Non-nucleated cells, such as mammalian red blood cells, express little or no 
1:fHC class I, and thus the interior ofred blood cells is a site in which an infec­
tion can ~o unde~ected by cytotoxic T cells. Because red blood cells cannot 
sup~ort_viral rephcation, this is of no great consequence for viral infection 
b_ut it might be the absence of MHC class I that allows the Plasmodium ~ 
sites that cause malaria to live in this privileged site. para 

In contrast: the m~in function of the CD4 T cells that recognize MHC class II 
molecules is to activate other effector cells of the immune system. Thus MHC 

Tissue MHC class I MHC class II 

Lymphoid tissues 

T cells I +++ 
1 1 

+* 
I 

B cells I +++ 
11 

+++ I 
Macrophages I +++ II ++ I 
Dendritic cells I +++ II +++ I 
Epithelial cells of the thymus I + II +++ I 
Other nucleated cells 

Neutrophils I +++ II -
I 

Hepatocytes I + II -
I 

Kidney I + II -
I 

Brain I + II t 
I 

-

Non-nucleated cells 

Red blood cells I - Ill I 
-

class II molecules are normally found on B lymphocytes, dendritic cells, and 
macrophages-cells that participate in immune responses-but not on other 
tissue cells (see Fig. 3.27). When CD4 T cells recognize peptides bound to 
MHC class II molecules on B cells, they stimulate the B cells to produce anti­
body. Similarly, CD4 T cells recognizing peptides bound to MHC class II mol­
ecules on macrophages activate these cells to destroy the pathogens in their 
vesicles. We shall see in Chapter 8 that MHC class II molecules are also 
expressed on specialized antigen-presenting cells, the dendritic cells, in lym­
phoid tissues where naive T cells encounter antigen and are first activated. 
The expression of both MHC class I and MHC class II molecules is regulated 
by cytokines, in particular interferons, released in the course of immune 
responses. Interferon-'¥ (IFN-'Y) , for example, increases the expression ofMHC 
class I and MHC class II molecules, and can induce the expression of MHC 
class II molecules on certain cell types that do not normally express them. 
Interferons also enhance the antigen-presenting function of MHC class I 
molecules by inducing the expression of key components of the intracellular 
machinery that enables peptides to be loaded onto the MHC molecules. 

3-19 A distinct subset ofT cells bears an alternative receptor made up of y 
and 6 chains. 

During the search for the gene for the TCRa chain, another T-cell receptor­
like gene was unexpectedly discovered. This gene was named TCR'Y, and its 
discovery led to a search for further T-cell receptor genes. Another receptor 
chain was identified by using antibody against the predicted sequence of the 
'Y chain and was called the 8 chain. It was soon discovered that a minority 
population ofT cells bore a distinct type ofT-cell receptor made up of 'Y:8 het­
erodimers rather than a :~ heterodimers. The development of these cells is 
described in Sections 7-11 and 7-12. 

The crystallographic structure of a 'Y:8 T-cell receptor reveals that, as 
expected, it is similar in shape to a:~ T-cell receptors (Fig. 3.28). y.8 T-cell 
receptors may be specialized to bind certain kinds of ligands, including heat­
shock proteins and nonpeptide ligands such as phosphorylated ligands or 
mycobacterial lipid antigens. It seems likely that 'Y:8 T-cell receptors are not 
restricted by the 'classical' MHC class I and class II molecules. They may bind 
the free antigen, much as immunoglobulins do, and/ or they may bind to 
peptides or other antigens presented by nonclassical MHC-like molecules. 
These are proteins that resemble MHC class I molecules but are relatively 
nonpolymorphic and are described in Chapter 5. We still know little about 
how 'Y:8 T-cell receptors bind antigen and thus how these cells function, and 
what their role is in immune responses. The structure and rearrangement of 
the genes for y.8 T-cell receptors is covered in Sections 4-11 and 7-12. 

Summary. 

The receptor for antigen on most T cells, the a:~ T-cell receptor, is composed 
of two protein chains, TCRa and TCR~, and resembles in many respects 
a single Fab fragment of immunoglobulin. T-cell receptors are always 
membrane-bound. a:~ T-cell receptors do not recognize antigen in its native 
state, as do the immunoglobulin receptors of B cells, but recognize a 
composite ligand of a peptide antigen bound to an MHC molecule. MHC 
molecules are highly polymorphic glycoproteins encoded by genes in the 
major histocompatibility complex (MHC) . Each MHC molecule binds a wide 
variety of different peptides, but the different variants each preferentially 
recognize sets of peptides with particular sequence and physical features. 
The peptide antigen is generated intracellularly, and bound stably in a 
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Fig. 3.28 Structures of ex:~ and y.6 T-cell 
receptors. The structures of the ex:~ and 
the y:6 T-cell receptors have both been 
determined by X-ray crystallography. The 
ex:~ T-cell receptor is shown in panel a, 
with the ex chain colored red and the ~ 
chain blue. Panel b shows the y:6 
receptor, with the y chain colored purple 
and the 6 chain pink. Both receptors have 
very similar structures, somewhat 
resembling that of a Fab fragment of an 
immunoglobulin molecule. The C0 domain 
is more like an immunoglobulin domain 
than is the corresponding Ca domain of 
the ex:~ T-cell receptor. 

137 
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peptide-binding cleft on the surface of the MHC molecule. There are two 
classes of MHC molecule, and these are bound in their nonpolymorphic 
domains by CD8 and CD4 molecules that distinguish two different func­
tional classes of a:~ T cells. CD8 binds MHC class I molecules and can bind 
simultaneously to the same class I peptide:MHC complex being recognized 
by a T-cell receptor, thus acting as a co-receptor and enhancing the T-cell 
response; CD4 binds MHC class II molecules and acts as a co-receptor for 
T-cell receptors that recognize class II peptide:MHC ligands. AT-cell recep­
tor interacts directly both with the antigenic peptide and with polymorphic 
features of the MHC molecule that displays it, and this dual specificity 
underlies the MHC restriction of T-cell responses. A second type of T-cell 
receptor, composed of a y and a o chain, is structurally similar to the a:~ 
T-cell receptor but seems to bind different ligands, including nonpeptide 
ligands. It is thought not to be MHC restricted. It is found on a minority pop­
ulation ofT cells, the y:o T cells. 

Summary to Chapter 3. 

B cells and T cells use different, but structurally similar, molecules to recog­
nize antigen. The antigen-recognition molecules of B cells are immunoglob­
ulins, and are made both as a membrane-bound receptor for antigen, the 
B-cell receptor, and as secreted antibodies that bind antigens and elicit 
humoral effector functions. The antigen-recognition molecules ofT cells, in 
contrast, are made only as cell-surface receptors. Immunoglobulins and 
T-cell receptors are highly variable molecules, with the variability concen­
trated in that part of the molecule, the variable (V) region, that binds to anti­
gen. Immunoglobulins bind a wide variety of chemically different antigens, 
whereas the major a:~ type ofT-cell receptor predominantly recognizes pep­
tide fragments of foreign proteins bound to the MHC molecules that are 
ubiquitous on cell surfaces. 

Binding of antigen by immunoglobulins has chiefly been studied with anti­
bodies. The binding of antibody to its corresponding antigen is highly spe­
cific, and this specificity is determined by the shape and physicochemical 
properties of the antigen-binding site. The part of the antibody that elicits 
effector functions, once the variable part has bound an antigen, is located at 
the other end of the molecule from the antigen-binding sites, and is termed 
the constant region. There are five main functional classes of antibodies, each 
encoded by a different type of constant region. As we will see in Chapter 9, 
these interact with different components of the immune system to incite an 
inflammatory response and eliminate the antigen. 

T-cell receptors differ in several respects from the B-cell immunoglobulins. 
One is the absence of a secreted form of the receptor. This reflects the func­
tional differences between T cells and B cells. B cells deal with pathogens and 
their protein products circulating within the body; secretion of a soluble anti­
gen-recognition molecule by the activated B cell after antigen has been 
encountered enables them to mop up antigen effectively throughout the 
extracellular spaces of the body. T cells, in contrast, are specialized for 
cell-cell interactions. They either kill cells that are infected with intracellular 
pathogens and that bear foreign antigenic peptides on their surface, or inter­
act with cells of the immune system that have taken up foreign antigen and 
are displaying it on the cell surface. They thus have no requirement for a sol­
uble, secreted receptor. 

The second distinctive feature of the T-cell receptor is that it recognizes a com­
posite ligand made up of the foreign peptide bound to a self-MHC molecule. 

This means that T cells can interact only with a body cell displa)'.illg th~ ~ti­
gen, not with the intact pathogen or protein. Each T-cell receptor is specific for 
a particular combination of peptide and a self-MHC molecule. 

MHC molecules are encoded by a family of highly polymo:phic genes; 
althou h each individual expresses several of t~ese genes, this represents 
only a ~mall selection of all possible variants. Dunng T-cell de~elop~ent, the 
T-cell receptor repertoire is selected so that the T c_ells of each mdivid~al \ec­
o nize antigen only in conjunction with their o:-vn M_HC mo ec~ es. 

E
g · n of multi"ple variant MHC molecules, each with a different peptide­
xpressio · ct· · d al ·n b ble 

binding repertoire, helps to ensure that T cells from an m ivi u Wl e a 
to recognize at least some peptides generated from nearly every pathogen. 

Questions. 

3.1 The im munoglobulin superfamily is one of the most abu~d~nt fa milies of 
rotein domain structures. (a) What are the characteristics of an . 

; mmunog lobulin domain and how do the va rious subt~pes of t hese domains 
differ? (b) What regions of the v-type i~munog lobu l1 n domain contnb~tese 
to its complementarity determining r~g1on~ (CDRs) an~ how do the V typ 
and c -type immunoglobulin domains differ in those reg ions. 

How do antibodies, wh ich all have t he same basic shape, recognize antigens 
3.2 

of a wide va riety of different shapes? 

3.3 

3.4 

T cells must deliver effector functions appropriate for the cel!ular 
localization of pat hogens, whereas B cells are not so c~nstrained. (a) How 
does this account for the different recognition propert ies of B- and T-cell _ 
antigen receptors? (b) Describe t he similaritie~ and difference~ between B 
and T-ce ll antigen receptors. ( c) Given these differences, what 1s the 
essentia l difference in t he fu nction of B cells and T cells. 

There are t wo kinds of MHC molecules: class I and cla~~ II. (a) What role d~ 
MHC molecules have in the activation of antigen-specific T cells? (b) Explain 
how the peptide-binding region of MHC class I and class II molecules c~n be 
so simila r, even t hough one is encoded by a single gene and the oth~r 1s 
encoded by t wo different genes. ( c) If MHC class I and clas~ II _rep~1de­
binding regions are so similar, how can T cells functiona lly d1stingwsh 
between antigens presented by MHC class I and class II molecules? 
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Immunologists' Toolbox 

Natural adaptive immune responses are normally directed at antigens borne 
by pathogenic microorganisms. The immune system can also be induced to 
respond to simple nonliving antigens, and experimental immunologists have 
focused on the responses to these simple antigens in developing our under­
standing of the immune response. The deliberate induction of an immune 
response is known as immunization. Experimental immunizations are rou­
tinely carried out by injecting the test antigen into the animal or human sub­
ject. The route, dose, and form in which antigen is administered can 
profoundly affect whether a response occurs and the type of response that is 
produced, and are considered in Sections A-l- A-4. The induction of protec­
tive immune responses against common microbial pathogens in humans is 
often called vaccination, although this term is correctly only applied to the 
induction of immune responses against smallpox by immunizing with the 
cross-reactive cowpox virus, vaccinia. 

To determine whether an immune response has occurred and to follow its 
course, the immunized individual is monitored for the appearance of 
immune reactants directed at the specific antigen. Immune responses to most 
antigens elicit the production of both specific antibodies and specific effector 
T cells. Monitoring the antibody response usually involves the analysis of rel­
atively crude preparations of antiserum (plural: antisera). The serum is the 
fluid phase of clotted blood, which, if taken from an immunized individual, is 
called antiserum because it contains specific antibodies against the immu­
nizing antigen as well as other soluble serum proteins. To study immune 
responses mediated by T cells, blood lymphocytes or cells from lymphoid 
organs such as the spleen are tested; T-cell responses are more commonly 
studied in experimental animals than in humans. 

Any substance that can elicit an immune response is said to be immunogenic 
and is called an immunogen. There is a clear operational distinction between 
an immunogen and an antigen. An antigen is defined as any substance that 
can bind to a specific antibody. All antigens therefore have the potential to 
elicit specific antibodies, but some need to be attached to an immunogen in 
order to do so. This means that although all immunogens are antigens, not all 
antigens are immunogenic. The antigens used most frequently in experimen­
tal immunology are proteins, and antibodies to proteins are of enormous util­
ity in experimental biology and medicine. Purified proteins are, however, not 
always highly immunogenic and to provoke an immune response have to be 
administered with an adjuvant (see Section A-4). Carbohydrates, nucleic 
acids, and other types of molecules are all potential antigens, but will often 
only induce an immune response if attached to a protein carrier. Thus, the 
immunogenicity of protein antigens determines the outcome of virtually 
every immune response. 

APPENDIX I 
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Primary immunization with different 
doses of antigen 
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Fig. A.1 The dose of antigen used in an 
initial immunization affects the primary 
and secondary antibody response. The 
typical antigen dose-response curve 
shown here illustrates the influence of 
dose on both a primary antibody 
response (amounts of antibody produced 
expressed in arbitrary units) and the 
effect of the dose used for priming on a 
secondary antibody response elicited by 
a dose of antigen of 103 arbitrary mass 
units. Very low doses of antigen do not 
cause an immune response at all. Slightly 
higher doses appear to inhibit specific 
antibody production, an effect known as 
low-zone tolerance. Above these doses 
there is a steady increase in the response 
with antigen dose to reach a broad 
optimum. Very high doses of antigen also 
inhibit immune responsiveness to a 
subsequent challenge, a phenomenon 
known as high-zone tolerance. 

Antisera generated by immunization with even the simplest antigen Will c 
tain many different antibody molecules that bind to the immunogenon­
slightly different ways. Some of the antibodies in an antiserum are cross-re ill 

tive. A cross-reaction is defined as the binding of an antibody to an antigac­
other than the immunogen; most antibodies cross-react with closely relate~ 
antigens but, on occasion, some bind antigens having no clear relationship~ 
the immunogen. These cross-reacting antibodies can create problems whe 0 

the antiserum is used to detect a specific antigen. They can be removed fro~ 
an antiserum by absorption with the cross-reactive antigen, leaving behind 
the antibodies that bind only to the immunogen. Absorption can be per­
formed by affinity chromatography using immobilized antigen, a technique 
that is also used for purification of antibodies or antigens (see Section A-S). 
Most problems of cross-reactivity can be avoided, however, by making mon­
oclonal antibodies (see SectionA-12). 

Although almost any structure can be recognized by antibody as an antigen, 
usually only proteins elicit fully developed adaptive immune responses. This is 
because proteins have the ability to engage T cells, which contribute to induc­
ing most antibody responses and are required for immunological memory. 
Proteins engage T cells because the T cells recognize antigens as peptide frag­
ments of proteins bound to major histocompatibility complex (MHC) mole­
cules. An adaptive immune response that includes immunological memory 
can be induced by nonpeptide antigens only when they are attached to a pro­
tein carrier that can engage the necessaryT cells (see Section 9-3 and Fig. 9.4). 

Immunological memory is produced as a result of the initial or primary 
immunization, which evokes the primary immune response. This is also 
known as priming, as the animal or person is now 'primed' like a pump to 
mount a more potent response to subsequent challenges with the same anti­
gen. The response to each immunization is increasingly intense, so that sec­
ondary, tertiary, and subsequent responses are of increasing magnitude 
(Fig. A.l). Repetitive challenge with antigen to achieve a heightened state of 
immunity is known as hyperimmunization. 

Certain properties of a protein that favor the priming of an adaptive immune 
response have been defined by studying antibody responses to simple natu­
ral proteins like hen egg-white lysozyme and to synthetic polypeptide anti­
gens (Fig. A.2). The larger and more complex a protein, and the more distant 
its relationship to self proteins, the more likely it is to elicit a response. This is 
because such responses depend on the proteins being degraded into pep­
tides that can bind to MHC molecules, and on the subsequent recognition of 
these peptide:MHC complexes by T cells. The larger and more distinct the 
protein antigen, the more likely it is to contain such peptides. Particulate or 
aggregated antigens are more immunogenic because they are taken up more 
efficiently by the specialized antigen-presenting cells responsible for initiat­
ing a response. Indeed small soluble proteins are unable to induce a response 
unless they are made to aggregate in some way. Many vaccines, for example, 
use aggregated protein antigens to potentiate the immune response. 

A-1 Haptens. 

Small organic molecules of simple structure, such as phenyl arsonates and 
nitrophenyls, do not provoke antibodies when injected by themselves. 
However, antibodies can be raised against them if the molecule is attached 
covalently, by simple chemical reactions, to a protein carrier. Such small 
molecules were termed haptens (from the Greek haptein, to fasten) by the 
immunologist Karl Landsteiner, who first studied them in the early 1900s. H; 
found that animals immunized with a hapten-carrier conjugate produ~e 
three distinct sets of antibodies (Fig. A.3). One set comprised hapten-specific 

[ Factors that influence the immunogenicity of proteins 

-
parameter Increased immunogenicity Decreased immunogenicity 

....-

I Small (MW<2500) I Size Large 

--
Dose I Intermediate 

11 
High or low I 

-
Route Subcutaneous > intraperitoneal > intravenous or intragastric j 
Composition Complex 

11 
Simple I 

Particulate 
11 

Soluble I 
Form 

11 I Denatured Native 

Similarity to self protein Multiple differences Few differences I 
Slow release Rapid release 

I 
Adjuvants 

Bacteria 
11 

No bacteria I 
Interaction with host MHC I Effective 

11 
Ineffective I 

antibodies that reacted with the same hapten on any carrier, as well as with 
free hapten. The second set of antibodies was specific for the carrier protein, 
as shown by their ability to bind both the hapten-modified and unmodified 
carrier protein. Finally, some antibodies reacted only with the specific con­
jugate of hapten and carrier used for immunization. Landsteiner studied 
mainly the antibody response to the hapten, as these small molecules could 
be synthesized in many closely related forms. He observed that antibodies 
raised against a particular hapten bind that hapten but, in general, fail to 
bind even very closely related chemical structures. The binding of haptens 
by anti-hapten antibodies has played an important part in defining the pre­
cision of antigen binding by antibody molecules. Anti-hapten antibodies are 
also important medically as they mediate allergic reactions to penicillin and 
other compounds that elicit antibody responses when they attach to self 
proteins (see Section 13-11) . 

Fig. A.3 Antibodies can be elicited by 
srnan chemical groups called haptens 
only when the hapten is linked to an 
1rnrnunogenic protein carrier. Three 
types of antibodies are produced. One set 
(blue) binds the carrier protein alone and 
1s. called carrier-specific. One set (red) 
binds to the hapten on any carrier or to 
free hapten in solution and is called 
hapten-specific. One set (purple) only 
binds the specific conjugate of hapten 

and carrier used for immunization, 
apparently binding to sites at which the 
hapten joins the carrier, and is called 
conjugate-specific. The amount of 
antibody of each type in this serum is 
shown schematically in the graphs at the 
bottom; note that the original antigen 
binds more antibody than the sum of anti­
hapten and anti-carrier antibodies owing 
to the additional binding of conjugate­
specific antibody. 

Immunization 

Fig. A.2 Intrinsic properties and 
extrinsic factors that affect the 
immunogenicity of proteins. 

Immunize rabbit with 
hapten-carrier conjugate 

♦ 
• 
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A-2 Routes of immunization. 

The route by which antigen is administered affects both the magnit d 
the type of response obtained. The most common routes by which a ut_ e an_d 
· d d · all · · n igen 1s mtro uce expenment y or as a vaccme mto the body are injection · . 

b b t ( ) . . . b th . mto tis-sue y su cu aneous s.c. m1ect10n etween e epidermis and dermal 
1 ers, or by intradermal (i.d.) injection, or intramuscular (i.m.) ini·ect' _ay­

. t c· ) . . . fu . d" IOn, by m ravenous 1.v. m1ect1on or trans s10n rrectly into the bloodstrea .. 
th t . t t· al b al d · · · · m, lllto e gas rom es m tract y or a mm1strat10n; mto the respiratory t b 
intranasal (i.n.) administration or inhalation. ract Y 

Antigens injected subcutaneously generally elicit the strongest respon 
n_iost probably be~ause the antigen is taken up by Langerhans' cells and :;: 
c1ennltly presented m local lymph nodes, and so this is the method most com. 
mo y used when the object of the experiment is to elicit specific antibodi 
or T cells against a given an!igen. ~tigens injected or transfused directly in;o 
the bloodstream tend to mduce immune unresponsiveness or tolera 
unless they bind to host cells or are in the form of aggregates that are rea: e 
taken up by antigen-presenting cells. y 

Antigen administration via the gastrointestinal tract is used mostly in the 
study of ~lergy. _It has_ distinc~ive effect~, freq_uently eli~iting a local antibody 
response m the mtestmal lamma propna, while producmg a systemic state of 

· tolerance that manifests as a diminished response to the same antigen if sub­
sequently administered in immunogenic form elsewhere in the body. This 
'split tolerance' may be important in avoiding allergy to antigens in food , as 
the local response prevents food antigens from entering the body, while the 
inhibition of systemic immunity helps to prevent the formation of IgE anti­
bodies, which are the cause of such allergies (see Chapter 13). 

Introduction of antigen into the respiratory tract is also used mainly in the 
study of allergy. Protein antigens that enter the body through the respiratory 
epithelium tend to elicit allergic responses, for reasons that are not clear. 

A-3 Effects of antigen dose. 

The magnitude of the immune response depends on the dose of immunogen 
administered. Below a certain threshold dose, most proteins do not elicit any 
immune response. Above the threshold dose, there is a gradual increase in the 
response as the dose of antigen is increased, until a broad plateau level is 
reached, followed by a decline at very high antigen doses (see Fig. A.l). As 
most infectious agents enter the body in small numbers, immune response 
are generally elicited only by pathogens that multiply to a level sufficient to 
exceed the antigen dose threshold. The broad response optimum allows the 
system to respond to infectious agents across a wide range of doses. At very 
high antigen doses the immune response is inhibited, which may be impor­
tant in maintaining tolerance to abundant self proteins such as plasma pro­
teins. In general, secondary and subsequent immune responses occur at 
lower antigen doses and achieve higher plateau values, which is a sign of 
immunological memory. However, under some conditions, very low or very 
high doses of antigen may induce specific unresponsive states, known 
respectively as acquired low-zone or high-zone tolerance. 

A-4 Adjuvants. 

Most proteins are poorly immunogenic or nonimmunogenic when adminiS· 
tered by themselves. Strong adaptive immune responses to protein antigens 
almost always require that the antigen be injected in a mixture known as an 

djuvant. An adjuvant is any substance that enhances the immunogenicity of 
3 

bstances mixed with it. Adjuvants differ from protein carriers in that they 
~~ not form stable linkages with the immunogen. Furthermore, adjuvants are 
eeded primarily for initial immunizations, whereas carriers are required to 

n]icit not only primary but also subsequent responses to haptens. Commonly 
:sed adjuvants are listed in Fig. A.4. 

Adjuvants can enhance immunogenicity in two different ways. First, adju­
vants convert soluble protein antigens into particulate material, which is 
more readily ingested by antigen-presenting cells such as macrophages. For 
example, the antigen can be adsorbed on particles of the adjuvant (such as 
a]um), made particulate by emulsification in mineral oils, or incorporated 
into the colloidal particles of ISCOMs. This enhances immunogenicity some­
what, but such adjuvants are relatively weak unless they also contain bacteria 
or bacterial products. Such microbial constituents are the second means by 
which adjuvants enhance immunogenicity, and although their exact contri­
bution to enhancing immunogenicity is unknown, they are clearly the more 
important component of an adjuvant. Microbial products may signal 
macrophages or dendritic cells to become more effective antigen-presenting 
cells (see Chapter 2) . One of their effects is to induce the production of 
inflammatory cytokines and potent local inflammatory responses; this effect 
is probably intrinsic to their activity in enhancing responses, but precludes 
their use in humans. 

Nevertheless, some human vaccines contain microbial antigens that can also 
act as effective adjuvants. For example, purified constituents of the bac­
terium Bordetella pertussis, which is the causal agent of whooping cough, are 
used as both antigen and adjuvant in the triplex DPT (diphtheria, pertussis, 
tetanus) vaccine against these diseases. 

Adjuvants that enhance immune responses 

Adjuvant name Composition Mechanism of action 

Incomplete Freund's adjuvant 
Delayed release of antigen; 

Oil-in-water emulsion enhanced uptake by 
macrophages 

Delayed release of antigen; 

Complete Freund's adjuvant Oil-in-water emulsion enhanced uptake by 
with dead mycobacteria macrophages; induction of 

co-stimulators in macrophages 

Oil-in-water emulsion Similar to complete Freund's adjuvant with MDP with muramyldipeptide (MDP), 
a constituent of mycobacteria Freund's adjuvant 

Alum (aluminum hydroxide) 
I 

Aluminum hydroxide gel 
11 

Delayed release of antigen; I 
enhanced macrophage uptake 

Alum plus 
Delayed release of antigen; 

Aluminum hydroxide gel enhanced uptake by 
Bordetella pertussis with killed 8. pertussis macrophages; induction 

of co-stimulators -
Immune stimulatory Matrix of Quil A Delivers antigen to cytosol ; 

complexes (ISCOMs) containing viral proteins 
allows induction of cytotoxic 
T cells -

Immunization 

Fig. A.4 Common adjuvants and their 
use. Adjuvants are mixed with the antigen 
and usually render it particulate, which 
helps to retain the antigen in the body 
and promotes uptake by macrophages. 
Most adjuvants include bacteria or 
bacterial components that stimulate 
macrophages, aiding in the induction of 
the immune response. ISCOMs (immune 
stimulatory complexes) are small micelles 
of the detergent Quil A; when viral 
proteins are placed in these micelles, they 
apparently fuse with the antigen­
presenting cell , allowing the antigen to 
enter the cytosol. Thus, the antigen­
presenting cell can stimulate a response 
to the viral protein, much as a virus 
infecting these cells would stimulate an 
anti-viral response. 
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The detection, measurement, and characterization 
of antibodies and their use as research and 
diagnostic tools. 

B cells contribute to adaptive immunity by secreting antibodies, and th 
response of B cells to an injected immunogen is usually measured by analy ~ 
ing the specific antibody produced in a humoral immune response. This z 
most conveniently achieved by assaying the antibody that accumulates in this 
flui~ ph~se of_the bl?od or J?lasm~; such antibodies are known as circulatin: 
antibodies. Crrculatmg antibody is usually measured by collectillg blood 
allowing it to clot, and then isolating the serum from the clotted blood. Th~ 
amount and characteristics of the antibody in the resulting antiserum are 
then determined using the assays we will describe in Sections A-S-A-11. 

The most important characteristics of an antibody response are the speci­
ficity, amount, isotype or class, and affinity of the antibodies produced. The 
specificity determines the ability of the antibody to distinguish the immuno­
gen from other antigens. The amount of antibody can be determined ill many 
different ways and is a function of the number of responding B cells, their rate 
of antibody synthesis, and the persistence of the antibody after production. 
The persistence of an antibody in the plasma and extracellular fluid bathing 
the tissues is determined mainly by its isotype or class (see Sections 4-12 and 
9-14); each isotype has a different half-life in vivo. The isotypic composition 
of an antibody response also determines the biological functions these anti­
bodies can perform and the sites in which antibody will be found. Fillally, the 
strength of binding of the antibody to its antigen ill terms of a single antigen­
binding site binding to a monovalent antigen is termed its affinity (the total 
binding strength of a molecule with more than one binding site is called its 
avidity). Binding strength is important, since the higher the affinity of the 
antibody for its antigen, the less antibody is required to eliminate the antigen, 
as antibodies with higher affinity will bind at lower antigen concentrations. 
All these parameters of the humoral immune response help to determine the 
capacity of that response to protect the host from infection. 

Antibody molecules are highly specific for their correspondillg antigen, being 
able to detect one molecule of a protein antigen out of more than 108 similar 
molecules. This makes antibodies both easy to isolate and study, and invalu­
able as probes of biological processes. Whereas standard chemistry would 
have great difficulty in distinguishing between two such closely related pro­
teins as human and pig insulin, or two such closely related structures as 
ortho- and para-nitrophenyl, antibodies can be made that discriminate 
between these two structures absolutely. The value of antibodies as molecu­
lar probes has stimulated the development of many sensitive and highly spe­
cific techniques to measure their presence, to determine their specificity and 
affinity for a range of antigens, and to ascertain their functional capabilities. 
Many standard techniques used throughout biology exploit the specificity 
and stability of antigen binding by antibodies. Comprehensive guides to the 
conduct of these antibody assays are available in many books on immun°· 
logical methodology; we will illustrate here only the most important tech· 
niques, especially those used in studying the immune response itself. 

Some assays for antibody measure the direct binding of the antibody to its 
antigen. Such assays are based on primary interactions. Others determine 
the amount of antibody present by the changes it induces in the physical 
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te of the antigen, such as the precipitation of soluble antigen or the clump-
sta d d .. Bh . of antigenic particles; these are calle secon ary mteract10ns. ot types 
~g ssay can be used to measure the amount and specificity of the antibodies 
0 

aduced after immunization, and both can be applied to a wide range of pro . . 
other biological quest10ns. 

A assays for antibody were originally conducted with antisera from immune 
. sdividuals, they are commonly referred to as serological assays, and the use 
1
~ antibodies is often called serology. The amount of antibody is usually 
~etermined by antigen-binding assay~ a~er titration of the antis~rum ~y 
serial dilution, and the point at which bmdmg falls to 50% of the maximum is 
usually referred to as the titer of an antiserum. 

A-5 Affinity chromatography. 

Specific antibody can be isolated from an antiserum by affinity chromatog­
raphy, which exploits the specific binding of antibody to antige1: held on a 
solid matrix (Fig. A.5). Antigen is bound covalently to small, chemically reac­
tive beads, which are loaded into a column, and the antiserum is allowed to 
pass over the beads. The specific antibodies bind, while all the other proteins 
in the serum, including antibodies to other substances, can be washed away. 
The specific antibodies are then eluted, typically by lowering the pH to 2.5 or 
raising it to greater than 11. Antibodies bind stably under physiological con­
ditions of salt concentration, temperature, and pH, but the binding is 
reversible as the bonds are noncovalent. Affinity chromatography can also be 
used to purify antigens from complex mixtures by using beads coated with 
specific antibody. The technique is known as affinity chromatography 
because it separates molecules on the basis of their affinity for one another. 

A-6 Radioimmunoassay (RIA), enzyme-linked immunosorbent assay 
(ELISA), and competitive inhibition assay. 

Radioimmunoassay (RIA) and enzyme-linked immunosorbent assay 
(ELISA) are direct binding assays for antibody (or antigen) and both work on 
the same principle, but the means of detecting specific binding is different. 
Radioimmunoassays are commonly used to measure the levels of hormones 
in blood and tissue fluids, while ELISA assays are frequently used in viral 

Fig. A.5 Affinity chromatography uses antigen-antibody 
binding to purify antigens or antibodies. To purify a specific 
antigen from a complex mixture of molecules, a monoclonal 
antibody is attached to an insoluble matrix, such as 
chromatography beads, and the mixture of molecules is passed 

over the matrix. The specific antibody binds the antigen of 
interest; other molecules are washed away. Specific antigen is 
then eluted by altering the pH, which can usually disrupt 
antibody-antigen bonds. Antibodies can be purified in the same 
way on beads coupled to antigen (not shown). 

Antibody to antigen A bound to beads Add a mixture of molecules Wash away unbound molecules 

. ◊ o• • 
Mixture 
depleted of 
antigen A 

Elute specifically bound molecules 

C\--b~l 
0.:c1- o 

6 
• • Purified 

• • antigen A 
• 
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Add anti-A antibody 
covalently linked to enzyme 

Enzyme makes colored 
product from added 
colorless substrate 

Measure absorbance of light 
by colored product 

Fig. A.6 The principle of the enzyme­
linked immunosorbent assay (ELISA). 
To detect antigen A, purified antibody 
specific for antigen A is linked chemically 
to an enzyme. The samples to be tested 
are coated onto the surface of plastic 
wells to which they bind nonspecifically; 
residual sticky sites on the plastic are 
blocked by adding irrelevant proteins (not 
shown). The labeled antibody is then 
added to the wells under conditions 
where nonspecific binding is prevented, 
so that only binding to antigen A causes 
the labeled antibody to be retained on the 
surface. Unbound labeled antibody is 
removed from all wells by washing, and 
bound antibody is detected by an 
enzyme-dependent color-change 
reaction . This assay allows arrays of wells 
known as microtiter plates to be read in 
fiberoptic multichannel spectrometers, 
greatly speeding the assay. Modifications 
of this basic assay allow antibody or 
antigen in unknown samples to be 
measured as shown in Figs A.7 and A.30 
(see also Section A-10). 

diagnostics, for example in detecting cases of HIV infection. For both th 
methods one needs a pure preparation of a known antigen or antibod ese 
both, in order to standardize the assay. We will describe the assay with a y, or 
ple of pure antibody, which is the more usual case, but the principle is s~-
1 'f . . d . d f simi­ar 1 pure antigen 1s use mstea . In RIA or an antigen, pure antib d 
against that antigen is radioactively labeled, usually with 1251; for the EL~/ 
an ~nzyme ~s linked chemically ~o th~ antibody. The unlabeled component: 
which m this case would be antigen, is attached to a solid support, such 
the wells of a plastic multiwell plate, which will adsorb a certain amount asf 

. 0 
anyprotem. 

The labeled antibody is allowed to bind to the unlabeled antigen, under co _ 
ditions where nonspecific adsorption is blocked, and any unbound antibo~ 
and other proteins are washed away. Antibody binding in RIA is measure~ 
directly in terms of the amount of radioactivity retained by the coated wells 
whereas in ELISA, binding is detected by a reaction that converts a colorles~ 
substrate into a colored reaction product (Fig. A.6). The color change can be 
read directly in the reaction tray, making data collection very easy, and ELISA 
also avoids the hazards of radioactivity. This makes ELISA the preferred 
method for most direct-binding assays. Labeled anti-immunoglobulin anti­
bodies (see Section A-10) can also be used in RIA or ELISA to detect binding 
of unlabeled antibody to unlabeled antigen-coated plates. In this case, the 
labeled anti-immunoglobulin antibody is used in what is termed a 'second 
layer.' The use of such a second layer also amplifies the signal, as at least two 
molecules of the labeled anti-immunoglobulin antibody are able to bind to 
each unlabeled antibody. RIA and ELISA can also be carried out with unla­
beled antibody stuck to the plates and labeled antigen added. 

A modification of ELISA known as a capture or sandwich ELISA (or more 
generally as an antigen-capture assay) can be used to detect secreted prod­
ucts such as cytokines. Rather than the antigen being directly attached to a 
plastic plate, antigen-specific antibodies are bound to the plate. These are 
able to bind antigen with high affinity, and thus concentrate it on the surface 
of the plate, even with antigens that are present in very low concentrations in 
the initial mixture. A separate labeled antibody that recognizes a different 
epitope to the immobilized first antibody is then used to detect the bound 
antigen. 

These assays illustrate two crucial aspects of all serological assays. First, at 
least one of the reagents must be available in a pure, detectable form in order 
to obtain quantitative information. Second, there must be a means of sepa­
rating the bound fraction of the labeled reagent from the unbound, free frac­
tion so that the percentage of specific binding can be determined. Normally, 
this separation is achieved by having the unlabeled partner trapped on a solid 
support. Labeled molecules that do not bind can then be washed away, leav­
ing just the labeled partner that has bound. In Fig. A.6, the unlabeled antigen 
is attached to the well and the labeled antibody is trapped by binding to it. 
The separation of bound from free is an essential step in every assay that uses 
antibodies. 

RIA and ELISA do not allow one to measure directly the amount of antigen or 
antibody in a sample of unknown composition, as both depend on the bind­
ing of a pure labeled antigen or antibody. There are various ways around this 
problem, one of which is to use a competitive inhibition assay, as shown in 
Fig. A.7. In this type of assay, the presence and amount of a particular anti­
gen in an unknown sample is determined by its ability to compete with _a 
labeled reference antigen for binding to an antibody attached to a plaStlC 
well. A standard curve is first constructed by adding varying amounts of a 
known, unlabeled standard preparation; the assay can then measure the 
amount of antigen in unknown samples by comparison with the standard. 
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Anti-A antibody bound 

Add labeled 
antigen A+ 

unlabeled antigen 

Percent 
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binding 

50 
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• • • • 
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concentration 
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curve 1 

• • • 
Mixture containing 
low concentration 

of antigen A 

Less inhibition 
curve 2 

The competitive binding assay can also be used for measuring antibody in a 
sample of unknown composition by attaching the appropriate antigen to the 
plate and measuring the ability of the test sample to inhibit the binding of a 
labeled specific antibody. 

A-7 Hemagglutination and blood typing. 

The direct measurement of antibody binding to antigen is used in most quan­
titative serological assays. However, some important assays are based on the 
ability of antibody binding to alter the physical state of the antigen it binds to. 
These secondary interactions can be detected in a variety of ways. For 
instance, when the antigen is displayed on the surface of a large particle such 
as a bacterium, antibodies can cause the bacteria to clump or agglutinate. 
The same principle applies to the reactions used in blood typing, only here 
the target antigens are on the surface of red blood cells and the clumping 
reaction caused by antibodies against them is called hemagglutination (from 
the Greek haima, blood) . 

Hemagglutination is used to determine the ABO blood group of blood donors 
'.111d transfusion recipients. Clumping or agglutination is induced by antibod­
ies or agglutinins called anti-A or anti-B that bind to the A or B blood-group 
substances, respectively (Fig. A.8) . These blood-group antigens are arrayed in 

Fig. A.7 Competitive inhibition assay 
for antigen in unknown samples. 
A fixed amount of unlabeled antibody is 
attached to a set of wells , and a standard 
reference preparation of a labeled antigen 
is bound to it. Unlabeled standard or test 
samples are then added in various 
amounts and the displacement of labeled 
antigen is measured, generating 
characteristic inhibition curves. A 
standard curve is obtained by using 
known amounts of unlabeled antigen 
identical to that used as the labeled 
species, and comparison with this curve 
allows the amount of antigen in unknown 
samples to be calculated. The green line 
on the graph represents a sample lacking 
any substance that reacts with anti-A 
antibodies. 
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Fig. A.8 Hemagglutination is used to 
type blood groups and match 
compatible donors and recipients for 
blood transfusion. Common gut bacteria 
bear antigens that are similar or identical 
to blood-group antigens, and these 
stimulate the formation of antibodies to 
these antigens in individuals who do not 
bear the corresponding antigen on their 
own red blood cells (left column); thus, 
type O individuals, who lack A and B 
have both anti-A and anti-B antibodi;s 
while type AB individuals have neither. ' 
The pattern of agglutination of the red 
blood cells of a transfusion donor or 
recipient with anti-A and anti-B antibodies 
reveals the individual 's ABO blood group. 
Before transfusion, the serum of the 
recipient is also tested for antibodies that 
agglutinate the red blood cells of the 
donor, and vice versa, a procedure called 
a cross-match, which may detect 
potentially harmful antibodies to other 
blood groups that are not part of the ABO 
system. 

Antibody Equivalence Antigen 
excess excess 

Amount of antigen added 

---
Red blood cells from individuals of type 

a i) [:] 
-;:--
AB 

Express the carbohydrate structures -
R-GlcNAc-G,al ~ 

Serum from l R-GlcNAc-Gal R-GlcNAc-G,al-GalNAc R-GlcNAc-Gal -Gal 
F~c ' Fuc individuals of type Fuc Fuc 

R-GlcNAc-Gal-Gal 
' 

JtoA Fuc 

-
Anti-A and anti-8 no agglutination agglutination agglutination agglutination 

antibodies 

AA 
no agglutination no agglutination agglutination agglutination Anti-8 antibodies 

Jt B 
no agglutination agglutination no agglutination agglutination Anti-A antibodies 

AB 
No antibodies no agglutination 

to A or B 
no agglutination no agglutination no agglutination 

many copies on th~ surface of the red blood cell, allowing the cells to aggluti­
nate whe~ cr_oss-lmked by antibodies. Because hemagglutination involves 
the cross-_lmki1_1g of bl~od cells by the simultaneous binding of antibody mol­
ecules to_ 1dent1cal antigens on different cells, this reaction demonstrates that 
each antibody molecule has at least two identical antigen-binding sites. 

A-8 Precipitin reaction. 

When sufficient quantities of antibody are mixed with soluble macromolecu­
lar ant!gens, a visib_le precipitate consisting of large aggregates of antigen 
cross-lmked by antibody molecules can form. The amount of precipitate 
depend~ on the amounts of antigen and antibody, and on the ratio between 
them (~1g. A.9). T_his precipitin reaction provided the first quantitative assay 
for antibody, but 1s now seldom used in immunology. However, it is important 
t? understand the interaction of antigen with antibody that leads to this reac­
~10n, as the production of antigen:antibody complexes, also known as 
imm~ne complexes, in vivo occurs in almost all immune responses and 
occas10nally can cause significant pathology (see Chapters 13 and 14). 

Fig. A.9 Antibody can precipitate 
soluble antigen. Analysis of the 
precipitate can generate a precipitin 
curve. Different amounts of antigen are 
added to a fixed amount of antibody, and 
precipitates form by antibody cross­
/inking of antigen molecules. The 
precipitate is recovered and the amount 
of precipitated antibody measured; the 
supernatant is tested for residual antigen 

or antibody. This defines zones of 
antibody excess, equivalence, and 
antigen excess. At equivalence, the 
largest antigen:antibody complexes form. 
In the zone of antigen excess, some of 
the immune complexes are too small to 
precipitate. These soluble immune 
complexes can cause pathological 
damage to small blood vessels when they 
form in vivo (see Chapter 14). 
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the precipitin reaction, various amounts of soluble antigen are added to a 
~ d amount of serum containing antibody. As the amount of antigen added 
~;reases, the amount of precipitate generated also increases up to a maxi-
1 rn and then declines (see Fig. A.9). When small amounts of antigen are 
~~ed, antigen:antibody complexes are formed under conditions of antibody 
3 

ess so that each molecule of antigen is bound by antibody and cross-
exc f · Wh 1 f · unked to other molecules o antigen. en arge amounts o antigen are 
dded, only small antigen:antibody complexes can form and these are often 

3 
Jubie in this zone of antigen excess. Between these two zones, all of the 

:~tigen and antibody is found in the precipitat~, generatin~ a zone of equiv­
~ence. At equivalence, very large lattices of antigen and antibody are formed 
by cross-linking. While all antigen:antibody complexes can potentially pro­
duce disease, the small, soluble immune complexes formed in the zone of 
antigen excess may persist and cause pathology in vivo. 

The precipitin reaction is affected by the number of binding sites that each 
antibody has for antigen, and by the maximum number of antibodies that 
can be bound by an antigen molecule or particle at any one time. These quan­
tities are defined as the valence of the antibody and the valence of the anti­
gen: the valence of both the antibodies and the antigen must be n:vo or 
greater before any precipitation can occur. The valence of an antibody 
depends on its structural class (see Section 4-16). 

Antigen will be precipitated only ifit has several antibody-binding sites. This 
condition is usually satisfied in macromolecular antigens, which have a com­
plex surface with binding sites for several different antibodies. The site on an 
antigen to which each distinct antibody molecule binds is called an antigenic 
determinant or an epitope. Steric considerations limit the number of distinct 
antibody molecules that can bind to a single antigen molecule at any one 
time however, because antibody molecules binding to epitopes that partially 
overlap will compete for binding. For this reason, the valence of an antigen is 
almost always less than the number of epitopes on the antigen (Fig. A.10). 

A-9 Equilibrium dialysis: measurement of antibody affinity and avidity. 

The affinity of an antibody is the strength of binding of a monovalent ligand 
to a single antigen-binding site on the antibody. The affinity of an antibody 
that binds small antigens, such as haptens, that can diffuse freely across a 
dialysis membrane can be determined directly by the technique of equilib­
rium dialysis. A known amount of antibody, whose molecules are too large to 
cross a dialysis membrane, is placed in a dialysis bag and offered various 
amollflts of antigen. Molecules of antigen that bind to the antibody are no 
longer free to diffuse across the dialysis membrane, so only the unbound 
molecules of antigen equilibrate across it. By measuring the concentration of 
antigen inside the bag and in the surrounding fluid, one can determine the 
amount of the antigen that is bound as well as the amount that is free when 
equilibrium has been achieved. Given that the amount of antibody present is 
known, the affinity of the antibody and the number of specific binding sites 
for the antigen per molecule of antibody can be determined from this infor­
mation. The data are usually analyzed using Scatchard analysis (Fig. A.11); 
such analyses were used to demonstrate that a molecule of IgG antibody has 
two identical antigen-binding sites. 

Whereas affinity measures the strength of binding of an antigenic determi­
na 11t to a single antigen-binding site, an antibody reacting with an antigen 
that has multiple identical epitopes or with the surface of a pathogen will 
often bind the same molecule or particle with both of its antigen-binding 
sites. This increases the apparent strength of binding, since both binding sites 
must release at the same time in order for the two molecules to dissociate. 

Small antigen, 2 epitopes: 
antigen valence = 2 

Intermediate antigen, 6 epitopes: 
antigen valence = 4 

Large antigen, 10 epitopes: 
antigen valence = 8 

Fig. A.10 Different antibodies bind to 
distinct epitopes on an antigen 
molecule. The surface of an antigen 
possesses many potential antigenic 
determinants or epitopes, distinct sites to 
which an antibody can bind. The number 
of antibody molecules that can bind to a 
molecule of antigen at one time defines 
the antigen's valence. Steric 
considerations can limit the number of 
different antibodies that bind to the 
surface of an antigen at any one time 
(center and bottom panels) so that the 
number of epitopes on an antigen is 
always greater than or equal to its 
valence. 

745 

Page 98 of 125



746 Appendix I: lmmunologists'Toolbox 

Fig. A.11 The affinity and valence of an 
antibody can be determined by 
equilibrium dialysis. A known amount of 
antibody is placed in the bottom half of a 
dialysis chamber and exposed to different 
amounts of a d iffusible monovalent 
antigen, such as a hapten. At equi librium, 
the concentration of free antigen will be 
the same on each side of the membrane 
so that at each concentration of antigen ' 
added, the fraction of the antigen bound 
is determined from the d ifference in 
concentration of total antigen in the top 
and bottom chambers. This information 
can be transformed into a Scatchard plot 
as shown here. In Scatchard analysis, the 
ratio rlc (where r = moles of antigen 
bound per mole of antibody and 
c = molar concentrat ion of free antigen) is 
plotted against r. The number of binding 
sites per antibody molecule can be 
determined from the value of r at infinite 
free-antigen concentration, where 
r/ free = 0, in other words at the x-axis 
intercept. The analysis of a monoclonal 
lgG antibody molecule, in which there are 
two identical antigen-bind ing sites per 
molecule, is shown in the left panel. The 
slope of the line is determined by the 
affinity of the antibody molecule for its 
antigen; if al l the antibody molecules in a 
preparation are identical, as for this 
monoclonal antibody, then a straight line 
is obtained whose slope is equal to -Ka, 
where Ka is the association (or affinity) 
constant and the dissociation constant 
Kd = 1/Ka. However, antiserum raised 
even against a simple antigenic 
determinant such as a hapten contains a 
heterogeneous populat ion of anti body 
molecules (see Section A-1 ). Each 
ant ibody molecule would , if isolated, 
make up part of the total and give a 
straight line whose x-axis intercept is less 
than two, as this antibody molecule 
contains only a fraction of the total 
binding sites in the population (middle 
panel) . As a mixture, they give curved 
lines with an x-axis intercept of two for 
which an average affinity (Ka) can be 
determined from the slope of this line at a 
concentration of antigen where 50% of 
the sites are bound, or at x = 1 (right 
panel). The association constant 
determines the equilibrium state of the 
reaction Ag + Ab = Ag:Ab, where 
antigen = Ag and antibody = Ab, and 
Ka = [Ag:Ab]/ [Ag][Ab] . This constant 
reflects the 'on ' and 'off ' rates for antigen 
binding to the antibody; with small 
antigens such as haptens, binding is 
usually as rapid as diffusion allows 
whereas differences in 'off ' rates ' 
determine the affinity constant. However, 
with larger antigens the 'on' rate may 
also vary as the interaction becomes 
more complex. 

Equilibrium dialysis of diffusible antigen =7 
Low concentration of antigen, Antibody with low concentration Antibody with high -

no antibody of antigen concentration of antigen 
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of free 
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2 1 2 
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slope at x=1 
is average 
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This is often referred to as cooperativity in binding, but it should not be con­
fus~d wi_th t?e cooperative binding found in a protein such as hemoglobin, in 
":'hich ~md:ng of hgand at one site enhances the affinity of a second binding 
site fo~ its ligand. !he overall strength of binding of an antibody molecule to 
an antigen or particle is called its avidity (Fig. A.12). For IgG antibodies, biva­
lent binding can significantly increase avidity; in IgM antibodies, which have 
ten identical antigen-binding sites, the affinity of each site for a monovalent 
antigen is usually quite low, but the avidity of binding of the whole antibody 
to a surface such as a bacterium that displays multiple identical epitopes can 
be very high. 

A-10 Anti-immunoglobulin antibodies. 

A general approach to the detection of bound antibody that avoids the need 
to label each preparation of antibody molecules is to detect bound, unlabeled 
antibody with a labeled antibody specific for immunoglobulins themselves. 
Immunoglobulins, like other proteins, are immunogenic when used to 

immunize individuals of another species. The majority of anti-immunoglob· 
ulin antibodies raised in this way recognize conserved features shared by all 
immunoglobulin molecules of the immunizing species. Others can be spe­
cific for immunoglobulin chains, heavy or light chains, for example, or fo r 
individual isotypes. Antibodies raised by immunization of goats with mouse 
IgG are commonly used in experimental immunology. Such goat anti-mouse 
IgG antibodies can be purified using affinity chromatography, then labeled 
and used as a general probe for bound IgG antibodies. Anti-immunoglobulin 

The detection, measurement, and characterization of antibodies and their use as research and diagnostic tools 

tisera have found many uses in clinical medicine and biological research 
~n ce their introduction. Fluorescently labeled anti-immunoglobulin anti­
:dies are now widely used both in immunology and other areas of biology 

secondary reagents for detecting specific antibodies bound, for example, 
as cell structures (see Sections A-14 and A-16) . Labeled anti-immunoglobulin 
: tibodies can also be used in radioimmunoassay or ELISA (see Section A-6) 

10 
detect binding of unlabeled antibody to antigen-coated plates . 

When an immunoglobulin is used as an antigen to immunize a different 
species of animal, it will be treated like any other foreign protein and will elicit 
an antibody response. Anti-immunoglobulin antibodies can be made that rec­
ognize the amino acids that characterize the isotype of the injected antibody. 
such anti-isotypic antibodies recognize all immunoglobulins of the same iso­
rype in all members of the species from which the injected antibody came. 

It is also possible to raise antibodies that recognize differences in 
inununoglobulins from members of the same species that are due to the 
presence of multiple alleles of the individual C genes in the population 
(genetic polymorphism) . Such allelic variants are called allotypes. In contrast 
to anti-isotypic antibodies, anti-allotypic antibodies will recognize 
unmunoglobulin of a particular isotype only in some members of a species. 
Finally, as individual antibodies differ in their variable regions, one can raise 
antibodies against unique features of the antigen-binding site, which are 

called idiotypes. 
A schematic picture of the differences between idiotypes, allotypes, and iso­
types is given in Fig. A.13. Historically, the main features of immunoglobulins 
were defined by using isotypic and allotypic genetic markers identified by 
antisera raised in different species or in genetically distinct members of the 
same species (see Section A-10) . The independent segregation of allotypic 
and isotypic markers revealed the existence of separate heavy-chain, K, and "A 
genes. Such anti-idiotypic, allotypic, and isotypic antibodies are still enor­
mously useful in detecting antibodies and B cells in scientific experimenta-
tion and medical diagnostics. 

Antibodies specific for individual immunoglobulin isotypes can be produced 
by immunizing an animal of a different species with a pure preparation of one 
isotype and then removing those antibodies that cross-react with 
immunoglobulins of other isotypes by using affinity chromatography (see 
SectionA-5) . Anti-isotype antibodies can be used to measure how much anti­
body of a particular isotype in an antiserum reacts with a given antigen. This 
reaction is particularly important for detecting small amounts of specific 
antibodies of the IgE isotype, which are responsible for most allergies. The 
presence in an individual's serum of IgE binding to an antigen correlates with 
allergic reactions to that antigen. 

An alternative approach to detecting bound antibodies exploits bacterial pro­
teins that bind to immunoglobulins with high affinity and specificity. One of 
these, Protein A from the bacterium Staphylococcus aureus, has been 
exploited widely in immunology for the affinity purification of immuno-glob­
ulin and for the detection of bound antibody. The use of standard second 
reagents such as labeled anti-immunoglobulin antibodies or Protein A to 
detect antibody bound specifically to its antigen allows great savings in 
reagent labeling costs, and also provides a standard detection system so that 
results in different assays can be compared directly. 

A-1 1 Coombs tests and the detection of Rhesus incompatibility. 

These tests use anti-immunoglobulin antibodies (see SectionA-10) to detect the 
antibodies that cause hemolytic disease of the newborn, or erythroblastosis 

Association and dissociation 
of a monovalent antigen 

Association and dissociation 
of a multivalent antigen 

• 

Fig. A.12 The avidity of an antibody is 
its strength of binding to intact 
antigen. When an lgG antibody binds a 
ligand with multiple identical epitopes, 
both binding sites can bind the same 
molecule or particle. The overall strength 
of binding, called avidity, is greater than 
the affinity, the strength of binding of a 
single site, since both binding sites must 
dissociate at the same time for the 
antibody to release the antigen. This 
property is very important in the binding 
of antibody to bacteria, which usually 
have multiple identical epitopes on their 

surfaces. 
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Fig. A.13 Different types of variation 
between immunoglobulins. Differences 
between constant regions due to usage 
of different C-region genes are called 
isotypes; differences due to different 
alleles of the same C gene are called 
allotypes; differences due to particular 
rearranged VH and VL genes are called 
idiotypes. 

----Event Process Nature of change 
Process occurs I • 

- n. 

Bcells ~ 

V-region assembly Somatic recombination I Irreversible G 8 of DNA 
I 

Junctional diversity Imprecise joining, N-sequence GJ insertion in DNA Irreversible G 
Transcriptional activation Activation of promoter by Irreversible but I G G proximity to the enhancer regulated 

Switch recombination Somatic recombination I Irreversible / G G of DNA 

Somatic hypermutation G m DNA point mutation Irreversible 
I 

lgM, lgD expression on surface Differential splicing of RNA Reversible, G G regulated 

Membrane vs secreted form Differential splicing of RNA Reversible, IG G regulated 

-

fetalis. Anti-immunoglobulin antibodies were first developed by R b' 
C?ombs and the test for this disease is still called the Coombs test. Hemo~yt

1
i: 

disease of the newborn occurs when a mother makes IgG antibodies specific 
for the Rhesus or 8!1 blood group antigen expressed on the red blood cells of 
her fetus. ~~-negative mothers make these antibodies when they are exposed 
to Rh-pos1t1ve fetal red blood cells bearing the paternally inherited Rh ant' ­
gen. Maternal IgG antibodies are normally transported across the placenta t~ 
the fet~s, when~ they protect the newborn infant against infection. However, 
IgG anti-Rh ~ntibod~es coa~ the fetal :ed blood cells, which are then destroyed 
by phago~ytic cells m the liver, causmg a hemolytic anemia in the fetus and 
newborn mfant. 

Sin~e the R~ ant~gens are wi?ely spaced on the red blood cell surface, the IgG 
~nti~Rh ant1bod1es cannot fix complement and cause lysis of red blood cells 
zn vztro. Furthermore,_ for reasons that are not fully understood, antibodies 
~o Rh blood group antigens do not agglutinate red blood cells as do antibod­
i~s ~o the ~O blood group antigens. Thus, detecting these antibodies was 
difficult until anti-human immunoglobulin antibodies were developed. With 
these, maternal IgG antibodies bound to the fetal red blood cells can be 
detecte~ after washing the cells to remove unbound immunoglobulin that is 
present m the fetal serum. Adding anti-human immunoglobulin antibodies 
to t?e ~ashed fetal red blood cells agglutinates any cells to which maternal 
ant1bod1~s a:e bound. This is the direct Coombs test (Fig. A.14) , so called 
because it duectly detects antibody bound to the surface of the fetal red 
blood ~ells.~ indirect Coombs test is used to detect nonagglutinating anti­
~h antibody m maternal serum; the serum is first incubated with Rh-posi­
tiv~ red blood cells, which bind the anti-Rh antibody, after which the 
antibody-coate~ cells are washed to remove unbound immunoglobulin and 
are t?en_ agglutmated with anti-immunoglobulin antibody (see Fig. A. 14). 
The mduect Coombs test allows Rh incompatibilities that might lead to 
hemo_lytic disease of the newborn to be detected, and this knowledge allows 
the disease to be prevented (see Section 10-19) . The Coombs test is also 
commonly used to detect antibodies to drugs that bind to red blood cells 
and cause hemolytic anemia. 

The detection, measurement, and characterization of antibodies and their use as research and diagnostic tools 

A A.1 4 The Coombs direct and 
1
~irect anti-globulin tests for antibody 

in red blood cell antigens_ A Rh- mother 
W b . . dt of a Rh+ fetus can ecome immunize o 
•etal red blood cells that enter the . 

ternal circulation at the time of delivery. 
~aa subsequent pregnancy with a Rh+ 
;: tus, lgG anti-Rh antibodies can cross 
the placenta and damage the fetal red 
blood cells. In contrast to anti-Rh . . 
antibodies, maternal anti-ABO ant1bod1es 
are of the lgM isotype and cannot cross 
the placenta, and so do not cause harm. 

A-12 Monoclonal antibodies. 

Anti-Rh antibodies do not agglutinate 
red blood cells but their presence on the 

fetal red blood cell surface can be shown 
by washing away unbound 
immunoglobulin and then adding 
antibody to human immunoglobulin, 
which agglutinates the antibody-coated 
cells. Anti-Rh antibodies can be detected 
in the mother's serum in an indirect 
Coombs test; the serum is incubated 
with Rh+ red blood cells , and once the 
antibody binds, the red blood cells are 
treated as in the direct Coombs test. 

The antibodies generated in a natural immune response or after immuniza­
tion in the laboratory are a mixture of molecules of different specificities and 
affinities. Some of this heterogeneity results from the production of antibod­
ies that bind to different epitopes on the immunizing antigen, but even anti­
bodies directed at a single antigenic determinant such as a hapten can be 
markedly heterogeneous, as shown by isoelectric focusing. In this technique, 
proteins are separated on the basis of their isoelectric point, the pH at which 
their net charge is zero. By electrophoresing proteins in a pH gradient for long 
enough, each molecule migrates along the pH gradient until it reaches the pH 
at which it is neutral and is thus concentrated (focused) at that point. When 
antiserum containing anti-hapten antibodies is treated in this way and then 
transferred to a solid support such as nitrocellulose paper, the anti-hapten 
antibodies can be detected by their ability to bind labeled hapten. The bind­
ing of antibodies of various isoelectric points to the hapten shows that even 
antibodies that bind the same antigenic determinant can be heterogeneous. 

Antisera are valuable for many biological purposes but they have certain 
inherent disadvantages that relate to the heterogeneity of the antibodies they 
contain. First, each antiserum is different from all other antisera, even if 
raised in a genetically identical animal by using the identical preparation of 
antigen and the same immunization protocol. Second, antisera can be pro­
duced in only limited volumes, and thus it is impossible to use the identical 
serological reagent in a long or complex series of experiments or clinical tests. 
Finally, even antibodies purified by affinity chromatography (see SectionA-5) 
may include minor populations of antibodies that give unexpected cross­
reactions, which confound the analysis of experiments. To avoid these prob­
lems, and to harness the full potential of antibodies, it was necessary to 
develop a way of making an unlimited supply of antibody molecules of 
homogeneous structure and known specificity. This has been achieved 
through the production of monoclonal antibodies from cultures of hybrid 
antibody-forming cells or, more recently, by genetic engineering. 

Biochemists in search of a homogeneous preparation of antibody that they 
could subject to detailed chemical analysis turned early to proteins produced 
by patients with multiple myeloma, a common tumor of plasma cells. It was 
known that antibodies are normally produced by plasma cells and since this 
di5ease is associated with the presence of large amounts of a homogeneous 
grl mrna globulin called a myeloma protein in the patient's serum, it seemed 
likely that myeloma proteins would serve as models for normal antibody 
molecules. Thus, much of the early knowledge of antibody structure came 
from studies on myeloma proteins. These studies showed that monoclonal 
antibodies could be obtained from immortalized plasma cells. However, the 

Direct 
Coombs test 

Indirect 
Coombs test 

Rh- mother pregnant with Rh+ child 

Washed fetal red blood 
cells coated with 
maternal antibody 

Maternal 
serum 

Add Rh+ red cells 
and wash out 

unbound antibody 

Add rabbit Add rabbit 
anti-human antibody anti-humanantibody 

Agglutination 
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Spleen cells 
producing antibody 

from mouse 
immunized with 

antigen A 

Myeloma cells 
(immortal) lacking 
antibody secretion 

and the enzyme 
HGPRT 

Mix and fuse cells with PEG 

Transfer to HAT medium 

Immortal hybridomas proliferate; 
mortal spleen cells and unfused HGPRT­

myeloma cells die 

Select hybridoma that makes 
antibody specific for antigen A 

• 
Clone selected hybridoma 

antigen specificity of most myeloma proteins was unknown wh· h 1. 
h · ful · ' ic 1mited t eir use ness as obJects of study or as immunological tools. 

This problem was solved by Georges Kohler and Cesar Milstein wh d . 
t h · £ d · h ' 0 evisect a ec mqu_e o_r pro ~~1~g a om~gen~ous population of antibodies 

known ant1gemc spec1fic1ty. They did this by fusing spleen cells f of 
. . d ll rom an 1mmumze mouse to ce s of a mouse myeloma to produce hybrid 11 th 
both proliferated indefinitely and secreted antibody specific for th ce s . at 

d · · th 1 e antigen use to 1mm~~1ze . e sp een_ cell donor. The spleen cell provides the abili 
to make specific antibody, while the myeloma cell provides the ability t ty 
indefinitely in culture and secrete immunoglobulin continuously By 

O 
?row 1 11 . usmg a 

mye oma ce partner ~hat produces no antibody proteins itself, the antibod 
produced by the hybnd cells comes only from the immune spleen cell y 
ner. After fusion, the hybrid cells are selected using drugs that kili~t­
~yeloma parental c~ll, while the unfused parental spleen cells have a lirnite~ 
hfe-~pan and soon ~1e, so that only _hybrid _myeloma cell lines or hybridomas 
surviv:. Th?~e hybndomas producmg antibody of the desired specificity are 
then 1dent1fled and cloned by regrowing the cultures from single c 11 
(Fig. A.15). Since e~ch hybridoma is a_ clone derived from fusion with a sin~]! 
B cell, all the antibody molecules 1t produces are identical in structure 
including their antigen-binding site and isotype. Such antibodies are called 
monoclonal antibodies. This technology has revolutionized the use of anti­
bodies by providing a limitless supply of antibody of a single and known 
s~ecifici1:J. Monoclonal antibodies are now used in most serological assays, as 
d1agnost1c probes, and as therapeutic agents. So far, however, only mouse 
monoclonals are routinely produced and efforts to use this same approach to 
make human monoclonal antibodies have met with very limited success. 

A-13 Phage display libraries for antibody V-region production. 

This is a technique for producing antibody-like molecules. Gene segments 
encoding the antigen-binding variable orV domains of antibodies are fused 
to genes encoding the coat protein of a bacteriophage. Bacteriophage con­
taining such gene fusions are used to infect bacteria, and the resulting phage 
particles have coats that express the antibody-like fusion protein, with the 
antigen-binding domain displayed on the outside of the bacteriophage. A 
collection of recombinant phage, each displaying a different antigen-binding 
domain on its surface, is known as a phage display library. In much the same 

Fig. A.15 The production of monoclonal 
antibodies. Mice are immunized with 
antigen A and given an intravenous 
booster immunization three days before 
they are killed , in order to produce a large 
population of spleen cells secreting 
specific antibody. Spleen cells die after a 
few days in culture. In order to produce a 
continuous source of antibody they are 
fused with immortal myeloma cells by 
using polyethylene glycol (PEG) to 
produce a hybrid cell line called a 
hybridoma. The myeloma cells are 
selected beforehand to ensure that they 
are not secreting antibody themselves 
and that they are sensitive to the 
hypoxanthine-aminopterin-thymidine 
(HA1) medium that is used to select 
hybrid cells because they lack the 
enzyme hypoxanthine:guanine 
phosphoribosyl transferase (HGPR1). The 

HGPRT gene contributed by the spleen 
cell allows hybrid cells to survive in the 
HAT medium, and only hybrid cells can 
grow continuously in culture because of 
the malignant potential contributed by the 
myeloma cells. Therefore, unfused 
myeloma cells and unfused spleen cells 
die in the HAT medium, as shown here by 
cells with dark, irregular nuclei. Individual 
hybridomas are then screened for 
antibody production, and cells that make 
antibody of the desired specificity are 
cloned by growing them up from a single 
antibody-producing cell. The cloned 
hybridoma cells are grown in bulk culture 
to produce large amounts of antibody. As 
each hybridoma is descended from a 
single cell , all the cells of a hybridoma 
cell line make the same antibody 
molecule, which is thus called a 
monoclonal antibody. 
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that antibodies specific for a particular antigen can be isolated from a 
;:~plex mixture b~ a~finity ch~omato~r~phy (see ~ection ~-5), phage 

essing antigen-bmdmg domams specific for a particular antigen can be 
exp]rted by selecting the phage in the library for binding to that antigen. The 
1so a · f hb . E h hage particles that bind are recovered and used to mfect _res ~ct~na. ac_ 
phage isolated in this way will produce a monoclonal ant1gen-bmdm~ part1-
ple analogous to a monoclonal antibody (Fig. A.16). The genes encodmg the 
~tigen-binding site, which are unique to each phage, can then be recovered 
fr m the phage DNA and used to construct genes for a complete antibody 

0 lecule by joining them to parts of immunoglobulin genes that encode the 
rno ariant parts of an antibody. When these reconstructed antibody genes are 
~ "bd d. • traduced into a suitable host cell line, such as the nonant1 o y-pro ucmg 
ITT • 
myeloma cells used for hybridomas, the _transfected cells can ~ecre_te anti-
bodies with all the desirable characteristics of monoclonal ant1bod1es pro-

duced from hybridomas. 

In much the same way that a collection of phage can displ_ay a wide v~riety of 
potential antigen-binding sites, the ~hage c_an also be engmeere~ to d1s?lay a 
wide variety of antigens; such a library 1s known as an antigen display 
library. In such cases, the antigens displayed are often sh~rt peptides 
encoded by chemically synthesized DNA sequences that have mixtures of all 
four nucleotides in some positions, so that all possible amino acids are incor­
porated. It is not usual for every position in a peptide to be_ allowed to vary i~ 
this way since the number of different peptide sequences mcreases dramati­
cally witll the number of variable positions; there are over 2 x 10

10 
possible 

sequences of eight amino acids. 

A-14 lmmunofluorescence microscopy. 

Since antibodies bind stably and specifically to their corresponding antigen, 
they are invaluable as probes for identifying a particular molecule in ce~s, tis­
sues, or biological fluids. Antibody molecules can be used to locate th~1r tar­
get molecules accurately in single cells or in tissue sections by a vanety of 
different labeling techniques. When the antibody itself, or the anti­
irnmunoglobulin antibody used to detect it, is labeled with a fluorescent dye 
the technique is known as immunofluorescence microscopy. As in all sero­
logical techniques, the antibody binds stably to its antigen, allowing unbound 
antibody to be removed by thorough washing. As antibodies to proteins rec­
ognize the surface features of the native, folded protein, the native structure 
of the protein being sought usually needs to be preserved, either by using only 
the most gentle chemical fixation techniques or by using frozen tissue sec­
tions that are fixed only after the antibody reaction has been performed. Some 

Fig. A.16 The production of antibodies 
by genetic engineering. Short primers to 
consensus sequences in heavy- and 
light-chain variable M regions of 
immunoglobulin genes are used to 
generate a library of heavy- and light-chain 
V-region DNAs by the polymerase chain 
reaction, with spleen DNA as the starting 
material. These heavy- and light+chain 
V-region genes are cloned randomly into a 
filamentous phage such that each phage 
expresses one heavy-chain and one 
light-chain V region as a surface fusion 
protein with antibody-like properties. The 
resulting phage display library is multiplied 
in bacteria, and the phage are then bound 
to a surface coated with antigen. The 
unbound phage are washed away; the 
bound phage are recovered, multiplied in 
bacteria, and again bound to antigen. After 
a few cycles, only specific high-affinity 
antigenbinding phage are left. These can 
be used like antibody molecules, or their 
V genes can be recovered and engineered 
into anti-body genes to produce 
genetically engineered antibody molecules 
(not shown). This technology may replace 
the hybridoma technology for producing 
monoclonal antibodies and has the 
advantage that humans can be used as 
the source of DNA. 

Isolate population of genes 
encoding antibody variable 

regions 

Construct fusion protein of 
V region with a bacteriophage 

coat protein 

Cloning a random population 
of variable regions gives rise to 

a mixture of bacteriophage­
a phage-display library 

Select phage with desired 
V regions by specific 

binding to antigen 

0 
antibody protein DNA 
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Fig. A.17 Excitation and emission 
wavelengths for common 
fluorochromes. 

Fig. A.18 lmmunofluorescence 
microscopy. Antibodies labeled with a 
fluorescent dye such as fluorescein (green 
triangle} are used to reveal the presence 
of their corresponding antigens in cells or 
tissues. The stained cells are examined in 
a microscope that exposes them to blue 
or green light to excite the fluorescent 
dye. The excited dye emits light at a 
characteristic wavelength, which is 
captured by viewing the sample through a 
selective filter. This technique is applied 
widely in biology to determine the 
location of molecules in cells and tissues. 
Different antigens can be detected in 
tissue sections by labeling antibodies 
with dyes of distinctive color. Here, 
antibodies to the protein glutamic acid 
decarboxylase (GAD) coupled to a green 
dye are shown to stain the p cells of 
pancreatic islets of Langerhans. The a 
cells do not make this enzyme and are 
labeled with antibodies to the hormone 
glucagon coupled with an orange 
fluorescent dye. GAD is an important 
antigen in diabetes, a disease in which 
the insulin-secreting p cells of the islets of 
Langerhans are destroyed by an immune 
attack on self tissues (see Chapter 14). 
Photograph courtesy of M. Solimena and 
P. De Camilli. 

Excitation and emission wavelengths of some commonly used fluorochromes -
-Probe Excitation (nm) Emission (nm) 

R-phycoerythrin (PE) I 480; 565 I 578 J 
Fluorescein I 495 I 51 9 J 
PerCP I 490 I 675 J 
Texas Red I 589 I 615 J 
Rhodamine I 550 I 573 J 

antibodies, however, bind proteins even if they are denatured, and such anti­
bodies will bind specifically even to protein in fixed tissue sections. 

The fluorescent dye can be covalently attached directly to the specific antibody, 
but more commonly, the bound antibody is detected by fluorescent anti­
immunoglobulin, a technique known as indirect immunotluorescence. The 
dyes chosen for immunofluorescence are excited by light of one wavelength, 
usually blue or green, and emit light of a different wavelength in the visible 
spectrum. The most common fluorescent dyes are fluorescein, which emits 
green light, Texas Red and Peridinin chlorophyll protein (PerCP), which emit 
red light, and rhodamine and phycoerythrin (PE) which emit orange /red light 
(Fig. A.17). By using selective filters, only the light coming from the dye or fluo­
rochrome used is detected in the fluorescence microscope (Fig. A.18). Although 
Albert Coons first devised this technique to identify the plasma cell as the 
source of antibody, it can be used to detect the distribution of any protein. By 
attaching different dyes to different antibodies, the distribution of two or more 
molecules can be determined in the same cell or tissue section (see Fig. A. 18). 

The recent development of the confocal fluorescent microscope, which uses 
computer-aided techniques to produce an ultrathin optical section of a cell 
or tissue, gives very high resolution immunofluorescence microscopy with­
out the need for elaborate sample preparation. The resolution of the confocal 
microscope can be further increased using low-intensity illumination so that 
two photons are required to excite the fluorochrome. A pulsed laser beam is 
used, and only when it is focused into the focal plane of the microscope is the 
intensity sufficient to excite fluorescence. In this way the fluorescence emis­
sion itself can be restricted to the optical section. 

emitted light $ 
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ne important development in the _area of ~icro~c_opy ~as been the use of 
~e-lapse video microscopy, in which sens1t1ve d1g1~al video cameras record 

ovement of fluorescently labeled molecules m cell membranes and 
the · medistribution when cells come into contact with each other. Cell-sur-
thelf r · · · b h 

molecules can be fluorescently labeled m two mam ways. One 1s Y t e 
face f "b d" ·f· f th . ct·ng offluorochrome-labeled Fab fragments o anti o 1es spec1 ic or e 
bill i · · · h " h h rotein of interest; the other is by generating a fus10n protem, m w ic ~ e 
p t i·n of interest has been attached to one of a family of fluorescent protems 
Pro e . . 
obtained from jellyfish. The first of these fluorescent protems to co_me 1?to 

•cte use was green fluorescent protein (GFP), isolated from the Je~lyfish, 
:quorea victoria. Other variants of this protein with different p_ropert1es are 

available and the list of available fluorescent labels now mcludes red, ~w ' . 
blue, cyan, or yellow fluorescent _pro~e~ns. Us_ing cells transfecte? "".1th ~he 

es encoding such fusion protems, it is possible to show the red1stnbut10n 
gen d h · al" of I-cell receptors, co-receptors, adhesion molecules, an ot er sign . mg 
molecules, such as CD45, that takes place_ when a T cell_ makes contact with a 

get cell. It is clear from these observations that the mterface between the 
~ell and its target does not represent a simple apposition of two cell mem­
branes, but is an actively organized and dynamic structure, often now 
referred to as the 'immunological synapse.' 

A-15 lmmunoelectron microscopy. 

Antibodies can be used to detect the intracellular location of structures or 
particular proteins at high resolution by elect~on ~icros~opy, a techni~ue 
known as immunoelectron microscopy. Antibodies agamst the reqmred 
antigen are labeled with gold particles and the1:1 applied to ultrathi? sections, 
which are then examined in the transm1ss10n electron microscope. 
Antibodies labeled with gold particles of different diameters enable two or 
more proteins to be studied simultaneously (see Fig. 5.10) . The difficulty with 
this technique is in staining the ultrathin section adequately, as few mole­
cules of antigen are present in each section. 

A-16 lmmunohistochemistry. 

An alternative to immunofluorescence (see Section A-14) for detecting a pro­
tein in tissue sections is immunohistochemistry, in which the specific anti­
body is chemically coupled to an enzyme that converts a colorless substrate 
into a colored reaction product in situ. The localized deposition of the col­
ored product where antibody has bound can be directly observed under a 
light microscope. The antibody binds stably to its antigen, allowing unbo~nd 
antibody to be removed by thorough washing. This method of detectmg 
bound antibody is analogous to ELISA (see Sectio~ A-6) ~nd fr~que_ntly us~s 
the same coupled enzymes, the difference in detection bemg pnmar~y_that m 
immunohistochemistry the colored products are insoluble and precipitate at 
the site where they are formed. Horseradish peroxidase and alkaline phos­
phatase are the two enzymes most commonly used in these applications. 
Horseradish peroxidase oxidises the substrate diaminobenzidine to produce 
a brown precipitate, while alkaline phosphatase can produce red or blue dyes 
depending on the substrates used; a common substrate is 5-bro~o-4~chlo~o-
3-indolyl phosphate plus nitroblue tetrazolium (BCIP/NBT) , which ?ives nse 
to a dark blue or purple stain. As with immunofluorescence, the native ~tru~­
ture of the protein being sought usually needs to be preserved, so that it ~l 
be recognized by the antibody. Tissues are fixed by the most gentle chemical 
fixation techniques or frozen tissue sections are used that are fixed only after 
the antibody reaction has been performed. 

-\,.:\. . ., __ .. -. __ _ 
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A-17 lmmunoprecipitation and co-immunoprecipitation. 

In order to raise antibodies to membrane proteins and oth 
tures that are difficult to purify, mice are often immunized ~~ cellular struc­
crude cell extracts. Antibodies to the individual molecul wit whole cells or 
by 1:1sin~ these immunized mice to produce hybridomas ::nthen obtained 
~nt1bod1es (see Section A-12) that bind to the cell typ d g II_1°noclona] 
t10n. To characterize the molecules identified by the a::~e d_for immuniza­
same type are labeled with radioisotopes and dissolved1 . o ies,_ cells of the 
?ents th~t disrupt cell membranes but do not interfere wit~:;~~onic ~eter­
mteract1ons. This allows the labeled protein to be isolat d b b~ n-:-ant1body 
antibody in a reaction known as immunoprecipitation ;h y ~~dmg to the 
ally attached to a solid support, such as the beads tha.t e ant1do_dy is usu-h are use m ff . 
c r?matograp~y (see SectionA-5), or to Protein A. Cells can be 1 b 1 da_ mity 
mam ways for immunoprecipitation analysis All the proteins . a e ell m two 
~abeled metabolically by growing the cell in ;adioactive amin~:~i~e can be 
mcorporated into cellular protein (Fig. A.19) . Alternativel one c s that are 
~he_ cell-surface proteins by radioiodination under conXitions :a\abel only 
iodme from crossing the plasma membrane and labelin t . . ~revent 
cell o b · h g pro ems ms1de the 

, r Y a rea_ct10n t at labels only membrane proteins with biotin 
molecule that IS detected readily by labeled avidin a protein f d a_ small 
whites that binds biotin with very high affinity. ' oun m egg 

Once the labeled proteins have been isolated by the antibod th 
characterized in several ways. The most common is polyacryl!id ey \ ~ be 
trophoresi~ Cf'.AGE) of the proteins after dissociating them from ~titol e~~ 
the strong 10mc detergent sodium dodecyl sulfate (SDS) ate h · y , c mque generally 

Fig. A.19 ?ellular _proteins reacting with an antibody can be 
characterized by 1mmunoprecipitation of labeled cell lysates. 
All actively synthesized cellular proteins can be labeled 
metabolically by incubating cells with radioactive amino acids 
(shown here for methionine) or one can label just the cell-surface 
proteins by using radioactive iodine in a form that cannot cross 
the cell mem_brane or by a reaction with the small molecule biotin 
detected by its reaction with labeled avidin (not shown). Cells are ' 
lysed_ with detergent and individual labeled cell-associated 
proteins can be precipitated with a monoclonal antibody attached 
to beads. After_ unbound proteins have been washed away, the 
bound protein Is eluted in the detergent sodium dodecyl sulfate 

(SOS), which dissociates it from the antibody and also coats the 
protein_ with a strong . negative charge, allowing it to migrate 
according to its size In polyacrylamide gel electrophoresis (PAGE). 
The posItIons of the labeled proteins are determined by auto­
radiography usmg X-ray film. This technique of SOS-PAGE can be 
used to determine the molecular weight and subunit composition 
of a protein. Patterns of protein bands observed with metabolic 
labelmg _are _usually more complex than those revealed by 
radIrnodInatIon , owing to the presence of precursor forms of the 
prote_In (nght panel) . The mature form of a surface protein can be 
1dent1f1ed as being the same size as that detected by surface 
1odinat1on or b1ot1nylation (not shown). 

Metabolic 
labeling 

35S-Met 

Normal cells 
+ radiolabel 

All proteins 
label 

{?} 
:t}i_~ 
~ 

Labeled 
cells washed 

• ,:? • • • • • • ~ = •• . ~ . 
~ • 

• • Cl 
• ,j • 
•• (7 

0 • '\). 
• • o • 

Cells lysed 
in detergent 

·::It ~ 
200 

• • • 95 

• • 
c:::;::::> ••• 

68 -

~ ~ -
45 

,j • 
12 

• s:::i . 0 • (7 • + 
o . • 

Antibodies added Other proteins Proteins eluted and 

on beads washed away separated by 
SDS-PAGE 

The detection, measurement, and characterization of antibodies and their use as research and diagnostic tools 

FiQ• A,20 Two-dimensional gel 
iectrophoresis of MHC class II 

~olecules. Proteins in mouse spleen 
ells have been labeled metabolically (see 

~ig. A.19), precipitated with a monoclonal 
antibody against the mouse MHC class II 

1110
Iecule H2-A, and separated by 

isoelectric focusing in one direction and 
sDS-PAGE in a second direction at right 
angles to the first; hence the term 
two-dimensional gel electrophoresis. This 
allows one to distinguish molecules of the 

same molecular weight on the basis of 
their charge. The separated proteins are 
detected by autoradiography. The MHC 
class II molecules are composed of two 
chains, a and ~. and in the different MHC 
class II molecules these have different 
isoelectric points (compare upper and 
lower panels). The MHC genotype of mice 
is indicated by lower case superscripts 
(k,p). Actin , a common contaminant, is 
marked a. Photographs courtesy of 
J.F. Babich. 

abbreviated as SOS-PAGE. SDS binds relatively homogeneously to proteins, 
conferring a charge that allows the electrophoretic field to drive protein migra­
tion through the gel. The rate of migration is controlled mainly by protein size 
(see Fig. A.19) . Proteins of differing charges can be separated using isoelectric 
focusing (see SectionA-12). This technique can be combined with SDS-PAGE 
in a procedure known as two-dimensional gel electrophoresis. For this, the 
immunoprecipitated protein is eluted in urea, a nonionic solubilizing agent, 
and run on an isoelectric focusing gel in a narrow tube of polyacrylamide. This 
first- dimensional isoelectric focusing gel is then placed across the top of an 
SDS-PAGE slab gel, which is then run vertically to separate the proteins by 
molecular weight (Fig. A.20) . Two-dimensional gel electro-phoresis is a pow­
erful technique that allows many hundreds of proteins in a complex mixture 
to be distinguished from one another. 

Immunoprecipitation and the related technique of immunoblotting (see 
Section A-18) are useful for determining the molecular weight and isoelectric 
point of a protein as well as its abundance, distribution, and whether, for 
example, it undergoes changes in molecular weight and isoelectric point as a 

result of processing within the cell. 

A-18 lmmunoblotting (Western blotting). 

Like immunoprecipitation (see Section A-17), immunoblotting is used for 
identifying the presence of a given protein in a cell lysate, but it avoids the 
problem of having to label large quantities of cells with radioisotopes. 
Unlabeled cells are placed in detergent to solubilize all cell proteins and the 
lysate is run on SDS-PAGE to separate the proteins (see Section A-17) . The 
size-separated proteins are then transferred from the gel to a stable support 
such as a nitrocellulose membrane. Specific proteins are detected by treat­
ment with antibodies able to react with SDS-solubilized proteins (mainly 
those that react with denatured sequences); the bound antibodies are 
revealed by anti-immunoglobulin antibodies labeled with radioisotopes or 
an enzyme. The term Western blotting as a synonym for immunoblotting 
arose because the comparable technique for detecting specific DNA 
sequences is known as Southern blotting, after Ed Southern who devised it, 
which in turn provoked the name Northern for blots of size-separated RNA, 
and Western for blots of size-separated proteins. Western blots have many 
applications in basic research and clinical diagnosis. They are often used to 
test sera for the presence of antibodies to specific proteins, for example to 
detect antibodies to different constituents of the human immunodeficiency 

virus, HIV (Fig. A.21) . 
Co-immunoprecipitation is an extension of the immunoprecipitation tech­
nique which is used to determine whether a given protein interacts physically 
with another given protein. Cell extracts containing the presumed interaction 

.. 
' \ e•:\,.: .. 

·-. 

... .. _.., 

'.,~·- ·-.,,._~·-.• _ 

Page 103 of 125



Appendix I: lmmunologists'Toolbox 
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Fig. A.21 Western blotting is used to 
identify antibodies to the human 
immunodeficiency virus (HIV) in serum 
from infected individuals. The virus is 
dissociated into its constituent proteins by 
treatment with the detergent SOS, and its 
proteins are separated using SOS-PAGE. 
The separated proteins are transferred to 
a nitro-cellulose sheet and reacted with 
the test serum. Anti-HIV antibodies in the 
serum bind to the various HIV proteins 

and are detected with enzyme 
1
. 

t . h · - Inked 
an 1- uman 1mmunoglobuiin h. 
d . ' w ICh 

epos1ts colored material from 
b . a color! 

su strate. This general methodoio ess 
detect any combination of ant"b gy Will 

antigen and is used widely alt~ ody and 
denaturing effect of sos ~ean otuhgh the 

· s at th 
technique works most reliably with e 
ant1bod1es that recognize the t· 

h . . an 1gen 
w en 1t 1s denatured. 

c~mplex are first immunoprecipitated with antibody against on f th 
tems. The material identified by this means is then tested fo th e o e pro­
the other protein by immunoblotting with a specific antiboiy. e presence of 

A-19 Us~ of antibodies in the isolation and identification of genes a d 
their products. n 

As a_ first st~~ in isolating the gene that codes for a particular prot · . 
bodies specific for the protein can be used to isolate the pur1·fied te1:1, franti­
c II · ffi · pro em om e s usmg a mty chromatography (see Section A-5) Small · ·ct · amounts of 
ammo ac1 sequence can then be obtained from the protein's amino-t • 
?al end or fr_om pe?tide fragments generated by proteolysis. The inform::~ 
m thes~ ammo acid seq_uences is used to construct a set of synthetic oli 

0
_ 

nucleotides corre~pondmg to the possible DNA sequences, which are ~en 
used as probes to ISolate the gene encoding the protein from either a libr 
of DN~ sequen~es complementary to mRNA (a cDNA library) or a geno~ 
DNA library (a library of chromosomal DNA fragments). 

An al~ernative approach to gene identification uses antibodies to identify the 
protem product 0! a g~ne that has been introduced into a cell that does not 
~orr:ially express it. Thi~ technique is most commonly applied to the identi­
ficatwn_ of genes encodmg cell-surface proteins. A set of cDNA-containing 
express10n vectors is first made from a cDNA library prepared from the total 
mRNA from a cell type that does express the protein of interest. The vectors 
~re used to transfect a cell t_YPe that does not normally express the protein of 
~nterest,_ an? the vector dnves expression of the cDNA it contains without 
mtegrati1:1g mto the h?st cell DNA. Cells expressing the required protein after 
transfectwn are then isolated by binding to specific antibodies that detect the 
presence of the protein on the cell surface. The vector containing the required 
gene can then be recovered from these cells (Fig. A.22). 

The. recover~d vectors are then introduced into bacterial cells where they 
;:plicate. rap~dly, and these amplified vectors are used in a second round of 
. ansfectwn m_ i:n~m~ian cells. After several cycles of transfection, isola­

tion, and amplificat10n m bacteria, single colonies of bacteria are picked and 
the :vector_s prepared from cultures of each colony are used in a final trans­
~ectwn to identify a cloned vector carrying the cDNA of interest which is then 
ISolated and _characterized. This methodology has been used t~ isolate many 
genes encodmg cell-surface molecules. 

The ~ amino acid sequence of the protein can be deduced from the 
nucleoti~e sequence of its cDNA, and this often gives clues to the nature of 
the ~rotem and its bi~logical properties. The nucleotide sequence of the gene 
and its regulatory reg10ns can be determined from genomic DNA clones. The 
gene can be manipulated and introduced into cells by transfection for larger­
scale production and functional studies. This approach has been used to 
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Clone cDNAs obtained from cell 
mRNAs into expression vectors 

Transfect the cDNAs into 
fibroblast cells where they 

propagate as episomes 

Antibodies identify the cells 
expressing the desired protein 

The cells are purified and 
disrupted, releasing the vector 

containing the desired cDNA clone 
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Fig. A.22 The gene encoding a cell-surface molecule can be 
isolated by expressing it in fibroblasts and detecting its protein 
product with monoclonal antibodies. Total mRNA from a cell line 
or tissue expressing the protein is isolated, converted into cONA, 
and cloned as cONAs in a vector designed to direct expression of 
the cDNA in fibroblasts. The entire cONA library is used to transfect 
cultured fibroblasts. Fibroblasts that have taken up cONA encoding 
a cell-surface protein express the protein on their surface; they 
can be isolated by binding a monoclonal antibody against that 
protein. The vector containing the gene is isolated from the cells 

that express the antigen and used for more rounds of transfection 
and reisolation until uniform positive expression is obtained, 
ensuring that the correct gene has been isolated. The cDNA insert 
can then be sequenced to determine the sequence of the protein 
it encodes and can also be used as the source of material for 
large-scale expression of the protein for analysis of its structure 
and function . The method illustrated is limited to cloning genes for 
single-chain proteins (that is, those encoded by only one gene) 
that can be expressed in fibroblasts. It has been used to clone 
many genes of immunological interest such as that for CO4. 

characterize many immunologically important proteins, such as the MHC 
glycoproteins. 

The converse approach is taken to identify the unknown protein product of a 
cloned gene. The gene sequence is used to construct synthetic peptides of 
10-20 amino acids that are identical to part of the deduced protein sequence, 
and antibodies are then raised against these peptides by coupling them to 
carrier proteins; the peptides behave as haptens. These anti-peptide antibod­
ies often bind the native protein and so can be used to identify its distribution 
in cells and tissues and to try to ascertain its function (Fig. A.23). This 
approach to identifying the function of a gene is often called 'reverse genet­
ics' as it works from gene to phenotype rather than from phenotype to gene, 
which is the classical genetic approach. The great advantage of reverse genet­
ics over the classical approach is that it does not require a detectable pheno­
typic genetic trait in order to identify a gene. 

Antibodies can also be used in the determination of the function of gene prod­
ucts. Some antibodies are able to act as agonists, when the binding of the anti­
body to the molecule mimics the binding of the natural ligand and activates 
the function of the gene product. For example, antibodies to the CD3 molecule 

Fig. A.23 The use of antibodies to 
detect the unknown protein product of 
a known gene is called reverse 
genetics. When the gene responsible for 
a genetic disorder such as Ouchenne 
muscular dystrophy is isolated, the amino 
acid sequence of the unknown protein 
Product of the gene can be deduced from 
the nucleotide sequence of the gene, and 
synthetic peptides representing parts of 
this sequence can be made. Antibodies 
are raised against these peptides and 
purified from the antiserum by affinity 
chromatography on a peptide column (see 

Fig. A.5). Labeled antibody is used to 
stain tissue from individuals with the 
disease and from unaffected individuals to 
determine differences in the presence, 
amount, and distribution of the normal 
gene product. The product of the 
dystrophin gene is present in normal 
mouse skeletal muscle cells, as shown in 
the bottom panel (red fluorescence), but is 
missing from the cells of mice bearing the 
mutation mdx, the mouse equivalent of 
Ouchenne muscular dystrophy (not 
shown). Photograph (x 15) courtesy of 
H.G.W. Lidov and L. Kunkel. 

Genetic analysis identifies a gene 
causing an inherited disease, 

e.g., muscular dystrophy 

Q O 1J 0~:~G 
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Synthetic peptides corresponding to 
sequences in the protein product of the 
normal gene are injected into a rabbit 

• 

Antibodies against the synthetic peptides 
detect the gene product in 

normal cells but not in affected cells 
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Fig. A.24 Peripheral blood mononuclear 
cells can be isolated from whole blood 
by Ficoll-Hypaque™ centrifugation. 
Diluted anticoagulated blood (left panel) is 
layered over Ficoll-Hypaque™ and 
centrifuged. Red blood cells and 
polymorphonuclear leukocytes or 
granulocytes are more dense and 
centrifuge through the Ficoll-Hypaque TM, 

while mononuclear cells consisting of 
lymphocytes together with some 
monocytes band over it and can be 
recovered at the interface (right panel). 

have been_ used to stimulate T cells, replacing the interacti 
rece~tor with MHC:peptide antigens in cases where the s ec. on of the T-ceU 
?en IS not known. Conversely, antibodies can function asp ific p_eptide anti­
mg the binding of the natural ligand and thus blocki thanfutago~usts, inhibit-ng e nction. 

Isolation of lymphocytes 

A-20 lsola_tion of peripheral blood lymphocytes by Ficoll-H 
gradient. ypaque™ 

!he firsbt step in studying lymphocytes is to isolate them so that th . b 
wr can e analyzed in vitro. Human l hoc . err ehav­
ily from peripheral blood by densi;;n!ntri~ts ~-an be ISolated most read-
~o~sisting of a mixture of the carbohydrate pol ga ~~nFi~:~T: step gradient 
wdme-containing compound metrizamide. /i: ·elds a and the_dense 
mononuclear cells at the interface that has been de~ populat10n of 
and 1:1ost polymorphonuclear leukocytes or ranJio:ted of r~d blood cells 
resultmg population, called peripheral blood g ~es (Fig. A.24). The 
consists mainly of lymphocytes and monoc e~~nonuc ear_cells (PBMCs), 
readily accessible, it is not necessarily repres:nt~tiv:h:/~fh ~his p:~ulation is 
as only recirculating lymphocytes can be isolated from bl~o~p o1d system, 

':' particular cell population can be isolated from a . 
mg to ~tibody-coated plastic surfaces, a techniqu::~:o:t1=:y bmd­
rem_ovmg unwanted cells by treatment with specific antib d ~ g, or by 
to kill them. Cells can also be passed over col ~ y an complement 
coated steel wool and different populationsU::s of ~~body-coated, nylon­
nique extends affinity chromat h erenti y eluted. This tech­
to separate cells. All these tec~g::p y toalcells, and is now a very popular way 

prior to sorting out highly purifi~d ; 0~~at:in~eb;s;1;; ~s~:e;~~:;~~~~tep 

A-21 Isolation of lymphocytes from tissues other than blood. 

In · al · 
lat=~p:::~~p:::::~.:d occ:sion~y in humans, lymphocytes are iso-
nodes, or mucosal-associated ;uc as. sp _een, thymus, bone marrow, lymph 
to il . h . ympho1d tissues, most commonly the palatine 
re~~e: 1~n umans (se~ Fi~. ll.S). A specialized population of lymphocytes 

epithelial la~~:f:~:r ~f I~~h\ thesefrcells are isolated by fractionating the 

Diluted 
blood 

Ficoll­
Hypaque 
(specific 

gravity 
=1.078) 

s e ac ment om the basement membrane. Finally, in 

centrifugation 

Peripheral 
blood 
mononuclear 
cells 

Red 
blood cells 
and 
granulocytes 

situations where local immune responses are prominent, lymphocytes can be 
isolated from the site of the response itself. For example, in order to study the 
autoimmune reaction that is thought to be responsible for rheumatoid arthri­
tis, an inflammatory response in joints, lymphocytes are isolated from the 
fluid aspirated from the inflamed joint space. 

A-22 Flow cytometry and FACS analysis. 

Resting lymphocytes present a deceptively uniform appearance, all being 
srnall round cells with a dense nucleus and little cytoplasm (see Fig. 1.6). 
However, these cells comprise many functional subpopulations, which are 
usually identified and distinguished from each other on the basis of their dif­
ferential expression of cell-surface proteins, which can be detected using spe­
cific antibodies (Fig. A.25). B and T lymphocytes, for example, are identified 
unambiguously and separated from each other by antibodies to the constant 
regions of the B- and T-cell antigen receptors. T cells are further subdivided 
on the basis of expression of the co-receptor proteins CD4 and CDS. 

An immensely powerful tool for defining and enumerating lymphocytes is the 
flow cytometer, which detects and counts individual cells passing in a stream 
through a laser beam. A flow cytometer equipped to separate the identified 
cells is called a fluorescence-activated cell sorter (FACS). These instruments 
are used to study the properties of cell subsets identified using monoclonal 
antibodies to cell-surface proteins. Individual cells within a mixed popula­
tion are first tagged by treatment with specific monoclonal antibodies labeled 
with fluorescent dyes, or by specific antibodies followed by labeled anti­
irnmunoglobulin antibodies. The mixture of labeled cells is then forced with 
a much larger volume of saline through a nozzle, creating a fine stream ofliq­
uid containing cells spaced singly at intervals. As each cell passes through a 
laser beam it scatters the laser light, and any dye molecules bound to the cell 
will be excited and will fluoresce. Sensitive photomultiplier tubes detect both 
the scattered light, which gives information on the size and granularity of the 
cell, and the fluorescence emissions, which give information on the binding 
of the labeled monoclonal antibodies and hence on the expression of cell-
surface proteins by each cell (Fig. A.26). 

In the cell sorter, the signals passed back to the computer are used to generate 
an electric charge, which is passed from the nozzle through the liquid stream at 
the precise time that the stream breaks up into droplets, each containing no 
more than a single cell; droplets containing a charge can then be deflected from 
the main stream of droplets as they pass between plates of opposite charge, so 
that positively charged droplets are attracted to a negatively charged plate, and 
vice versa. In this way, specific subpopulations of cells, distinguished by the 
binding of the labeled antibody, can be purified from a mixed population of 
cells. Alternatively, to deplete a population of cells, the same fluorochrome can 
be used to label different antibodies directed at marker proteins expressed by 
the various undesired cell types. The cell sorter can be used to direct labeled 
cells to a waste channel, retaining only the unlabeled cells. 

When cells are labeled with a single fluorescent antibody, the data from a fl.ow 
cytometer are usually displayed in the form of a histogram of fluorescence 
intensity versus cell numbers. If two or more antibodies are used, each coupled 
to different fluorescent dyes, then the data are more usually displayed in the 
form of a two-dimensional scatter diagram or as a contour diagram, where the 
fluorescence of one dye-labeled antibody is plotted against that of a second, 
with the result that a population of cells labeling with one antibody can be fur­
ther subdivided by its labeling with the second antibody (see Fig. A.26). By 
examining large numbers of cells, flow cytometry can give quantitative data on 
the percentage of cells bearing different molecules, such as surface 

Isolation of lymphocytes ~~:::~:"'·.\ 

Fig. A.25 The distribution of 
lymphocyte subpopulations in human 
peripheral blood. As shown on the 
outside of the circle, lymphocytes can be 
divided into T cells bearing T-cell 
receptors (detected with anti-CD3 
antibodies), B cells bearing 
immuno-globulin receptors (detected with 
anti-immunoglobulin antibodies), and null 
cells including natural killer (NK) cells, 
that label with neither. Further divisions of 
the T-cell and B-cell populations are 
shown inside. Using anti-CD4 and 
anti-COB antibodies, a:~ T cells can be 
subdivided into two populations, whereas 
y:o T cells are identified with antibodies 
against the y:o T-cell receptor and mainly 
lack CD4 and COB. A minority population 
of B cells express CD5 on their surface 
(see Section 7-28). 

. ·-........... . 
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Fig. A.26 The FACS™ allows individual 
cell_s to be identified by their cell-surface 
antigens and to be sorted. Cells to be 
analyzed by flow cytometry are first labeled 
with fluorescent dyes (top panel). Direct 
labeling uses dye-coupled antibodies 
specific for cell-surface antigens (as 
shown here), while indirect labeling uses a 
dye-coupled immunoglobulin to detect 
unlabeled cell-bound antibody. The cells are 
forced through a nozzle in a single-cell 
stream that passes through a laser beam 
(second panel). Photomultiplier tubes (PMTs) 
detect the scattering of light, which is a sign 
of cell size and granularity, and emissions 
from the different fluorescent dyes. This 
information is analyzed by computer 
(CPU). By examining many cells in this 
way, the number of cells with a specific 
set of characteristics can be counted and 
levels of expression of various molecules on 
these cells can be measured. The lower part 
of the figure shows how this data can be 
represented, using the expression of two 
surface immuno-globulins, lgM and lgD, on 
a sample of B cells from a mouse spleen. 
The two 1mmunoglobulins have been 
labeled with different colored dyes. When 
the expression of just one type of molecule 
is to be analyzed (lgM or lgD), the data is 
usually displayed as a histogram, as in the 
left-hand panels. Histograms display the 
d1stribut1on of cells expressing a single 
meas-ured parameter (for example, size, 
granularity, fluorescence intensity). When 
two or more parameters are measured for 
each cell (lgM and lgD), various types of 
two-color plots can be used to display the 
data, as shown in the right-hand panel. All 
four plots represent the same data. The 
horizontal axis represents intensity of lgM 
fluorescence and the vertical axis the 
intensity of lgD fluorescence. Two-color 
P_lots provide more information than 
hist0-grams; they allow recognition, for 
example, of cells that are 'bright' for both 
colors, 'dull' for one and bright for the other 
dull for both, negative for both, and so ' 
on. For example, the cluster of dots in the 
extreme lower left portions of the plots 
represents cells that do not express either 
immunoglobulin, and are mostly T cells. The 
standard dot plot (upper left) places a single 
dot for each cell whose fluorescence is 
measured. It is good for picking up cells 
that lie outside the main groups but tends 
to saturate in areas containing a large 
number of cells of the same type. A 
second means of presenting these data is 
the color dot plot (lower left), which uses 
color density to indicate high-density 
areas. A contour plot (upper right) draws 
5% 'probability' contours, with 5% of the 
cells lying between each contour providing 
the_ best monochrome visualization of 
regions of high and low density. The lower 
right plot is a 5% probability contour map 
which also shows outlying cells as dots. 

. --1mmunoglobulin, which characterizes B cells the T II 
molecules known as CD3 and the CD4 and en's -ce receptor-associated 
f · h ' co-receptor p t · 
m~s the major T-cell subsets. Likewise, FACS anal sis h ro er_ns that dis-

tal m defining stages in the early development of B ~ T ~ bAeen mstrumen­
ce s. s the power of 
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the FACS technology has grown, progressively more antibodies labeled with 
distinct fluorescent dyes can be used at the same time. Three-, four-, and even 
five-color analyses can now be handled by very powerful machines. FACS 
analysis has been applied to a broad range of problems in immunology; 
indeed, it played a vital role in the early identification of AIDS as a disease in 
which T cells bearing CD4 are depleted selectively (see Chapter 12). 

A-23 Lymphocyte isolation using antibody-coated magnetic beads. 

A]though the FACS is superb for isolating small numbers of cells in pure form, 
when large numbers of lymphocytes must be prepared quickly, mechanical 
means of separating cells are preferable. A powerful and efficient way of iso­
lating lymphocyte populations is to couple paramagnetic beads to mono­
clonal antibodies that recognize distinguishing cell-surface molecules. These 
antibody-coated beads are mixed with the cells to be separated, and run 
through a column containing material that attracts the paramagnetic beads 
when the column is placed in a strong magnetic field. Cells binding the mag­
netically labeled antibodies are retained; cells lacking the appropriate surface 
molecule can be washed away (Fig. A.27). The bound cells are positively 
selected for expression of the particular cell-surface molecule, while the 
unbound cells are negatively selected for its absence. 

A-24 Isolation of homogeneous T-cell lines. 

The analysis of specificity and effector function in T cells depends heavily on 
the study of monoclonal populations of T lymphocytes. These can be 
obtained in four distinct ways. First, as for B-cell hybridomas (see Section 
A-12), normal T cells proliferating in response to specific antigen can be fused 
to malignant T-cell lymphoma lines to generate T-cell hybrids. The hybrids 
express the receptor of the normal T cell, but proliferate indefinitely owing to 
the cancerous state of the lymphoma parent. T-cell hybrids can be cloned to 
yield a population of cells all having the same T-cell receptor. When stimu­
lated by their specific antigen these cells release cytokines such as the T-cell 
growth factor interleukin-2 (IL-2), and the production of cytokines is used as 
an assay to assess the antigen specificity of the T-cell hybrid. 

T-cell hybrids are excellent tools for the analysis of T-cell specificity, as they 
grow readily in suspension culture. However, they cannot be used to analyze 
the regulation of specific T-cell proliferation in response to antigen because 
they are continually dividing. T-cell hybrids also cannot be transferred into an 
animal to test for function in vivo because they would give rise to tumors. 
Functional analysis of T-cell hybrids is also confounded by the fact that the 
malignant partner cell affects their behavior in functional assays. Therefore, 
the regulation of T-cell growth and the effector functions of T cells must be 
studied using T-cell clones. These are clonal cell lines of a single T-cell type and 
antigen specificity, which are derived from cultures of heterogeneous T cells, 

Fig. A.27 Lymphocyte subpopulations 
can be separated physically by using 
antibodies coupled to paramagnetic 
Particles or beads. A mouse monoclonal 
antibody specific for a particular cell­
surface molecule is coupled to 
Paramagnetic particles or beads. It is 
mixed with a heterogeneous population of 
lymphocytes and poured over an iron 
wool mesh in a column. A magnetic field 

is applied so that the antibody-bound 
cells stick to the iron wool while cells 
which have not bound antibody are 
washed out; these cells are said to be 
negatively selected for lack of the 
molecule in question. The bound cells are 
released by removing the magnetic field ; 
they are said to be positively selected for 
presence of the antigen recognized by the 
antibody. 

Isolation of lymphocytes ~ _·,--\._.,_ 
._,._, _ _. .,_.,. ___ \. 

Heterogeneous population of lymphocytes is 
mixed with antibodies coupled to 

paramagnetic particles or beads and 
poured over an iron wool mesh 

When a magnetic field is applied the coupled 
cells stick to the iron wool; unlabeled 

cells are washed out 

The magnetic field is removed 
releasing the coupled cells 

Page 106 of 125



T cells from an immunized animal comprise 
a mixture of cells with different specificities 

The T cells are placed into culture with 
antigen-presenting cells and antigen. 

Antigen-specific T cells proliferate while 
T cells that do not recognize the antigen 

do not proliferate 

Antigen-specific T cells can be cloned 
by limiting-dilution culture in IL-2 

Fig. A.28 Production of cloned T-cell 
lines. T cells from an immune donor, 
comprising a mixture of cells with 
different specificit ies, are activated with 
antigen and antigen-presenting cells. 
Single responding cells are cultured by 
limiting dilution in the T-cell growth factor 
IL-2, which selectively stimulates the 
responding cells to proliferate. From 
these single cells, cloned lines specific for 
antigen are identified and can be 
propagated by culture with antigen, 
antigen-presenting cells, and IL-2. 

called T-cell lines, whose growth is .dependent on periodic restirnul • . 
'fi · d fr atrnn with speci c antigen an , equently, on the addition of T-cell growth fa . 

A.28). T-cell clones also require periodic restimulation with ant· ctors (Fig. 
d

. igen and ar 
more te 10us to grow than T-cell hybrids but, because their growth d e 
specific antigen recognition, they maintain antigen specificity wh· ehp~

nd
s on 

1 · T 11 h b · ' ic is often ost m -ce y nds. Cloned T-cell lines can be used for studie f ff 
fu f b th · · · · · · s O e ector _ alnc 10n o f i

1
n vialtro and ~n vwo. In addit10n, the proliferation ofT cells, a crit-

ic aspect o c on selection, can be characterized only in cloned T- ll lin 
h h wth 

. d ce es 
w ere sue gro is ependent on antigen recognition. Thus both typ ' 

1 alT 111· h · · · ' esof monoc on -ce me ave valuable applications m experimental studi es. 

Studies of human T cells have relied largely on T-cell clones because a · b 
fu 

. s: . • swta le 
s10n partner 1or making T-cell hybnds has not been identified H h • owever a 

uman T-cell lymphoma line, called Jurkat, has been characterized exten · '1 
because it secretes IL-2 when its antigen receptor is cross-linked with sive _Y 

receptor monoclonal antibodies. This simple assay system has ,rielded antih-
. £ · b · P muc 
m ort~ation ~ ouft signal transduction in T cells. One of the Jurkat cell line's 
mos mterestmg eatures, shared with T-cell hybrids, is that it stops g · 

h · · rowtng w en its antigen receptor is cross-linked. This has allowed mutants lackin th 
receptor or h_aving defects i:11 signal transduction pathways to be selected !im~ 
ply b_Y cultunng the cells with anti-receptor antibody and selecting those that 
contmue to grow. Thus, T-cell tumors, T-cell hybrids, and cloned I-cell lines all 
have valuable applications in experimental immunology. 

F~nally, prim~:. cells_ fro:111 any source can be isolated as single, antigen-spe­
c_ific cells by l~rmtmg dilution rath~r than by first establishing a mixed popula­
t10n_ofT cells m culture as a T-cell hne and then deriving clonal subpopulations. 
Durmg the growth ofT-cell lines, particular T-cell clones can come to dominate 
~e cultures ~d give a f'.11se pict~e of the number and specificities in the orig­
mal sample. Direct clonmg of pnmary T cells avoids this artifact. 

Characterization of lymphocyte specificity, frequency, 
and function. 

B cells are relatively easy to characterize as they have only one function­
antibody production. T cells are more difficult to characterize as there are 
s~v~ral different classes with different functions. It is also technically more 
difficult to study the membrane-bound T-cell receptors than the antibodies 
s~creted in large amounts by B cells. All the methods in this part of the appen­
dix can be used for T cells. Some are also used to detect and count B cells. 

On many occasions it is important to know the frequency of antigen-specific 
l~ph??tes, especially T cells, in order to measure the efficiency with which 
an ~ndividu'.1-1. re?ponds to a particular antigen, for example, or the degree to 
which specific immunological memory has been established. There are a 
number of methods for doing this, either by detecting the cells directly by the 
specificity of their receptor, or by detecting activation of the cells to provide 
some particular function, such as cytokine secretion or cytotoxicity. 

The first technique of this type to be established was the limiting-dilution 
culture (see Section A-25) , in which the frequency of specific T or B cells 
responding to a particular antigen could be estimated by plating the cells into 
96-:-vell plates at increasing dilutions and measuring the number of wells in 
which there was no response. However, in this type of assay it became labori­
ous to ask detailed questions about the phenotype of the responding cells, 
and to compare responses from different cell subpopulations. 

Characterization of lymphocyte specificity, frequency, and function 

simpler assay for measuring the responses of T-cell populations has b~en 
11 

1 
ed from a variant of the antigen-capture ELISA method (see Section 

deve op 11 h b · 
6 

called the ELISPOT assay (see SectionA-26) . It assays T ce so~ t ~. asis 
\; ' okine production. In the ELI SPOT assay, cytokine secr:ted by md~vidual 
0 _yt ted T cells is immobilized as discrete spots on a plastic plate, which are 
~~~:ed to give the number of activate? ~ ~ells. _Th~ ELISPO~ as_s~y s~ffers 

many of the same problems as the hmitmg-dilut10n assaym giving mfor­
fro~ about the nature of the activated cells, and it can be difficult to deter­
rnation · · f yt kines mine whether individual cells are capable of secretmg mixtures o c o • 

11 
was therefore important to develop assays that could make these meas~re­

rnents on single cells. Measurements based on flow cytometry (see ~ect10n 
_
22

) proved the answer, with the development of methods for detectm_g flu­
~rescently labeled cytokines within_ activated T cells. The drawback of mtra-

llul cytokine staining (see Sect10n A-27) was that the T cells have to be 
~ed~ nd permeabilized by detergents to enable the cyto~nes to be detected. 
This led to the more sophisticated technique of cap~unng secreted labeled 
cytokines on the surfaces of the livingT cells (see SectionA-27) . 

F ally methods for directly detecting T cells on the basis of the specificit,: of d:\ r~ceptor, using fluorochrome-tagged tetramers of specific MHC:peptide 
co%plexes (see Section A-28), have revolutionized _the _study of T-cell 
responses in a similar way to the use of monoclonal antibodies. 

A-25 Limiting-dilution culture. 

The response of a lymphocyte population is a measure of t_he overa_ll response, 
but the frequency of lymphocytes able to respond _to a given antigen can be 
determined only by limiting-dilution culture. This . assay make_s use of t~e 
Poisson distribution, a statistical function that descnbes how obiects are di~­
tributed at random. For instance, when a sample of heterogene_ous T ':ells is 
distributed equally into a series of cultur~ wells,_ some wells -~l receive no 
T cells specific for a given antigen, some will receive one specific ! _cell, s_ome 
two, and so on. The T cells in the wells are activated with specific antigen, 
antigen-presenting cells, and growth factors. _After allowing several days for 
their growth and differentiation, the cells m each :":ell ar~ teste~ . for a 
response to antigen, such as cytoki~e releas~ or :he ability to kill specific ta~­
get cells (Fig. A.29) . The assay is replicated with different ?umb_ers ofT ce?s m 
the samples. The logarithm of the proportion of wells m which there is no 
response is plotted against the number of cells initially added to ~ach :"'ell. If 
cells of one type, typically antigen-specific T cells because of the~r rario/, ar:e 
the only limiting factor for obtaining a response, then a s:raight hne is 
obtained. From the Poisson distribution, it is known that there is, ~n averag~, 
one antigen-specific cell per well when t~~ propo:~tion of negati~e wells is 
37%. Thus, the frequency of antigen-specific cells m the population equals 
the reciprocal of the number of cells added to each :"'_ell when 37% of the wells 
are negative. After priming, the frequency of specific ~ells goes_~P substan­
tially, reflecting the antigen-driven proliferation of antigen-specific cells. The 
limiting-dilution assay can also be used to measure the frequency of B cells 
that can make antibody to a given antigen. 

A-26 EUSPOT assays. 

A modification of the ELISA antigen-capture assay (see Section A-6), called 
the ELISPOT assay, has provided a powerful tool for measur~ng the fre~uency 
of I -cell responses. Populations of T cells are stimu_lated with the a11:tigen ~f 
interest, and are then allowed to settle onto a plastic plate coa_ted with ant~­
bodies to the cytokine that is to be assayed (Fig. A.30) • If an activated T cell is 
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Fig. A.29 The frequency of specific 
lymphocytes can be determined using 
limiting-dilution assay. Varying numbers 
of lymphoid cells from normal or 
immunized mice are added to individual 
culture wells and stimulated with antigen 
and antigen-presenting cells (APCs) or 
polyclonal mitogen and added growth 
factors. After several days, the wells are 
tested for a specific response to antigen, 
such as cytotoxic killing of target cells. 
Each well that initially contained a 
specific T cell will make a response to its 
target, and from the Poisson distribution 
one can determine that when 37% of the 
wells are negative, each well contained, 
on average, one specific T cell at the 
beginning of the culture. In the example 
shown, for the unimmunized mouse 37% 
of the wells are negative when 160,000 
T cells have been added to each well· 
thus the frequency of antigen-specifi~ 
T cells is 1 in 160,000. When the mouse 
is immunized, 37% of the wells are 
negative when only 1100 T cells have 
been added; hence the frequency of 
specific T cells after immunization is 1 in 
1100, an increase in responsive cells of 
150-fold. 
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secreting t_hat cytokine, it is captured by the antibody on the plastic plate 
After a penod the cells are removed, and a second antibody to the cytokine i~ 
~dded to the pl~te to reveal a circle of bound cytokine surrounding the posi­
twn of ea~~ activated T cell; counting each spot, and knowing the number of 
T cells ongmally added to the plate allows a simple calculation of the fre­
~uency ofT cells secreting that particular cytokine, giving the ELISPOT assay 
Its nam~. E~ISPOT can also be used to detect specific antibody secretion by 
B cells, m this c~s_e by using antigen-coated surfaces to trap specific antibody 
and labeled ant1-1mmunoglobulin to detect the bound antibody. 

A-27 ldenti!ication of functional subsets of T cells by staining for 
cytokmes. 

One problem ~th the detection of cytokine production on a single-cell level is 
that the cyto~n~s are _secreted ?~ th~ T cells into the surrounding medium, 
and_ any associatwn with the ongmatmg cell is lost. Two methods have been 
deVIsed that allow the cytokine profile produced by individual cells to be 
determined. The first, _that ?f intracellular cytokine staining (Fig. A.31), relies 
on th~ use of metabolic p01sons that inhibit protein export from the cell. The 
cytokine thus accumulates within the endoplasmic reticulum and vesicular 
network of the cell. If the cells are subsequently fixed and rendered permeable 
by the use of mild detergents, antibodies can gain access to these intracellular 
compart~ents and detect the cytokine. The T cells can be stained for other 
mm:kers simultaneously, and thus the frequency, for example, of IL- 10-pro­
ducmg CD25+ CD4 T cells can be easily obtained. 

Characterization of lymphocyte specificity, frequency, and function ~ '.:'"- ·-·'· •.. _.-. __ 

fig, A.30 The frequency of cytokine­
secreting T cells can be determined by 
the ELISPOT assay. The EL/SPOT assay 
. a variant of the ELISA assay 1n which 
IS I . rf ntibodies bound to a p ast1c su ace are 3

5ed to capture cytokines secreted by 
u k. individual T cells. Usually, cyto 1ne 
specific antibodies are bound to the 
surface of a plastic tissue-culture well and 
!he unbound antibodies are removed (top 
panel). Activated T cells are then added to 
the well and settle onto the antibody­
coated surface (second panel) . If a T cell 
is secreting the appropriate cytokine, this 
wi ll then be captured by the antibody 
molecules on the plate surrounding the 
T cell (third panel). After a period of time 
the T cells are removed , and the presence 
of the specific cytokine is detected using 

an enzyme-labeled second antibody 
specific for the same cytokine. Where this 
binds, a colored reaction product can be 
formed (fourth panel). Each T cell that 
originally secreted cytokine gives rise to a 
single spot of color, hence the name of 
the assay. The results of such an 
EL/SPOT assay for T cells secreting IFN-y 
in response to different stimuli are shown 
in the last panel. In this example, T cells 
from a stem cell transplant recipient were 
treated with a control peptide (top two 
panels) or a peptide from cytomegalovirus 
(bottom two panels) . You can see a 
greater number of spots in the bottom 
two panels, indicating clearly that the 
patient 's T cells are able to respond to the 
viral peptide and produce IFNy. 
Photographs courtesy of S. Nowack. 

A second method, which has the advantage that the cells being analyzed are 
not killed in the process, is called cytokine capture. This technique uses 
hybrid antibodies, in which the two separate heavy- and light-chain pai~s 
from different antibodies are combined to give a mixed antibody molecule m 
which the two antigen-binding sites recognize different ligands (Fig. A.32). In 
the bispecific antibodies used to detect cytokine production, one of the anti­
gen-binding sites is specific for a T-cell surface marker, while the other is spe­
cific for the cytokine in question. The bispecific antibody binds to the T cells 
through the binding site for the cell-surface marker, leaving the cytokine­
binding site free . If that T cell is secreting the particular cytokine, it is cap­
tured by the bound antibody before it diffuses away from the surface of th_e 
cell. It can then be detected by adding a fluorochrome-labeled second anti­
body specific for the cytokine to the cells. 

A-28 Identification of T-cell receptor specificity using MHC:peptide 
tetramers. 

For many years, the ability to identify antigen-specific T cells directly through 
their receptor specificity eluded immunologists. Foreign antigen could not _be 
used directly to identify T cells, since, unlike B cells, they do not recogmze 
antigen alone but rather the complexes of peptide fragments of antigen 
bound to self MHC molecules. Moreover, the affinity of interaction between 
the T-cell receptor and the MHC:peptide complex was in practice so low that 
attempts to label T cells with their specific MHC:peptide complexes routinely 
failed. The breakthrough in labeling antigen-specific T cells came with the 
idea of making multimers of the MHC:peptide complex, so as to increase the 
avidity of the interaction. 

Peptides can be biotinylated using the bacterial enzyme BirA, which recog­
nizes a specific amino acid sequence. Recombinant MHC molecules contain­
ing this target sequence are used to make MHC:peptide complexes which are 
then biotinylated. Avidin, or the bacterial counterpart streptavidin, contains 
four sites that bind biotin with extremely high affinity. Mixing the biotinylated 
MHC:peptide complex with avidin or streptavidin results in the formation of 
an MHC:peptide tetramer-four specific MHC:peptide complexes bound to 
a single molecule of streptavidin (Fig. A.33) . Routinely, the streptavidin moi­
ety is labeled with a fluorochrome to allow detection of those T cells capable 
of binding the MHC:peptide tetramer. 

Cytokine-specific antibodies are bound to the 
surface of a plastic well 

Activated T cells are added to the well. 
These T cells are a mixture of different 

effector functions 

Cytokine secreted by some activated T cells 
is captured by the bound antibody 

The captured cytokine is revealed by a second 
cytokine-specific antibody, which is coupled 

to an enzyme, giving rise to a spot of 
insoluble colored precipitate 

._,,_,_ ~, 
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Fig: A.31_ ?ytokine-secreting cells can 
be '.d~nt1f1ed by intracellular cytokine 
staming. The cytokines secreted by 
activated T cells can be determined by 
using fluorochrome-labeled antibodies t 
detect cytokine molecules that have be~n 
allowed to_ accumulate inside the cell. The 
accumulation of cytokine molecules to 
allow them_ to reach a high enough ' 
concentration for efficient detection, is 
achieved by treating the activated T cells 
with Inh1b1tors of protein export. In such 
treated cells, proteins destined to be 
secreted are instead retained within the 
endoplasmic reticulum (first panel). These 
treated c~lls _are then fixed, to cross-link 
the proteins inside the cell and in the cell 
membranes, so that they are not lost 
when the cell is permeabilized by 
dissolving the cell membrane in a mild 
detergent (center panel). Fluorochrome­
labeled antibodies can now enter the 
permeabilized cell and bind to the 
cytokines inside the cell {last panel) C II 
labeled in this way can also be labe.lede s 
with antibodies that bind to cell-surface 
proteins to determine which subsets of 
T cells are secreting particular cytokines. 

Ac~ivaJe_d T cells are treated with 
an mh1b1tor which blocks protein 

export allowing cytokines to 
accumulate in the ER 
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~HC:peptide tetramers have been used to identify . 
c_ific T. cells in, for example, patients with acute E pop~ations ~f antigen-spe-
~mfect10us mononucleosis), showing that up to soJst;:-Barr_ Vlflls infections 
infected individuals can be specific fo . 1 o o e penpheral T cells in 
h~ve also been used to follow respons~/o~1:1g1 e MHC_:peptide c?mplex. They 
with HIV or, in the example we show, cytome ~o~i: i time~cales m individuals 
have also been important in identifyin th; nfec~ons. These reagents 
nonclassical class I molecules such as JLA-E ~:lls respo~ding, for example, to 
that these nonclassical molecules are reco . d ~LA-G, m both cases showing 

gmze Y subsets of NK receptors. 

A-29 Assessing the diversity of the T-cell repertoire by 'spectratyping: 

The extent of the diversity of th T 11 . 
specific immune responses is o~e~cef. r?ertoue, either generally or during 
undergo somatic hypermdtation :d i;;:~~st. In parti~ula~, as T cells do not 
that B cells do, the relationship b tw th ty maturat10n m the same way 
mary response to antigen and the een _e repertoire ofT cells making a pri-

e repertoue of T cells involved in secondary 

Fig. A.32 Hybrid antibod· · · cyt k' . . . ies conta1mng cell-specific and 
o ine-spec1f1c binding sites can b 

secretion by living cells and t . e used to as~ay cytokine 

the appropriate cytokine IL-4 this is c . 
specific arm of the hybrid antibody (thi~:~;~~l)b~~he cytok1ne 
the cytokine can then be revealed f . . e presence of 

cytokines. Hybrid antibodies c~npinfy cells secreting particular 

:pe:~if~c;nd lifght-chain pairs from an~i~oa~:sbif ~:;;r~~~gether 
I ies, or example an antib d t 

and an antibody specific 'tor 
O

. Y O an MHC class I molecule 
The hybrid antibodies are the~ c~~k1ne such as IL~4 {first panel). 
T cells, and bind to each c II . h ed to a population of activated 

(second panel). If some of :hev~:~s ~n~~:p~apsuslalt_binding arm . ion are secreting 

A _hybr_id antibody is made from 
ant1bod1es specific for a cytokine 
and a common cell-surface protein 

such as MHC class I 

The hybrid antibodies bind to 
a population of activated 

T cells 

fl h , or example using a 
uoroc rome-labeled second antib d .. 

cytokine but b" d" . o y spec1f1c for the same 

~~~~~d/~;~~~itl~~:~:n:r~:~~tl:::1~~ ~he~1::a~sii ~~~~zeed 
activated cell ' e_ iso ated using a fluorescence 
antibody may ~:rt:~uAl1:~nt~t1vely, th~ second cytokine specific 
producing cells isolatpd magnetic beads, and the cytokine 
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Fig, A.33 MHC:peptide complexes 

0
upled to streptavidin to form 

~etrarners are able to stain 
aotigen-specific T cells. MHC:peptide 
ietramers are formed from recombinant 
refolded MHC:peptide complexes 
containing a single defined peptide 
epitope. The MHC molecules can be 
chemically derivatized to contain biotin, 
but more usually, the recombinant MHC 
heavy chain is linked to a bacterial 
biotinylation sequence, a target for the 
E.coli enzyme BirA, which is used to add 
a single biotin group to the MHC molecule. 
Streptavidin is a tetramer, each subunit 
having a single binding site for biotin, 
hence the streptavidin/MHC:peptide 
complex creates a tetramer of 
MHC:peptide complexes (top panel). While 
!he affinity between the T-cell receptor and 
its MHC:peptide ligand is too low for a 
single complex to bind stably to a T cell, 
the tetramer, by being able to make a more 
avid interaction with multiple MHC:peptide 
complexes binding simultaneously, is able 

to bind to T cells whose receptors are 
specific for the particular MHC:peptide 
complex (center panel). Routinely, the 
streptavidin molecules are coupled to a 
fluoro-chrome, so that the binding to 
T cells can be monitored by flow 
cytometry. In the example shown in the 
bottom panel, T cells have been stained 
simultaneously with antibodies specific for 
CD3 and CDS, and with a tetramer of 
HLA-A2 molecules containing a 
cytomegalovirus peptide. Only the co3+ 
cells are shown, with the staining of CDS 
displayed on the vertical axis and the 
tetramer staining displayed along the 
horizontal axis. The cos- cells (mostly 
CD4+) on the bottom left of the figure 
show no specific tetramer staining, while 
the bulk of the cos+ cells, on the top left, 
likewise show no tetramer staining. 
However, a discrete population of tetramer 
positive cos+ cells, at the top right of the 
panel, comprising some 5% of the total 
cos+ cells, can clearly be demonstrated. 
Data courtesy of G. Aubert. 

and subsequent responses to antigen has been difficult to determine. This 
information has usually been obtained through the laborious process of 
cloning the T cells involved in specific responses (see Section A-24), and the 
cloning and sequencing of their T-cell receptors. 

It is possible, however, to estimate the diversity ofT-cell responses by making 
use of the junctional diversity generated when T-cell receptors are created by 
somatic recombination, a technique known as spectratyping. Variability in 
the length of the CDR3 segments is created during the recombination 
process, both by variation in the exact positions at which the junctions 
between gene segments occur, and by variation in the number of 
N-nucleotides added. Both these processes result in the length of the Vp CDR3 
varying by up to nine amino acids. The problem in detecting this variability is 
that there are 24 families ofVp gene segments in humans and it is not possi­
ble to design a single oligonucleotide primer that will anneal to all of these 
families. Specific oligonucleotide primers can, however, be designed for each 
family, and these can be used in the polymerase chain reaction (PCR), 
together with a primer specific for the Cp region, to amplify, for each individ­
ual family, a segment of the mRNA for the T-cell receptor ~ chain that spans 
the CDR3 region. A population of TCR Vp genes will therefore show a distri­
bution, or 'spectrum,' of CD3 lengths, and will give rise to PCR products of 
different lengths that can be resolved, usually by polyacrylamide gel elec­
trophoresis (Fig. A.34). The deletion and addition of nucleotides during the 
generation of T-cell receptors by rearrangement is random, and so in a nor­
mal individual the CDR3 lengths follow a Gaussian distribution. Deviations 
from this Gaussian distribution, such as an excess of one particular CDR3 
length, indicate the presence of clonal expansions of T cells, such as occurs 

during a T-cell response. 

A-30 Biosensor assays for measuring the rates of association and 
disassociation of antigen receptors for their ligands. 

Two of the important questions that are always asked of any receptor-ligand 
interaction is: what is the strength of binding, or affinity, of the interaction, 

The MHC:peptide tetramer is made from 
recombinant MHC molecules with 

specific peptides, bound to streptavidin 
via biotin 

MHC:peptide tetramers are bound by 
T cells expressing receptors of the 

appropriate specificity 

10°-------,,----.-----. 
1~ 1~ 1~ 1~ 1~ 
HLA-A2 + CMV specific tetramer staining 

·.-.•--.-·. 
.,.._~-..... 
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T cells express a diverse 
repertoire of receptors 

Receptors expressing the same 
V segment have C0R3 regions 

of different lengths 
The different lengths of the CDR3 

regions can be displayed by 
denaturing gel electrophoresis 

= 

-
+ 

From a diverse population of T cell 
the patter~ of CDR3 lengths is 8 

approximately Gaussian 

Fig. A.34 The diversity of the T-cell receptor repertoire can be 
displayed by spectratyping, a PCR-based technique that 
separates different receptors on the basis of their CDR3 
length. The process of generation of T-cell receptors is 
stochastic, giving rise to a population of mature T cells whose 
receptors are clonally distributed (first panel). In each of the cells 
expressing a particular Vp gene segment, all of the differences 
between the unique receptors are restricted to the CDR3 region, 
where there will be differences in length as well as sequence as a 
consequence of the imprecision of the rearrangement process 
(second panel). Using sets of primers for the PCR reaction that 
are specific for individual Vp gene segments at one end and for a 
conserved part of the C region at the other, it is possible to 

generate a set of DNA fragments that span the CDR3 region. If 
these are separated by denaturing acrylamide gel electrophoresis 
then a series of bands are formed or, since these fragments can 
be labeled with fluorochromes and analyzed by automated gel 
readers, a series of peaks corresponding to the different length 
fragments (third panel). The pattern of peaks obtained in this way 
is known as a spectratype. From a diverse population of cells, the 
distribution of fragment lengths is Gaussian, as shown in the last 
panel, where the spectratypes of two different Vp regions from the 
same individual are shown. In this case, both of the patterns are 
approximately Gaussian; deviations from a Gaussian distribution 
may indicate expansion of particular clones of T cells, perhaps in 
response to antigenic challenge. Data courtesy of L. McGreavey. 

and what are the rates of association and disassociation? Traditionally, meas­
urements of affinity have been made by equilibrium binding measurements 
(see SectionA-9), and measurements ofrates of binding have been difficult to 
obtain. Equilibrium binding assays also cannot be performed on T-cell recep­
tors, which have large macromolecular ligands and which cannot be isolated 
and purified in large quantity. 

It is now possible to measure binding rates directly, by following the binding 
of ligands to receptors immobilized on gold-plated glass slides, using a phe­
nomenon known as surface plasmon resonance (SPS) to detect the binding 
(Fig. A.35). A full explanation of surface plasmon resonance is beyond the 
scope of this textbook, as it is based on advanced physical and quantum 
mechanical principles. Briefly, it relies on the total internal reflection of a 
beam of light from the surface of a gold-coated glass slide. As the light is 
reflected, some of its energy excites electrons in the gold coating and these 
excited electrons are in turn affected by the electric field of any molecules 
binding to the surface of the glass coating. The more molecules that bind to 
the surface, the greater the effect on the excited electrons, and this in turn 
affects the reflected light beam. The reflected light thus becomes a sensitive 
measure of the number of atoms bound to the gold surface of the slide. 

If a purified receptor is immobilized on the surface of the gold-coated glass 
slide, to make a biosensor 'chip,' and a solution containing the ligand is flowed 
over that surface, the binding of ligand to the receptor can be followed until it 
reaches equilibrium (see Fig. A.35). If the ligand is then washed out, dissocia­
tion of ligand from the receptor can easily be followed and the dissociation rate 
calculated. A new solution of the ligand at a different concentration can then 
be flowed over the chip and the binding once again measured. The affinity of 
binding can be calculated in a number of ways in this type of assay. Most sim­
ply, the ratio of the rates of association and dissociation will give an estimate of 
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The ligand to be tested, in this 
case MHC:peptide comple~es, 

is immobilized on a special 
gold-plated surface 

Soluble T-cell receptors are allo_wed 
to flow over the surface and bmd 

to the MHC:peptide complex 

ent of receptor-ligand interactions can be 
Fig. A.35 Mea~urem . a biosensor. Biosensors are able to 
made in real t_1me using lecules on the surface of gold-plated 
measure the b1nd1ng of m~- t effects of the binding on the total 
glass chips through the in ir:~ olarized light at the surface of 
internal reflection of a beam I P d ·ntensity of the reflected beam 

• Ch ges in the ang e an 1 . • 
the chip. an_ , units' (Ru) and plotted against time 1n 
are measured in resonance ' D ending on the exact nature of 
what is termed a 'sens_orgr~m. ~pzed either the receptor or the 
the receptor-ligand pair to e ana y rf ' f the ch·1p In the 

. b·1· d n the su ace o · ligand can be immo I ize O 
· obilized on 

MHC· eptide complexes are 1mm 
::~~~l:us~::n(first p~~el). T-cell receptors in solution are now 

Receptor binding reaches 
equilibrium 

Unbound receptors ~re washed 
away; continued wash1~g re!lloves 

receptors as they d1ssoc1ate 
from the MHC:peptide complex 

rface and to bind to the immobilized 
allowed to flow over the st d panel) As the T-cell receptors 
MHC:peptide comple~es ~econel below.the main panel) reflects 
bind, the sensorgram in;e pt:~n bound As the binding reaches 
the increasing amount O pro . · sor ram 
either saturation or equilibrium (third panel), the ;en . ~ 

shows a plateau, as no ;::::i~~i~!;y~~:~ ~~~i~~~d 
unbound receptors ca~ors now start to dissociate and are 

wash1n~ _bot~~dfl:~e~ the washing solution (last panel) . The 
remove in h a declining curve, reflecting the rate at sensorgram now s ows . . 
which the receptor and ligand dissoc1at1on occurs. 

imates can be obtained from the measure-the affinity but more accurate est . f r d From measure-
' . ct· t ct·fferent concentrations o igan . 

ments of the bm mg a . _ 1 . S t hard plot (see Fig. A.11) will give a f b. ct· at equil1bnum a ca c 
ments o m mg . . fth~ rece tor-ligand interaction. measurement of the affimty O P 

A-31 Stimulation of lymphocyte proliferation by treatment with polyclonal 
mitogens or specific antigen. 

. . . re antigen-specific lymphocytes must 
To function in ad_apt1ve immumty,d:~erentiate into functional effector cel~s 

Mitogen Responding cells 

Phytohemagglutinin (PHA) 

I T cells (red kidney bean) 

Concanavalin (ConA) 
I T cells (Jack bean) 

Pokeweed mitogen (PWM) 

I 
T and B cells (Pokeweed) 

Lipopolysacchari_de (LPS) 
(Escherichia coll) II s cells (mouse) 

I 

I 

I 

proliferate extensively b~f?re the~bers of effector cells of a particular speci­
in order to generate s~ffic1_ent nu d l hocyte proliferation is a central issue 
ficity. Thus, the a~alysis of md~~~ 7tio detect the proliferation of normal 
in their study. It is, however, 1 . ~u f n because only a minute propor­
lymphocytes in resp~nse to spec:c -~n i~e eat impetus was given to the field 
tion of cells will be st1mulated_to ·n vi t:~t :ertain substances induce many or 
oflymphocyte cultur~ by the fmd1 g liferate. These substances are referred to 
all lymphocytes of a given type to prob e they induce mitosis in lympho­
collectively as ~olyclonal ~i~o~~ns :~i~~ ori ins. T and B lymphocytes are 
cytes of many different spec1fic1t1es o~ (F1·gg A 36) Polyclonal mi to gens 

. b ct·ff t polyclonal m1togens · · · . 
stimulated y 1 eren h sponse mechanisms as antigen. 
seem to trigger essentially the same growt 11 r~ the G phase of the cell cycle. 
Lymphocytes norm~y exist as resti1:g ce s l~hey ra;idly enter the G1 phase 
When stimulated with polyclonal m1togent, t ct·es lymphocyte proliferation 
and progress through the cell cycle. In mos ~-u 1 of 3H thymidine into DNA. 
is most simply measured by the incorpora ion -

Fig. A.36 Polyclonal mitogens, many of 
plant origin, stimulate lymphocyte 
proliferation in tissue culture. Many of 
these mitogens are used to test the ability 
of lymphocytes in human peripheral 
blood to proliferate. 
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Immunize with antigen A 

After 5-10 days remove cells from lymph node 

Culture cells with antigens A or B 

no antigen antigen A antigen B • 0 

Measure T-cell proliferation 

Proliferation 

no antigen 

3 5 

Days of culture 

Thi! assay_ fa used clinkally fo, asses!ing_ the ability of lymphocytes fron, 
patients with suspected 1mmunodefic1enc1es to proliferate in response t nonspecific stimulus. 

0 
a 

Once lymphocyte culture had been optimized using the proliferar 

-----
l l al . . b ive response to po ye on m1togens as an assay, 1t ecame possible to det 

antigen-specific T-cell proliferation in culture by measuring 3H-thyrnid;ct 
uptake in response to an antigen to which the T-cell donor had been preVj~ 
ously immunized (Fig. A.37). This is the assay most commonly used fo 
assessing T-cell responses after immunization, but it reveals little about th r 
functional capabilities of the responding T cells. These must be ascertaine; 
by functional assays, as outlined in Sections A-33 and A-34. 

A-32 Measurements of apoptosis by the TUNEL assay. 

Apoptotic cells can be detected by a procedure known as TUNEL staining. In 
this technique, the 3' ends of the DNA fragments generated in apoptotic cells 
are labeled with biotin-coupled uridine by using the enzyme terminal 
deoxynucleotidyl transferase (TdT). The biotin label is then detected with 
enzyme tagged streptavidin, which binds to biotin. When the colorless sub­
strate of the enzyme is added to a tissue section or cell culture, it is reacted 
upon to produce a colored precipitate only in cells that have undergone 
apoptosis (Fig. A.38). This technique has revolutionized the detection of apoptotic cells. 

A-33 Assays for cytotoxic T cells. 

Activated CDB T cells generally kill any cells that display the specific pep­
tide:MHC class I complex they recognize. Thus CDB T-cell function can be 
determined using the simplest and most rapid T-cell bioassay-the killing of 
a target cell by a cytotoxic T cell. This is usually detected in a 51Cr-release 
assay. Live cells will take up, but do not spontaneously release, radioactively 
labeled sodium chromate, Na251CrO4. When these labeled cells are killed, the 
radioactive chromate is released and its presence in the supernatant of mix­
tures of target cells and cytotoxic T cells can be measured (Fig. A.39). In a sim­
ilar assay, proliferating target cells such as tumor cells can be labeled with 3
H-thymidine, which is incorporated into the replicating DNA. On attack by a 

cytotoxic T cell, the DNA of the target cells is rapidly fragmented and retained 
in the filtrate, while large, unfragmented DNA is collected on a filter, and one 
can measure either the release of these fragments or the retention of 3
H-thymidine in chromosomal DNA. These assays provide a rapid, sensitive, 

and specific measure of the activity of cytotoxic T cells. 

A-34 Assays for CD4 T cells. 

CD4 T-cell functions usually involve the activation rather than the killing of 
cells bearing specific antigen. The activating effects of CD4 T cells on B cells 
or macrophages are mediated in large part by nonspecific mediator proteins 

Fig. A.37 Antigen-specific T-cell 
proliferation is used frequently as an 
assay for T-cell responses. T cells from 
mice or humans that have been 
immunized with an antigen (A) proliferate 
when they are exposed to antigen A and 
antigen-presenting cells but not when 

cultured with unrelated antigens to which 
they have not been immunized (antigen 
8). Proliferation can be measured by 
incorporation of 3H-thymidine into the 
DNA of actively dividing cells. 
Antigen-specific proliferation is a hallmark 
of specific CD4 T-ce/1 immunity. 

Characterization of lymphocyte specificity, frequency, and function 

DNA in apoptotic cells 
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cytoplasm:::=========:::::::::: 
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The enzyme TdT adds 
biotinylated nucleotides 

to the free 3. ends of the 
nicked DNA 

Enzymes coupled to 
streptavidin bind to the labeled 
bases· the enzyme generates a 

coiored reaction product 

A can be labeled by terminal 
Fig. A.38 Frag_mented DN e TdT) to reveal apoptotic cells. 

. . biotin coupled to enzymes that 
streptavidin, which binds to . t ' colored insoluble product 

deoxynucleot1dyl transferas (d ell death or apoptosis, their 
When cells undergo programme c I) The ~nzyme TdT is able to 
DNA becomes fragmented (I:~ 6~:ef;agments; most commonly 
add nucleotide~ to the el~~\ucleotides (usually dUTP) are added 
in this assay, b1ot1n-labe_ I t d DNA can be detected by using 
(second panel). The b1otiny a e 

convert a colorless substrate in o a n be detected by light 
(third panel). Cells 

st
ained~~ 

th
~::~~a~~ of apoptotic cells 

microscopy, as shown in t ~ Photograph courtesy of 
(stained red) in the thym1c co ex. 
R. Budd and J . Russell. 

h T cell when it recognizes antigen. 
called cytokines, which ~re r~leased by :t:died by measuring the type. and 
Thus, CD4 T-cell funct10n is ~sually different effector T cells release differ­
amount of these released prote1_ns. As n learn about the effector poten-

d types of cytokines, one ca 
ent amounts an . the proteins it produces. . f h t T ell by measunng 
t1al o t a c . f . in biological assays of cell growth, Cytokines can be detected by then ac IVIty wth inhibitors. A more specific 

. h owth factors or gro . SA ( where they serve e1t er as gr capture or sandwich ELI . see 
assay is a modification of ELISA kn:~ t:haaracterized by its ability to bndge 
SectionA-6). In this assay, the cyt~- ne 1 fng with different epitopes on the 
between two monoclonal antibo i~s rea~~ can also be detected by ELISPOT 
cytokine molecule. Cytokine-secretmg ce 

(see Section A-26). . blem of cytokine bioassays, 
Sandwich ELISA and ELISPOT avoid_ a mulaJtorthperosame response in a bioassay. 

. kines to st1m a e ·th 
the ability of different cyto . d b inhibition of the response WI neu -
Bioassays must always be_ con~umt ecific for the cytokine. Another w~y of 
tralizing monoclonal ant1bod1e~ p . cytokine is to stain them with a 
identifying cells actively produ~mg a g1venlonal antibody and identify and 

d t . cytokine monoc fluorescently tagge an I- . 
b FACS (see Section A-22). 

count them y . c okine production is to determine 
A quite different approach to detectmlg ytt cytokine mRNA in stimulated 

t of the re evan . d f II the presence and amoun . 1 cells by in situ hybridizat10n an or ~e 
T cells. This can be done for smg e . lymerase chain reaction 

transcnptase-po . 
populations by revers~ . n enz e used by certain RNA vuuses, (RT-PCR). Reverse transcnptase is a ym 

Label target cells with 
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Add cytotoxic T cells to 
labeled target cells 

Killed cells release 
radioactive chromium F" A 39 Cytotoxic T-cell activity is 

,g. . d by chromium release often assesse 
11 from labeled target cells. Target ce s 

are labeled with radioactive chromium as 
51 C O washed to remove excess Na2 r 4, t . 

radioactivity and exposed to cyto ox1c 
T cells. Cell destruction is measured. by 
the release of radioactive chromium into f 
the medium, detectable within 4 hours o 
mixing target cells with T cells. 
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such as the human immunodeficiency virus (HN-1) that causes AIDs 
convert an RNA genome into a DNA copy, or cDNA. In RT-PCR, mRNA is i t~ 
lated from cells and cDNA copies made using reverse transcriptase. Ji 
desired cDNA is then selectively amplified by PCR using sequence-specifi e 
primers. When the products of the reaction are subjected to electrophore/c 
on an agarose gel, the amplified DNA can be visualized as a band of a specifiis 
size. The amount of amplified cDNA sequence will be proportional to its rep~ 
resentation in the mRNA; stimulated T cells actively producing a particular 
cytokine will produce large amounts of that particular mRNA and thus give 
correspondingly large amounts of the selected cDNA on RT-PCR. The level of 
cytokine mRNA in the original tissue is usually determined by comparison 
with the outcome of RT-PCR on the mRNA produced by a so-called 'house­
keeping gene' expressed by all cells. 

A-35 DNA microarrays. 

Any cell expresses, at any one time, many hundreds or even thousands of 
genes. Some of the products are expressed at high levels, the actin that forms 
the cytoskeleton of the cell is one example, while others may only be 
expressed in a few copies per cell. Different cell types, or cells at different 
stages of maturation, or even tumor cells compared to their normal counter­
parts, will express different sets of genes, and trying to identify these differ­
ences is an important field of research, in immunology as well as in other 
areas of biology. One important new technique in analyzing these differences 
makes use of arrays of hundreds of DNA sequences attached to a glass sur­
face-a so-called DNA microarray or 'DNA chip.' The array contains a range 
of DNA sequences from known genes, arranged in a fixed pattern, and the dif­
ferential expression of those genes in a particular cell type or tissue is tested 
by exposing the array to labeled mRNA (or cDNA made from it) from the tis­
sue. Hybridization of labeled mRNAs to their corresponding DNA sequences 
in the array is detected by standard techniques and the whole technique is 
readily automated. Many different samples can be examined in parallel, 
which makes this a powerful analytical technique, as can be seen from the 
example we illustrate in Fig. A.40. Here the DNA microarray has been con­
structed with almost 18,000 cDNA clones known to be expressed in either B or 
T cells and B-cell tumors. This array was then probed with fluorochrome­
labeled cDNAs from 96 normal and malignant cells, and the level of expres­
sion of approximately 18,000 genes in each of the cell lines was measured 
simultaneously. In this particular case the patterns of expression of the dif­
ferent genes revealed that the malignant B cells formed discrete subtypes, 
which were then found to have different clinical prognoses. 

Detection of immunity in vivo. 

A-36 Assessment of protective immunity. 

An adaptive immune response against a pathogen often confers long-lasting 
immunity against infection with that pathogen; successful vaccination 
achieves the same end. The very first experiment in immunology; Jenner's 
successful vaccination against smallpox, is still the model for assessing the 
presence of such protective immunity. The assessment of protective immu­
nity conferred by vaccination has three essential steps. First, an immune 
response is elicited by immunization with a candidate vaccine. Second, the 
immunized individuals, along with unimmunized controls, are challenged 
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infection in th_e imm~mze ill iVJ For obvious reasons, such experi~ents ~e 
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A-37 Transfer of protective immunity. 

. . . - show that protective immunity ~as been 
The tests descnbed ill Section A 36th ·t . valves humoral immumty, cell-

t how whe er i ill . . b d established, but canno s th tucti· es are carried out ill ill re 
• b th When ese s ,, . 

mediated immumty, or o . . . . can be determined by trans1errillg mice, the nature of protective immumty 

Detection of immunity in vivo 
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rapid, simultaneous screening ~ 
reat many genes for changes m 

~xpression between different cells. In 
the experiment whose results are shown 
here, nearly 18,000 cDNA clones made 
from lymphoid cells and lymphoid tumors 
were arrayed horizontally across the 
chip. Some of these cDNAs represent 
the products of known genes, and 
examples of these are indicated on the 
right hand edge of the diagram. To these 
cDNAs mRNA was hybridized from 96 
normal cells, cell lines and lymphoid 
tumor cells, with the mRNA from each 
individual cell arrayed vertically. The 
types of cells used are indicated by the 
colored bars at the top, with the colors 
explained in the key. The malignant cells 
used were from diffuse large B-cell 
lymphoma (DLBCL), follicular lymphoma 
(FL) or mantle cell lymphoma, and 
chronic lymphocytic leukemia (C~L). 
A number of established lymphoid cell 
lines were included. Normal cells are 
represented by resting B cells from 
peripheral blood (Resting_ Bl?od B), B 
cells activated by cross-linking cell­
surface lgM with or without add1t1_onal 
cytokines and co-stimulation (Activated 
blood B) germinal center B cells from 
tonsil (Germinal Center B) , and normal, 
noninflamed tonsil and lymph node 
(NI. Node/Tonsil) were used as . 
representatives of different stages in 

B-cell maturation. Normal _T cells, CD4 
T cells, either resting or stimulated wit; T) 
PMA and ionomycin (Rest1ng/Act1vate 
were also used. Each point on_ the array 

ts therefore the hybndIzatIon of represen , ' • t 
the mRNA from one of these cell lines o 
one of the cDNAs, and is displayed in _ 
color to represent the level of expression 
of the mRNA in question, green being 
those expressed at lower levels than in a 
control cell, while red represents those 
expressed at a higher level. The data f 
shown has been clustered by patterns o 
expression of the various genes, to give 
clusters of genes upregulated in 
proliferating cells, germinal center 
B cells, lymph node B cells, and in 
T cells. Courtesy of L. M. Staudt. 
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(test vaccine) 
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Fig. A.41 In vivo assay for the 
pres~nc~ of_protective immunity after 
vaccination m animals M' . . 'th . ice are inJected 
w1 . the test vaccine or a control such as 
saline solution. Different groups are then 
challenged with lethal or pathogenic 
doses of the test pathogen or with an 
unrelated pathogen as a specificity 
control (not shown). Unimmunized 
;nimals die or become severely infected 

ucces_sful vaccination is seen as specific 
prote~t1on of immunized mice against 
infection with the test pathogen Th ' . 
called active immunity and th . is is . II d • . e process 1s 
ca e active immunization. 

serum or lymph 'd 11 . 01 ce s from an immuniz d 
~11Zed syngeneic recipient (that is . . e d?nor animal to an u . 
mbred strain) (Fig. A.4Z) If ' ~ geneti~ally identical animal of IUnunu­
the transfer of serum th~ . prote~t1~n agamst infection can be c te same 
is called humoral i~un:m;mtyt pro_vided by circulating ant~:~:red by 
antibodies provides immedia rans er of _immunity by antiserum or ies_and 
against toxins such as those ofttetprotect1on against many pathogepurified 

P 
t . . . e anus and snake ns and 

ro_ ect10n is immediate, it is tern 1 . venom. However, alth 
antibodies r · . . porary, astmg only so Ion ough foce called ;::i!:::.::.~:~•P~'::;t's bo~y. :1''' type ~r"~:;;:;:s:rred 
can provide lasting immuni . y active rmmunization with _ere­
nized to the antiseru d ty. Moreover, the recipient may bee ~t1gen 

m use to transfer · . ome 1mm 
usu'.11 sources of anti-snake venoms us:;~umty. Horse or sheep sera are ;­
trat1on can lead either to serum . kn m humans, and repeated ad . . e 
becomes allergic to the f . sic ess (see Section 13-18) or if the ~s-ore1gn serum, to anaphylaxis (see S , . rec1p1ent 

Protection against man d" ect1on 13-11). 
be transferred by lympho:~e;:~: ~nno_t be tr~sferred with serum but c 
lymphoid cells from an immune doonmo imt mumzed donors. The transfer anof 
called ad t· r 

O 
a normal s · f . op ive transfer or adoptive imm . . yngene1c recipient is 

e~red is called adoptive immuni lmmun~atmn, and the immunitytrans­
with lymphoid cells is called cell~~ediat~~1~hat ~an be transferred only 
:~:t ~~etween_genetically identical donors an~~:~: Such cell transfers 

o . e same mbred strain of mouse th th c1p1ents, such as mem-
not re}ected by the recipient and do , so at e donor lymphocytes are 
Adoptive transfer of immunity is used cl ~~t ~ttack the recipient's tissues 
~ppr~aches to cancer therapy or as an a~~1c y in humans in experiment~ 
tlon; m these cases, the patient's own T J~nct to bone marrow transplanta­
row donor, are given. ce s, or the T cells of the bone mar-

A-38 The tuberculin test. 

Local responses to antigen can indi Act~ve immunity is often studied in c_ate the p~ese~ce of active immunity. 
antigens locally in the skin If ~wo, especially m humans, by in1·ecting 
f 'b . • a react10n appear thi . . o anti od1es or immune 1 h s, s md1cates the presence 

tuberculin test is an exam~~f t~~r~~hat are specific for that antigen; the 
develop cell-mediated immun. ty th n people have had tuberculosis they 
when their skin is injected wit~ a~~an be detected as a local response 
Mycobacterium tuberculosis th a sm th amount of tuberculin, an extract of 
re~ponse typically appears ; da e o;~ ogen that . c~uses tuberculosis. The 
raised, red, and hard (or indurat~d) o. aft~r th~ m1ection and consists of a 
the antigen is degraded. area mt e skin, which then disappears as 

A-39 Testing for allergic responses. 

Local. intracutaneous injections of minut d 
~erg1es are used to determine wh· h . e os_es of the antigens that cause 
t10ns. Local responses that happ I~ thant1gen tnggers a patient's allergic reac-
tion · · en m e first few · aft m immune recipients are call d . . mmutes er antigen injec-
and they can be of several forms o e i;rn:;.edi~te hypersensitivity reactions, 
(see Fig. 13.14). Immediate h , ne?. ~ ich is the wheal-and-flare response 

'b ypersens1t1vity re ti anti odies of the IgE class fo d ac ons are mediated by specific 

g
e R rme as a result of e r n. esponses that take ho t d ar ier exposures to the anti-

are referred to as delayed-;s: ays to ~~v~lop, such as the tuberculin test, 
preexisting immune T cells T~ 1 ypersens1tivity responses and are caused by 
when he tested vaccinated.ind's . ~tt: ~e ofresponse was observed by Jenner 

IVI u s with a local injection of vaccinia virus. 

These tests work because the local deposit of antigen remains concentrated 
ill the initial site of injection, eliciting responses in local tissues. They do not 
cause generalized reactions if sufficiently small doses of antigen are used. 
!·!Owever, local tests carry a risk of systemic allergic reactions, and they should 
be used with caution in people with a history of hypersensitivity. 

A-40 Assessment of immune responses and immunological competence 

in humans. 

The methods used for testing immune function in humans are necessarily 
rnore limited than those used in experimental animals, but many different 
tests are available. They fall into several groups depending on the reason the 

patient is being studied. 
Assessment of protective immunity in humans generally relies on tests con-
ducted in vitro. To assess humoral immunity, specific antibody levels in the 
patient's serum are assayed by RIA or, more commonly, ELISA (see Section 
A-6) , using the test microorganism or a purified microbial product as antigen. 
To test for humoral immunity against viruses, antibody production is often 
measured by the ability of serum to neutralize the infectivity of live virus for 
tissue culture cells. In addition to providing information about protective 
immunity, the presence of antibody to a particular pathogen indicates that 
the patient has been exposed to it, making such tests of crucial importance in 
epidemiology. At present, testing for antibody to HIV is the main screening 
test for infection with this virus, critical both for the patient and in blood 
banking, where blood from infected donors must be excluded from the sup­
ply. Essentially similar tests are used in investigating allergy, where allergens 
are used as the antigens in tests for specific lgE antibody by ELISA or RIA (see 
Section A-6), which may be used to confirm the results of skin tests. 

Cell-mediated immunity, that is immunity mediated byT cells, is technically 
more difficult to measure than humoral immunity. This is principally because 
T cells do not make a secreted antigen-binding product, so there is no simple 
binding assay for their antigen-specific responses. T-cell activity can be 
divided into an induction phase, in which T cells are activated to divide and 
differentiate, and an effector phase, in which their function is expressed. Both 
phases require that the T cell interacts with another cell and that it recognizes 
specific antigen displayed in the form of peptide:MHC complexes on the sur­
face of this interacting cell. In the induction phase, the interaction must be 
with an antigen-presenting cell able to deliver co-stimulatory signals, 
whereas, in the effector phase, the nature of the target cell depends on the 
type of effector T cell that has been activated. Most commonly, the presence 
ofT cells that have responded to a specific antigen is detected by their subse­
quent in vitro proliferation when reexposed to the same antigen (see Section 

A-31) . 
I-cell proliferation indicates only that cells able to recognize that antigen 
have been activated previously; it does not reveal what effector function they 
mediate. The effector function of a T cell is assayed by its effect on an appro­
priate target cell. Assays for cytotoxic CD8 T cells (see Section A-33) and for 
cytokine production by CD4 T cells (see Sections A-26, A-27 , and A-34) are 
used to characterize the immune response. Cell-mediated immunity to infec­
tious agents can also be tested by skin test with extracts of the pathogen, as in 
the tuberculin test (see Section A-36). These tests provide information about 
the exposure of the patient to the disease and also about their ability to 

mount an adaptive immune response to it. 
Patients with immune deficiency (see Chapter 12) are usually detected clini­
cally by a history of recurrent infection. To determine the competence of the 

I 

Detection of immunity in vivo 
~ :----·<._: .. ,_ 

·-~--~'. 

Inject killed pathogen 
(test vaccine) 

Challenge after 10 days 

Animal remains healthy 

Active immunization 

Transfer serum Transfer spleen cells 

Challenge with lethal dose of pathogen 

Animal remains healthy Animal remains healthy 

Passive immunization Adoptive immunization 

Fig. A.42 Immunity can be transferred 
by antibodies or by lymphocytes. 
Successful vaccination leads to a long­
lived state of protection against the 
specific immunizing pathogen. If this 
immune protection can be transferred to 
a normal syngeneic recipient with serum 
from an immune donor, then immunity is 
mediated by antibodies; such immunity is 
called humeral immunity and the process 
is called passive immunization. If 
immunity can only be transferred by 
infusing lymphoid cells from the immune 
donor into a normal syngeneic recipient, 
then the immunity is called cell-mediated 
immunity and the transfer process is 
called adoptive transfer or adoptive 
immunization. Passive immunity is short­
\ived , as antibody is eventually 
catabolized, but adoptively transferred 
immunity is mediated by immune cells, 
which can survive and provide longer-

lasting immunity. 

·-:-.:, -· ..... 
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immune system in such patients a batte f 

~p::r~i:e1 ~~:tt~o~~~ ~th i;~reasing~r:c~::~~ :: t~:u~i;~~~:tei (see 
in blood is determined g e e_ ement. The presence of the various e efect 
sis of lymphocyte subsebtsy (rsout1Sne ~ematology, often followed by FACcesll types 
. ee ect10n A-22) d th anaiy 
immunoglobulins. The ha o . , an e measurement of -
phonuclear leukocytes ~i cytic comp_etence of freshly isolated polserurn 

1 
monocytes 1s tested d th yrnor-

c_omp ement system (see Chapters 2 and 9 . , a~ e efficiency of th 
~10n of serum required for lysis of 50o/c of ) /~ d~termmed by testing the di! e 
is denoted the CHso). o an I o y-coated red blood cells(~ ~ 

In general, if such tests reveal a defect . f 
im~une function, more specialized tes1: on_e o the broad compartments of 
prec~se nature of the defect. Tests of 1 ~ is then ne~ded to determine the 
startmg with the ability of polyclonal ~f o ocyte ~nct10n are often valuable 
and B-cell secretion of immuno lobul" . ge_ns to mduce T-cell proliferatio~ 
These tests can eventually pinpo~nt th~: I~ult1ssude ;ult1:1re_ (see Section A-31) 

e ar e1ect m 1mm d fi . · 
In patients with autoimmune ct· uno e c1ency. 
~re usually analyzed to determi~=:~:~ee Chap~er 14), the same parameters 
immune system. However most af er ~here is a gross abnormality in the 
malities in general immun'e fu Pt. ients with such diseases show few abno 
ct · nc 10n To deter · h r-

ucmg antibody against their own cellul . mme w ether a patient is pro-
is to react their serum with f ar antigens, the most informative test 
?ound antibody by indirec~ss~ sections, which are then examined for 
immunoglobulin labeled with fl munofluorescence using anti-human 
au~oi?1mune diseases are associat~~r_::nt dye (see_ Section A-14) . Most 
tenst1c patterns of autoant1·b ct · ct· the product10n of broadly charac-
. th . o ies Hected at self f 
m e diagnosis of the disease and hel d. . . ISsues. These patterns aid 
sue inflammation due to in"e t· p to istmgmsh autoimmunity from tis-

1' c 10us causes. 
I . al · t is so possible to investigate aller . . . 
gens by routes other than 1· t g1es by admm1stration of possible aller-

. n racutaneous ad · · • 
g1~ei:i, by inhalation to test for asthmati ~m1strat10n. Allergen may be 
this is mainly done for experimental c aller~1c responses (see Fig. 13.14); 
and treatment of asthma s· il 1 purposes m studies of the mechanisms 

Th 
· 1m ar Y, 100d alle e administration of allergens . , . rgens may be given by mouth 

· k f . 1s potentially ve d · ns o causmg anaphylaxis d ry angerous because of the 
. , an must only be c · d 

expenenced investigators i·n . arne out by trained and · • an enVIronme t · h" h 1t1es are available. n m w IC full resuscitation facil-

A-41 The Arthus reaction. 

This is an experimental method . 
formation of immune com 1 us~ng _only animal models for studying the 

• P exes m tissues and h • 
cause_ mflammation (see Section 13-18 T . . ow im~une complexes 
Mau~1ce Arthus was induced b the re ) . he ~n_gm~ react10n described by 
rabbits. Initial in1·ections of h y pe~ted m1ect10n of horse serum into 

b 1 
. . orse serum mto th ki . ut ater mJections followi· th . e s n mduced no reaction 

h 
' ng e production of t"b ct · ' orse serum induced an • fl an 1 o 1es to the proteins in 

' m ammatory reacf th . 
several hours, characterized by th wn at e site of injection after 
trophil infiltration which fr e p~esence of edema, hemorrhage, and neu­
investigators now ~se pass1· equedn ly progressed to tissue necrosis. Most 

·b ve mo es of the Arth · anti ody is infused syste • all us react10n in which either 
• mic Y and anti · react10n) or antigen is infu d . gen given locally (passive Arthus 

(reverse passive Arthus react~e ) systemically and antibody injected locally 
IOn . 

Manipulation of the immune system. 

A-42 Adoptive transfer of lymphocytes. 

Ionizing radiation from X-ray or y-ray sources kills lymphoid cells at doses 
that spare the other tissues of the body. This makes it possible to eliminate 
irDJilune function in a recipient animal before attempting to restore immune 
function by adoptive transfer, and allows the effect of the adoptively trans­
ferred cells to be studied in the absence of other lymphoid cells. James 
Gowans originally used this technique to prove the role of the lymphocyte in 
irDJilUne responses. He showed that all active immune responses could be 
transferred to irradiated recipients by small lymphocytes from immunized 
donors. This technique can be refined by transferring only certain lympho­
cyte subpopulations, such as B cells, CD4 T cells, and so on. Even cloned 
T-cell lines have been tested for their ability to transfer immune function, and 
have been shown to confer adoptive immunity to their specific antigen. Such 
adoptive transfer studies are a cornerstone in the study of the intact immune 
system, as they can be carried out rapidly, simply, and in any strain of mouse. 

A-43 Hematopoietic stem-cell transfers. 

All cells of hematopoietic origin can be eliminated by treatment with high 
doses of X rays, allowing replacement of the entire hematopoietic system, 
including lymphocytes, by transfusion of donor bone marrow or purified 
hematopoietic stem cells from another animal. The resulting animals are 
called radiation bone marrow chimeras from the Greek word chimera, a 
mythical animal that had the head of a lion, the tail of a serpent, and the body 
of a goat. This technique is used experimentally to examine the development 
of lymphocytes, as opposed to their effector functions, and has been particu­
larly important in studying T-cell development. Essentially the same tech­
nique is used in humans to replace the hematopoietic system when it fails, as 
in aplastic anemia or after nuclear accidents, or to eradicate the bone marrow 
and replace it with normal marrow in the treatment of certain cancers. In 
man, bone marrow is the main source of hematopoietic stem cells, but 
increasingly they are being obtained from peripheral blood after the donor 
has been treated with hematopoietic growth factors such as GM-CSF, or from 
umbilical cord blood, which is rich in such stem cells. 

A-44 In vivo depletion of T cells. 

The importance of T-cell function in vivo can be ascertained in mice with no 
T cells of their own. Under these conditions, the effect of a lack ofT cells can be 
studied, and T-cell subpopulations can be restored selectively to analyze their 
specialized functions. T lymphocytes originate in the thymus, and neonatal 
thymectomy, the surgical removal of the thymus of a mouse at birth, prevents 
I -cell development from occurring because the export of most functionally 
mature T cells only occurs after birth in the mouse. Alternatively, adult mice 
can be thymectomized and then irradiated and reconstituted with bone mar­
row; such mice will develop all hematopoietic cell types except mature T cells. 

The recessive nude mutation in mice is caused by a mutation in the gene for 
the transcription factor Wnt and in homozygous form causes hairlessness 
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,c e-st1mulating h gonadotropin to ind ormone and chorionic 
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Fertilized eggs DNA . . are removed from female 
co~taining the Ea gene is injected· 

into the male pronucleus 
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of pseudopregnant female 

Some offsp · · th . . nng wlll have incorporated 
e m1ected fo gene (transgene) 
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to produce a strain expressing the E Ut 6 mice u ransgene 

and absence of the thym C 
T 11 fr 

us. onsequentl th 
ce s om bone marro . y, ese animals fail 

mice with thymic e ithw ~rogemtors. Grafting thymectornized to develop 
graft recipients to d!eloe:~o;~:ents depleted of l~phocyt;: ~de/nude 
role of the nonlymphoid th . mature T cells. This procedure allows the 
determining the role of :1~ stroma to be examined; it has bee ow~ the 
Chapter 7) . yrmc stromal cells in T-cell de l n crucial in 

A-45 In vivo depletion of B cells. 

ve opment ( see 

;:ere is no single site of B-cell development in . 
m~e~t~;:1/e~:.n:~!:v:~pblied to the study of B~~~ ~~~=:isdsuch as 
F b • . . , ursectomy the s • al evelop 

a ncius m birds, can inhib. th , urg1c removal of the B -
fact, it was the effect of th it e development of B cells in these s ~sa of 
ing of T cells for thymus-~~~:~y versus bursectomy that led to :~1~s. 1n 
lymphocytes. There are no kno ymphocytes and B cells for bursal-d ~ ­
~ude mutation) in mice that ;,::;~i::'::;';;:' mutations (analogous~:•:::: 

owever, such mutations exist in h s w_ith T cells but no B cell 
humoral immune responses or mak~~s, leading to a failure to mo~~ 
s:r mutations are called agammaglob=od~. The diseases produced by 
n y detected as the absence of arnm e~as because they were ori i-
form of this disease in humans : a globulins. The genetic basis for o g 
and some features of the disease :s niw been established (see Chapter l~t 
~uption of the corresponding gene %'ee ~:C~:od1c:d in mice by ta,geted dis'. 

ons m crucial regions of immuno ~ - 7). Several different muta-
produced by gene targeting and have p glo~uldm ?enes have already been roVJ e mice lacking B cells. 

A-46 Transgenic mice. 

The fu ti nc on of genes has traditionall b . 
?f spontaneous mutations in whole o; ~en studied by observing the effects 
mg ~e effects of targeted mutations gin sms and, more recently, by analyz­
clonmg and in vitro mutagenesis cult~ed cells. The advent of gene 
mutations in whole animals M" no~ make it possible to produce specific 
gene · th · · ice with extra co · 1-? err genome can be generated b pies _or altered copies of a 
establi~hed procedure. To produce tran y tr~sg~nes1s, which is now a well 
duced mto the mouse genome b . _s~em_c mice, a cloned gene is intro­
a fertilized egg, which is then irn~:~::1_1Ject10n into the male pronucleus of 
female !11ouse. In some of the eggs, the in ~to the uterus of a pseudo pregnant 
domly mto the genome givin . Jected DNA becomes integrated ran-

n ° own structure the tr . a as an extra genetic ele-me t f kn ' g nse to a mouse th t h 
, ansgene (Fig. A.43). 

The transgene'. to be studied in detail n . 
well-ch~actenzed genetic back ro , deeds to be 1-?°:oduced onto a stable, 
transgemc embryos successfullyg. ~ b. However, it is difficult to prepare 

m m red strain f · s O rmce, and transgenic 

Fig. A.43 The function and expression 
of _genes can be studied in vivo b 
usmg transgenic mice DNA Y_ 

t 
• . · encoding a 

pro eIn of interest here the I . ' mouse MHC 
c ass _II woteIn Ea, is purified and 

:~i~~~~e~tgegds inTtho the male pronuclei of 
. · e eggs are then 
implanted into pseudopregnant female 
;~ct~ The resulting offspring are screened 

e presence of the transgene in their 

cells, and positive mice are used as 
founders that transmit the transgene to 
their offspring, establishing a line of 
transgenic mice that carry one or more 
extra genes. The function of the Ea gene 
used here is tested by breeding the 
transge~e i~to C57BU6 mice that carry 
an InactIvatIng mutation in their 
endogenous Ea gene. 

{llice are routinely prepared in F2 embryos (that is, the embryo formed after 
tlJe mating of two F 1 animals). The trans gene must then be bred onto a well­
cnaracterized genetic background; this requires 10 generations of back-cross­
ing with an inbred strain to assure that the integrated transgene is largely 
\

7

99%) free of heterogeneous genes from the founder mouse of the trans-

oenic mouse line (Fig. A.44). 
D 11lis technique allows one to study the impact of a newly discovered gene on 
development, to identify the regulatory regions of a gene required for its nor­
(llal tissue-specific expression, to determine the effects of its over-expression 
or expression in inappropriate tissues, and to find out the impact of muta­
tions on gene function. Transgenic mice have been particularly useful in 
studying the role of T-cell and B-cell receptors in lymphocyte development, 

as described in Chapter 7. 

A-47 Gene knockout by targeted disruption. 

In many cases, the functions of a particular gene can be fully understood only 
if a mutant animal that does not express the gene can be obtained. Whereas 
genes used to be discovered through identification of mutant phenotypes, it 
is now far more common to discover and isolate the normal gene and then 
determine its function by replacing it in vivo with a defective copy. This pro­
cedure is known as gene knockout, and it has been made possible by two 
fairly recent developments: a powerful strategy to select for targeted muta­
tion by homologous recombination, and the development of continuously 
growing lines of embryonic stem cells (ES cells). These are embryonic cells 
which, on implantation into a blastocyst, can give rise to all cell lineages in a 

chimeric mouse. 
The technique of gene targeting takes advantage of the phenomenon known 
as homologous recombination (Fig. A.45). Cloned copies of the target gene 
are altered to make them nonfunctional and are then introduced into the ES 
cell where they recombine with the homologous gene in the cell's genome, 
replacing the normal gene with a nonfunctional copy. Homologous recombi­
nation is a rare event in mammalian cells, and thus a powerful selection strat­
egy is required to detect those cells in which it has occurred. Most commonly, 
the introduced gene construct has its sequence disrupted by an inserted 
antibiotic-resistance gene such as that for neomycin resistance. If this con­
struct undergoes homologous recombination with the endogenous copy of 
the gene, the endogenous gene is disrupted but the antibiotic-resistance gene 
remains functional, allowing cells that have incorporated the gene to be 
selected in culture for resistance to the neomycin-like drug G418. However, 
antibiotic resistance on its own shows only that the cells have taken up and 
integrated the neomycin-resistance gene. To be able to select for those cells 
in which homologous recombination has occurred, the ends of the construct 
usually carry the thyrnidine kinase gene from the herpes simplex virus 

Fig. A.44 The breeding of transgenic 
co-isogeneic or congenic mouse 
strains. Transgenic mouse strains are 
routinely made in F2 mice. To produce 
mice on an inbred background, the 
transgene is introgressively back-crossed 
onto a standard strain, usually C57BU6 
(B6) . The presence of the transgene is 
tracked by carrying out PCR on genomic 
DNA extracted from the tail of young 
mice. After 1 O generations of back­
crossing, mice are >99% genetically 

identical , so that any differences observed 
between the mice are likely to be due to 
the transgene itself. The same technique 
can be used to breed a gene knockout 
into a standard strain of mice, as most 
gene knockouts are made in the 129 
strain of mice (see Fig. A.46). The mice 
are then intercrossed and homozygous 
knockout mice detected by an absence of 
an intact copy of the gene of interest (as 

determined by PCR). 

Manipulation of the immune system 

Transgenes are inserted into 
F2 embryos 

The resulting offspring have a 
heterogeneous genetic background 

Back-cross transgenic animal to strain of 
interest, e.g., C57BU6 

transgenic 

Continue backcross for 10-20 generations 

B6 mouse 

ca&~ 
• ca-

Assess functions of transgenes in 
homogenous genetic background 
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(HSV-tk). Cells that incorporate DNA construct including HSV-tk, where randomly usually retain the entire DNA 
~he construct and cellular DNA thea~ h?m;logous recombination between 

omologous DNA sequences so ,that thesue result, involves the exchange of 
en~s _of the construct are eliminated ~ ~onhom?logous HSV-tk genes at the 
antivu'.11 drug ganciclovir, and so cells. wi~ s carrymg HSV-tk are killed by the 
~he umque feature of being resistant to b ~:omolog~us recombinations have 
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This technique can be used to produce h 
the_ effects of knocking-out a specific omozygous mutant cells in which 
~luch both copies of a gene have bee;ene ,c"ndbe analyzed. Diploid cells in 
10n can be selected after transfectio ~u ate by homologous recombina­
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th · orat10n of fu · e m~tant gene has been complemented nction means that the defect in 
techmque is very powerful as it all h by the normal gene's function. This 
~utated _in prncise ways to dete,m~::': t :. g~ne that is being trnnsfmed to be 
or function. w ic parts of the protein are required 

To knock out a gene in vivo, it is onl nee lular gene in an ES cell ES c 11 y . essaryto disrupt one copy of the eel-
. e s carrymg the mutant gene are produced by 

,geted mutation (see Fig. A.45), and injected into a blastocyst which is 
\ implanted into the uterus. The cells carrying the disrupted gene become 

1

0

corporated into the developing embryo and contribute to all tissues of the 
~;ffiting chimedc offspring, including those of the gennline. The mutated 
oene can therefore be transmitted to some of the offspring of the original 
~hirnera, and further breeding of the mutant gene to homozygosity produces 
mice that completely lack the expression of that particular gene product (Fig. 
A.46). The effects of the absence of the gene's function can then be studied. 
In addition, the parts of the gene that are essential for its function can be 
identified by determining whether function can be restored by introducing 
different mutated copies of the gene back into the genome by transgenesis. 
The manipulation of the mouse genome by gene knockout and transgenesis 
is revolutionizing our understanding of the role of individual genes in lym-

phO-cyte development and function. 
Because the most commonly used ES cells are derived from a poorly charac­
terized strain of mice known as strain 129, the analysis of the function of a 
gene knockout often requires extensive back-crossing to another strain, just 
as in transgenic mice (see Fig. A.44). One can track the presence of the mutant 
copy of the gene by the presence of the near gene. After sufficient back-cross­
ing, the mice are intercrossed to produce mutants on a stable genetic back-

ground. 
A problem with gene knockouts arises when the function of the gene is essen-
tial for the survival of the animal; in such cases the gene is termed a recessive 
lethal gene and homozygous animals cannot be produced. However, by mak­
ing chimeras with mice that are deficient in B and T cells, it is possible to ana­
lyze the function of recessive lethal genes in lymphoid cells. To do this, ES 
cells with homozygous lethal loss-of-function mutations are injected into 
blastocysts of mice lacking the ability to rearrange their antigen-receptor 
genes because of a mutation in their recombinase-activating genes (RAG 
knockout mice). As these chimeric embryos develop, the RAG-deficient cells 
can compensate for any developmental failure resulting from the gene 
knockout in the ES cells in all except the lymphoid lineage. So long as the 
mutated ES cells can develop into hematopoietic progenitors in the bone 
marrow, the embryos will survive and all of the lymphocytes in the resulting 
chimeric mouse will be derived from the mutant ES cells (Fig. A.47). 

A second powerful technique achieves tissue-specific or developmentally 
regulated gene deletion by employing the DNA sequences and enzymes used 
by bacteriophage Pl to excise itself from a host cell's genome. Integrated 

Fig. A.46 Gene knockout in embryonic 
stem cells enables mutant mice to be 
produced. Specific genes can be 
inactivated by homologous recombination 
in cultures of embryonic stem cells (ES 
cells). Homologous recombination is 
carried out as described in Fig. A.45. In 
this example, the gene for 
~2-microglobulin in ES cells is disrupted 
by homologous recombination with a 
targeting construct. Only a single copy of 
the gene needs to be disrupted. ES cells 
in which homologous recombination has 
taken place are injected into mouse 
blastocysts. If the mutant ES cells give 
rise to germ cells in the resulting chimeric 
mice (striped in the figure), then the 

mutant gene can be transferred to their 
offspring. By breeding the mutant gene to 
homozygosity, a mutant phenotype is 
generated. These mutant mice are usually 
of the 129 strain as gene knockout is 
generally conducted in ES cells derived 
from the 129 strain of mice. In this case, 
the homozygous mutant mice lack MHC 
class I molecules on their cells, as MHC 
class I molecules have to pair with 
~2-microglobulin for surface expression. 
The ~rmicroglobulin-deficient mice can 
then be bred with mice transgenic for 
subtler mutants of the deleted gene, 
allowing the effect of such mutants to be 

tested in vivo . 

Manipulation of the immune system ~ -~---·-- ... .-...... _ 
-·~""'-...... ~. 

Transfect (32-microglobulin gene 
knockout construct into ES cells 

HSV-tk 132microglobulin 
132microglobulin 

Inject ES cells into mouse blastocyst 

Reimplant blastocyst 
into pseudopregnant female 

Some offspring contain tissues 
(including germcells) that 
derive from the injected cells 

Breed chimeric mice to generate 
homozygous ~

2
-microglobulin-deficient strain 
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ES cells with a mutation that is lethal in 
homozygote are injected into a a RAC. 

blastocyst 

The resultant mouse is chimeric, with 
lymphocytes derived from the ES cells 

The RAC. cells cannot give rise to 
lymphocytes. All lymphocytes in the chimera 

are derived from the injected ES cells 

Fig. A.47 The role of recessive lethal 
genes in lymphocyte function can be 
studied using RAG-deficient chimeric 
mice. ES cells homozygous for the lethal 
mutation are injected into a RAG-deficient 
blastocyst (top panel}. The RAG-deficient 
cells can give rise to all the tissues of a 
normal mouse except lymphocytes, and 
so can compensate for any deficiency in 
the developmental potential of the mutant 

ES cells (middle panel}. If the mutant ES 
cells are capable of differentiating int 
hematopoietic stem cells, that is, if thoe 
gene function that has been deleted · . . Is not 
essential for this developmental pathw 
then all the lymphocytes in the chime _ay, 

.11 b nc 
mouse wI e derived from the ES cells 
(bottom panel), as RAG-deficient mice 
cannot make lymphocytes of their own. 

bacteriophage Pl DNA is flanked by recombination signal sequences called 
loxP sites. A recombinase, Cre, recognizes these sites, cuts the DNA and joins 
the two ends, thus excising the intervening DNA in the form of a circle. This 
mechanism can be adapted to allow the deletion of specific genes in a trans­
genic animal only in certain tissues or at certain times in development. First, 
loxP sites flanking a gene, or perhaps just a single exon, are introduced by 
homologous recombination (Fig. A.48). Usually, the introduction of these 
sequences into flanking or intronic DNA does not disrupt the normal func­
tion of the gene. Mice containing such loxP mutant genes are then mated 
with mice made transgenic for the Cre recombinase, under the control of a 
tissue-specific or inducible promoter. When the Cre recombinase is active, 
either in the appropriate tissue or when induced, it excises the DNA between 
the inserted loxP sites, thus inactivating the gene or exon. Thus, for example, 
using a T-cell specific promoter to drive expression of the Cre recombinase, 
a gene can be deleted only in T cells, while remaining functional in all other 
cells of the animal. This is an extremely powerful genetic technique that 
while still in its infancy, was used to demonstrate the importance of B-cell 
receptors in B-cell survival. It is certain to yield exciting results in the future. 

Fig. A.48 The P1 bacteriophage recombination system can be 
used to eliminate genes in particular cell lineages. The P1 
bacteriophage protein Cre excises DNA that is bounded by 
recombination signal sequences called loxP sequences. These 
sequences can be introduced at either end of a gene by 
homologous recombination (left panel). Animals carrying genes 
flanked by loxP can also be made transgenic for the gene for the 
Cre protein, which is placed under the control of a tissue-specific 
promoter so that it is expressed only in certain cells or only at 

certain times during development (middle panel}. In the cells in 
which the Cre protein is expressed, it recognizes the loxP 
sequences and excises the DNA lying between them (right panel). 
Thus, individual genes can be deleted only in certain cell types or 
only at certain times. In this way, genes that are essential for the 
normal development of a mouse can be analyzed for their 
function in the developed animal and/or in specific cell types. 
Genes are shown as boxes, RNA as squiggles, and proteins as 
colored balls. 

loxP recombination sequences are 
inserted either side of the gene 

of Interest by homologous recombination 

• 
• • 

• 
• ► 

....... 
t 

protein of loxP recombination 
interest sequence 

Animals containing the loxP sites are made transgenic 
for the Cre protein, expressed from a tissue-specific 

promoter only in certain cells, e.g., lymphocytes 

• 

inactive 
Cre gene 

• 
• 

active 
Cre gene 

When expressed, the Cre protein excises 
the DNA between the loxP sites, deleting 

the gene only in specific cell types 

rWMIII­
~ 

ere 
recombinase 

co antigen I -
CD1a,b,c,d 

CO2 

CD3 

CD4 

CD5 

CD6 

CD7 

CDB 

CD9 

CD10 
I• 

' 
( CD11a 

APPENDICES 
11-V 

Appendix 11. CD antigens. 
Family 

relationships 
Molecular Functions 

Other names 

Cellular express10 \ we1g I 
lmmunoglobulin 

· n · ht (kDa) 

MHC class I-like molecule, . 
Cortical thymocytes, Langerhans cells, 

43-49 associated with ~2-m1croglobuhn .. 
dendritic cells, B cells (CD1 c) , intestinal Has specialized role in presentation 

epithelium, smooth muscle, of lipid antigens 
lmmunoglobulin 

blood vessels (CD1d) 
Adhesion molecule, binding CD58 

T11 , LFA-2 

T cells, thymocytes, NK cells 
45-58 (LFA-3) . Binds Lek intracellularly and 

activates T cells 
lmmunoglobulin 

Associated with the T-cell antigen 
T3 

Thymocytes, T cells 
y. 25-28 receptor (TCR). Required fo_r cell-
8:20 surface expression of and signal 
e: 20 transduction by the TCR 

T4, L3T4 lmmunoglobulin 
Co-receptor tor MHC class II . 

Thymocyte subsets, TH 1 _and 
55 molecules. Binds Lek on cytoplas~J 1 

T H2 T cells (about two thirds face of membrane. Receptor for -

of peripheral T cells), and HIV-2 gp120 
monocytes, macrophages 

T1, Ly1 Scavenger 
receptor 

Thymocytes, T cells, 
67 

T12 
Scavenger 

subset of B cells 
Binds CD166 receptor 

100--130 
Thymocytes, T cells , B cells in lmmunoglobulin 
chronic lymphatic leukemia 

Unknown cytoplasmic domain binds 

Pluripotential hematopoietic cells, 
40 Pl 3-kina~e on cross-linking. Marker for 

thymocytes, T cells T cell acute lymphatic leukemia and 
pluripotential stem cell leukemias 

Co-receptor tor MHC class I molecules. 
TB, Lyt2,3 lmmunoglobulin 

Th mocytes subsets, cytotoxic T cells 
a.: 32-34 Binds Lek on cytoplasmic face of 

(aJout one third of peripheral T cells) 
~:32-34 

membrane 

Mediates platelet aggregation and 
Tetraspanning 
membrane 

Pre-B cells, monocytes, eosinophils, 
24 activation via Fc-yRlla, may play a protein, also called 

basophils, platelets, activated T cells, role in cell migration transmembrane 4 

brain and peripheral nerves, vascular (TM4) 

smooth muscle 
Neutral 

B- and T-cell precursors, bone marrow 
100 

Zinc metalloproteinase, marke_r '(lLL) endopeptidase, 
pre-B acute lymphatic leukemia common acute 

stromal cells lymphocytic . 
leukemia antigen 
(CALLA) 

LFA-1 lntegrin a 
al subunit of integrin LFA-1 4 

Lymphocytes, granulocytes, 
180 (associated with CD18); binds t~ gg~o 

monocytes and macrophages (ICAM-1) , CD102 (ICAM-2), an 
(ICAM-3) 
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CD11b Myeloid and NK cells 

CD11c Myeloid cells 

CD11d Leukocytes 

CDw12 
Monocytes, granulocytes, platelets 

CD13 Myelomonocytic cells 

CD14 Myelomonocytic cells 

CD15 Neutrophils, eosinophils, 
monocytes 

CD15s Leukocytes, endothelium 

CD15u 

CD16 
Neutrophils, NK cells, macrophages 

CDw17 
Neutrophils, monocytes, platelets 

C018 Leukocytes 

C019 B cells 

CD20 B cells 

CD21 
Mature 8 cells, follicular dendritic cells 

CD22 Mature B cells 

CD23 
Mat_ure B_ cells, activated macrophages 
eosinophils, follicular dendritic cells ' 
platelets ' 

CD24 B cells, granulocytes 

CD25 
Activated T cells, B cells, and 
monocytes 

CD26 
Activated B and T cells, macrophages 

I 

Molecular 
weight (kDa) 

170 

I I ames I am,1y 
relationships 

Other n F 

aM subunit of integrin CR3 
(associated with CD18): binds c054 

Mac-1 
lntegrin a 

complement component iC3b, and ' 
extracellular matrix proteins 

150 aX subunit of integrin CR4 
(_associated with CD18); binds CR4, p150, 95 lntegrin a 
f1bnnogen 

125 
a_D subunits of integrin; associated 
with CD18; binds to C050 lntegrin a 

90-120 Unknown 

150-170 Zinc metalloproteinase 
Aminopeptidase N 

53-55 
Receptor for complex of lipopoly-
sacchande and lipopolysaccharide 
b1nd1ng protein (LBP) 

Terminal trisaccharide expressed on Lewisx (Lex) glycoilp1ds and many cell-surface 
glycoproteins 

Ligand for CD62E, p 
Sialyl-Lewisx poly-N-acetyl-(sLex) lactosamine 

Sulphated CD15 
Carbohydrate 

50-80 structures 
Component of low affinity Fe receptor, FC'yRIII lmmunoglobulin FC'yRIII, mediates phagocytosis and 
antibody-dependent cell-mediated 
cytotoxicity 

Lactosyl ceramide, a cell-surface 
glycosphingolipid 

95 
lntergrin /32 subunit, associates with 
CD11a, b, c, and d lntegrin /3 

95 
Forms complex with CD21 (CR2) and 
CD81 (TAPA-1); co-receptor for B lmmunoglobulin 
cells~ytoplasmic domain binds cyto-
plasmic tyrosine kinases and Pl 3-kinase 

33-37 
Oligomers of CD20 may form 
a Ca2

+_ channel; possible role in Contains 4 
regulating B-cell activation transmembrane 

145 
segments 

Receptor for complement component CR2 Complement C3d, Epstein-Barr virus. With CD19 
and CD81, CD21 forms co-receptor control protein 
for B cells (CCP) 

a: 130 Binds sialoconjugates 
/3: 140 BL-CAM lmmunoglobulin 

45 
Low-affinity receptor for lgE, 

FceR/1 regulates lgE synthesis; ligand for C-type lectin 
CD19:CD21 :C081 co-receptor 

35-45 Unknown 
Possible human 
homologue of 
mouse heat stable 
antigen (HSA) 

55 IL-2 receptor a chain 
Tac CCP 

110 
Exopeptidase, cleaves N terminal X-Pro 
or X-Ala d1pept1des from polypeptides Dipeptidyl Type II transmem-

pe ptidase IV brane glycoprotein 

CD antigen 

-
CD27 

CD28 

CD29 

CD30 

CD31 

CD32 

CD33 

CD34 

CD35 

CD36 

CD37 

CD38 

CD39 

CD40 

CD41 

CD42a,b,c,d 

. 
CD43 

I 

< 

CD44 

◄ 

Cellular expression 

Medullary thymocytes, T cells, NK cells, 
some B cells 

T-cell subsets, activated B cells 

Leukocytes 

Activated T, B, and NK cells, monocytes 

Monocytes, platelets, granulocytes, 
T-ce/1 subsets, endothelial cells 

Monocytes, granulocytes, B cells, 
eosinophils 

Myeloid progenitor cells, 
monocytes 

Hematopoietic precursors, capillary 
endothelium 

Erythrocytes, B cells, monocytes, 
neutrophils, eosinophils, follicular 
dendritic cells 

Platelets, monocytes, endothelial cells 

Mature B cells, mature T cells, 
myeloid cells 

Early B and T cells, activated T cells, 
germinal center B cells, plasma cells 

Activated B cells, activated NK cells, 
macrophages, dendritic cells 

B cells, macrophages, dendritic cells, 
basal epithelial cells 

Platelets, megakaryocytes 

Platelets, megakaryocytes 

Leukocytes, except resting B cells 

Leukocytes, erythrocytes 

Molecular 
weight (kDa) 

55 

44 

130 

120 

130-140 

40 

67 

105-120 

250 

88 

40-52 

45 

78 

48 

Dimer: 
GP/Iba: 125 
GPllbb: 22 

a: 23 
b: 135, 23 
c: 22 
d: 85 

115-135 
(neutrophils) 
95-115 
(T cells) 

80-95 

Functions 

Binds CD70; can function as a 
co-stimulator for T and B cells 

Activation of naive T cells, receptor 
for co-stimulatory signal (signal 2) 
binds COBO (87.1) and CD86 (87.2) 

lntegrin /31 subunit, associates with 
CD49a in VLA-1 integrin 

Binds CD30L (C0153); cross-linking 
C030 enhances proliferation of 
Band T cells 

Adhesion molecule, mediating both 
leukocyte-endothelial and 
endothelial-endothelial interactions 

Low affinity Fe receptor for aggregated 
immunoglobulin:immune complexes 

Binds sialoconjugates 

Ligand for CD62L (L-selectin) 

Complement receptor 1, binds C3b 
and C4b, mediates phagocytosis 

Platelet adhesion molecule; involved 
in recognition and phagocytosis of 
apoptosed cells 

Unknown, may be involved in signal 
transduction; forms complexes with 
CD53, CD81 , CD82, and MHC class II 

NAO glycohydrolase, augments B cell 
proliferation 

Unknown, may mediate adhesion of 
B cells 

Binds CD154 (C040L); receptor for co-
stimulatory signal for B cells, promotes 
growth, differentiation, and isotype 
switching of B cells, and cytokine 
production by macrophages and 
dendritic cells 

a/lb integrin, associates wi th CD61 to 
form GPllb, binds fibrinogen, 
fibronectin, von Willebrand factor, 
and thrombospondin 

Binds von Willebrand factor, thrombin; 
essential for platelet adhesion at sites 
of injury 

Has extended structure, approx. 45 nm 
long and may be anti-adhesive 

Binds hyaluronic acid, mediates 
adhesion of leukocytes 

Other names 

Tp44 

Ki-1 

PECAM-1 

FC'yR/1 

CR1 

Platelet GPIV, 
GP/lib 

T10 

GP/lb 

a: GPIX 
b: GPlba 
c: GPlb/3 
d: GPV 

Leukosialin, 
sialophorin 

Hermes antigen, 
Pgp-1 

Family 
relationships 

TNF receptor 

lmmunoglobulin 
and CD86 (87.2) 

lntegrin /3 

TNF receptor 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

Mucin 

CCP 

Transmembrane 4 

TNF receptor 

lntegrin a 

Leucine-rich 
repeat 

Mucin 

Link protein 
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CD antigen Cellular expression 

CD45 All hematopoietic cells 

CD45RO T-cell subsets, B-cell subsets, 
monocytes, macrophages 

CD45RA B cells, T-cell subsets (naive T cells), 
monocytes 

CD45RB T-cell subsets, B cells, monocytes, 
macrophages, granulocytes 

CD46 Hematopoietic and non-
hematopoietic nucleated cells 

CD47 All cells 

CD48 Leukocytes 

CD49a Activated T cells, monocytes, 
neuronal cells, smooth muscle 

CD49b B cells, monocytes, platelets, 
megakaryocytes, neuronal, epithelial 
and endothelial cells, osteoclasts 

CD49c B cells, many adherent cells 

CD49d Broad distribution includes B cells, 
thymocytes, monocytes, granulocytes, 
dendritic cells 

CD49e Broad distribution includes memory 
T cells, monocytes, platelets 

CD49f 
T lymphocytes, monocytes, platelets, 
megakaryocytes, trophoblasts 

CD50 Thymocytes, T cells, B cells, 
monocytes, granulocytes 

CD51 Platelets, megakaryocytes 

CD52 Thymocytes, T cells, B cells 
(not plasma cells), monocytes, 
granulocytes, spermatozoa 

CD53 Leukocytes 

CD54 Hematopoietic and non-
hematopoietic cells 

CD55 Hematopoietic and non-
hematopoietic cells 

CD56 

Molecular 
weight (kDa) Functions Other names Family 

relationships 
180-240 Tyrosine phosphatase, augments Leukocyte Fibronectin (multiple signaling through antigen receptor of 

common antigen type Ill isoforms) B and T cells, multiple isoforms result {LCA), T200, 
from alternative splicing (see below) B220 

180 lsoform of CD45 containing none of 
Fibronectin type 11 the A, B, and C exons 

205- 220 lsoforms of CD45 containing the 
Fibronectin type 11 A exon 

190-220 lsoforms of CD45 containing the B exon T200 
Fibronectin type 11 

56/66 (splice Membrane co-factor protein, binds MCP CCP variants) to C3b and C4b to permit their 
degradation by Factor I 

47-52 
Adhesion molecule, thrombospondin IAP, MER6, OA3 lmmunoglobulin receptor 

superfamily 
40-47 Putative ligand for CD244 Blast-1 lmmunoglobulin 
200 a1 integrin, associates with CD29, VLA-1 lntegrin a binds collagen, laminin-1 

160 a2 integrin, associates with CD29, 
VLA-2, platelet lntegrin a binds collagen, laminin GPla 

125, 30 a3 integrin, associates with CD29, VLA-3 lntegrin a binds laminin-5, fibronectin, collagen, 
entactin, invasin 

150 a4 integrin, associates with CD29, VLA-4 lntegrin a binds fibronectin , MAdCAM-1, VCAM-1 

135, 25 a5 integrin, associates with CD29, VLA-5 lntegrin a binds fibronectin, invasin 

125, 25 a6 integrin, associates with CD29, VLA-6 lntegrin a binds laminin, invasin, merosine 

130 Binds integrin CD11a/CD18 ICAM-3 lmmunoglobulin 

125, 24 av integrin, associates with CD61, Vitronectin lntegrin a binds vitronectin, von Willebrand factor, receptor 
fibrinogen, and thrombospondin; may 
be receptor for apoptotic cells 

25 
Unknown, target for antibodies used CAMPATH-1 , 
therapeutically to deplete T cells from HE5 bone marrow 

35-42 Unknown 
MAC OX44 T ransmembrane 4 

75-1 15 
lntercellular adhesion molecule (ICAM)-1 ICAM-1 lmmunoglobulin binds CD11a/CD18 integrin (LFA-1) and 
CD11b/CD18 integrin (Mac-1 ), receptor 
for rhinovirus 

60-70 
Decay accelerating factor (OAF), binds OAF CCP C3b, disassembles C3/C5 convertase 

NK cells 
135-220 lsoform of neural cell-adhesion NKH-1 lmmunoglobulin molecule (NCAM), adhesion molecule 

CD57 
NK cells, subsets of T cells, B cells, 

Oligosaccharide, found on many 
HNK-1, Leu-7 

and monocytes 
cell-surface glycoproteins 

C D an tigen 
I 

,..---
CD58 

CD59 

CD60a 

CD60b 

CD60c 

CD61 

CD62E 

CD62L 

CD62P 

CD63 

CD64 

CD65 

CD66a 

CD66b 

CD66c 

CD66d 

CD66e 

I' 

CD66f 

. 
CD68 

• 

Cellular expression 

He matopoietic and non-
he matopoietic cells 

Hematopoietic and non-
hematopoietic cells 

Platelets, megakaryocytes, 
macrophages 

Endothelium 

B cells, T cells, monocytes, NK cells 

Platelets, megakaryocytes, endothelium 

Activated platelets, monocytes, 
macrophages 

Monocytes, macrophages 

Myeloid cells 

Neutrophils 

Granulocytes 

Neutrophils, colon carcinoma 

Neutrophils 

Adult colon epithelium, colon 
carcinoma 

Unknown 

Monocytes, macrophages, 
neutrophils, basophils, large 
lymphocytes 

I 
Molecular 

weight (kDa) 

55 70 

19 

11 0 

140 

150 

140 

53 

72 

160-180 

95-100 

90 

30 

180- 200 

110 

I 

Functions 

Leukocyte function-associated antigen-3 
(LFA-3), binds CO2, adhesion molecule 

Binds complement components CB and 
c9, blocks assembly of membrane-
attack complex 

Disialyl ganglioside 03 (GD3) 

9-0-acetyl-GD3 

7-0-acetyl-GD3 

lntergrin ~3 subunit, associates with . 
CD41 (GPl lb/llla) or CD51 (v1tronectin 
receptor) 

Endothelium leukocyte adhesion . x 
molecule (ELAM), binds_ sialyl-LewIs , 
mediates rolling interaction of 
neutrophils on endothelium 

Leukocyte adhesion molecule (LAM), 
binds co34, GlyCAM, mediates rolling 
interactions with endothelium 

Adhesion molecule, binds CD1 62 
(PSGL-1), mediates interaction of 
platelets with endothelial cells, 
monocytes and rolling leukocytes 
on endothelium 

Unknown, is lysosomal membrane 
protein translocated to cell surface 
after activation 

High-affinity receptor for lgG, binds 
lgG3>lgG1>IgG4>»IgG2, mediates 
phagocytosis, antigen capture, ADCC 

Oligosaccharide component of a 
ceramide dodecasacchande 

Unknown, member of carcino-embryonic 
antigen (CEA) family (see below) 

Unknown, member of carcino~ 
embryonic antigen (CEA) family 

Unknown, member of carcino~ 
embryonic antigen (CEA) family 

Unknown, member of carcino~ 
embryonic antigen (CEA) family 

Unknown, member of carcino~ 
embryonic antigen (CEA) family 

Unknown, member of carcino~ 
embryonic antigen (CEA) family 

Unknown 

Other names 

LFA-3 

Protectin , Mac 
inhibitor 

ELAM-1, 
E-selectin 

LAM-1, 
L-selectin, 
LECAM-1 

P-selectin, 
PADGEM 

Platelet 
activation 
antigen 

FcyRI 

Biliary glyco-
protein-1 (BGP-1) 

Previously CD67 

Nonspecific 
cross-reacting 
antigen (NGA) 

Carcino-
embryonic 
antigen (CEA) 

Pregnancy 
specific 
glycoprotein 

Macrosialin 

Appendix II 

Family 
relationships 

lmmunoglobulin 

Ly-6 

Carbohydrate 
structures 

Carbohydrate 
structures 

Carbohydrate 
structures 

lntegrin ~ 

C-type lectin, 
EGF, and CCP 

C-type lectin, 
EGF, and CCP 

C-type lectin, 
EGF, and CCP 

Transmembrane 4 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 

Mucin 
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CD antigen Cellular expression 

C069 Activated T and B cells, activated 
macrophages and NK cells 

C070 Activated T and B cells, and 
macrophages 

C071 All proliferating cells, hence 
activated leukocytes 

C072 B cells (not plasma cells) 

C073 8-cell subsets, T-cell subsets 

C074 B cells, macrophages, monocytes, 
MHC class II positive cells 

C075 Mature B cells, T-cells subsets 

C075s 

C077 Germinal center B cells 

C079a,p B cells 

COBO 8-cell subset 

C081 Lymphocytes 

C082 Leukocytes 

C083 Oendritic cells, B cells, 
Langerhans cells 

COw84 Monocytes, platelets, circulating B cells 

C085 Oendritic cells 

C086 Monocytes, activated B cells, 
dendritic cells 

COB? Granulocy1es, monocytes, 
macrophages, T cells, NK cells, wide 
variety of nonhematopoietic cell types 

COBB Polymorphonuclear leukocytes, 
macrophages, mast cells 

C089 Monocytes, macrophages, 
granulocytes, neutrophils, B-cell 
subsets, T-cell subsets 

C090 co34+ prothymocytes (human), 
thymocytes, T cells (mouse) 

C091 Monocytes, many non-
hematopoietic cells 

Molecular 
weight (kDa) 

28, 32 
homodimer 

75, 95,170 

95 homodimer 

42 homodimer 

69 

33,35,41 , 43 
(alternative 
initiation and 
splicing) 

a:40--45 
p: 37 

60 

26 

50-53 

43 

73 

80 

35-59 

43 

50-70 

18 

515,85 

Functions 

Unknown, early activation antigen 

Ligand for CO2?, may function in 
co-stimulation of B and T cells 

Transferrin receptor 

Unknown 

Ecto-5' -nucleotidase, dephosphorylates 
nucleotides to allow nucleoside uptake 

MHC class II-associated invariant chain 

Lactosamines, ligand for C022, 
mediates B-cell-8-cell adhesion 

a-2,6-sialylated lactosamines 

Neutral glycosphingolipid 
(Gala1 ➔4GalP1 ➔4GalcP1 
➔Ceramide) , binds Shiga toxin, 
cross-linking induces apoptosis 

Components of 8-cell antigen receptor 
analogous to C03, required for cell-surface 
expression and signal transduction 

Co-stimulator, ligand for C028 and 
CTLA-4 

Associates with C019, C021 to form 
B cell co-receptor 

Unknown 

Unknown 

Unknown 

IL T/LIR family 

Ligand for C028 and CTLA4 

Receptor for urokinase 
plasminogen activator 

Receptor for complement 
component C5a 

lgA receptor 

Unknown 

a2-macroglobulin receptor 

Other names 

Activation inducer 
molecule (AIM) 

Ki-24 

T9 

Lyb-2 

Ii , ly 

Globotriaocyl-
ceramide (Gb3) 
Pk blood group 

lga, lgp 

87 (now 87.1), 
881 

Target of anti-
proliferative anti-
body (TAPA-1) 

R2 

HB15 

GR6 

GR4 

87.2 

uPAR 

C5aR 

FcaR 

Thy-1 

Family 
relationships 

C-type lectin 

TNF 

C-type lectin 

Carbohydrate 
structures 

lmmunoglobulin 

lmmunoglobulin 

~ 

Transmembrane 4 

Transmembrane 4 

lmmunoglobulin 

lmmunoglobulin 

lmmunoglobulin 
superfamily 

lmmunoglobulin 

Ly-6 

G protein-coupled 
receptor 

lmmunoglobulin 

lmmunoglobulin 

EGF, LOL 
receptor 

co antigen \ 

-

• 

' 

l 

! 

i 

◄ 

CD92 

CD93 

CD94 

CD95 

CD96 

CD97 

CD98 

C099 

CD100 

CD101 

C0102 

C0103 

C0104 

C0105 

C0106 

C0107a 

C0107b 

C0108 

C0109 

C0110 

C0111 

C0112 

C0114 

Molecular 
Cellular expression I weight (kDa) I 

Neutrophils, monocytes, platelets, 
endothelium 

Neutrophils, monocytes, 
endothelium 

T-cell subsets, NK cells 

Wide variety of cell lines, in vivo 
distribution uncertain 

Activated T cells, NK cells 

Activated B and T cells, 
monocytes, granulocytes 

T cells, B cells, natural killer cells, 
granulocytes, all human cell Imes 

Peripheral blood lymphocytes, 
thymocytes 

Hematopoietic cells 

Monocytes, granulocytes, dendritic 
cells, activated T cells 

Resting lymphocytes, monocytes, 
vascular endothelium cells (strongest) 

lntraepithelial lymphocytes, 2-6% 
peripheral blood lymphocytes 

co4- cos- thymocytes, neuronal, 
epithelial, and some endothelial cells , 
Schwann cells, trophoblasts 

Endothelial cells, activated 
monocytes and macrophages, 
bone marrow cell subsets 

Endothelial cells 

Activated platelets, activated 
T cells, activated neutroph1ls, 
activated endothelium 

Activated platelets, activated 
T cells, activated neutroph1ls, 
activated endothelium 

Erythrocytes, circulating 
lymphocy1es, lymphoblasts 

Activated T cells , activated platelets, 
vascular endothelium 

Platelets 

Myeloid cells 

Myeloid cells 

Granulocytes, monocytes 

70 

120 

43 

45 

160 

75-85 

80,45 
heterodimer 

32 

150 
homodimer 

120 
homodimer 

55-65 

150, 25 

220 

90 
homodimer 

100-110 

110 

120 

80 

170 

150 

Functions 

Unknown 

Unknown 

Unknown 

Binds TNF-like Fas ligand, induces 
apoptosis 

Unknown 

Binds C055 

May be amino acid transporter 

Unknown 

Unknown 

Unknown 

Binds C011a/C018 (LFA-1 ) 
but not C011b/C018 (Mac-1) 

aE integrin 

lntegrin p4 associates with C049f, 
binds laminins 

Binds TGF-P 

Adhesion molecule, ligand for 
VLA-4 (a4p1 integrin) 

Unknown, is lysosomal membrane 
protein translocated to the cell 
surface after activation 

Unknown, is lysosomal membrane 
protein translocated to the cell 
surface after activation 

Unknown 

Unknown 

MPL, TPO R 

PPR1 /Nectin1 

PRR2 

Other names 

GR9 

GR11 

KP43 

Apo-1 , Fas 

T-cell activation 
increased late 
expression 
(TACTILE) 

GR1 

4F2, FRP-1 

MIC2, E2 

GR3 

BPC#4 

ICAM-2 

HML-1 , a6, aE 
integrin 

p4 integrin 

Endoglin 

VCAM-1 

Appendix II 

Family 
relationships 

C-type lectin 

TNF receptor 

lmmunoglobulin 

EGF, G protein­
coupled receptor 

Semaphorin 

lmmunoglobulin 

lmmunoglobulin 

lntegrin a 

lntegrin P 

lmmunoglobulin 

Lysosomal 
associated 
membrane protein-1 
(LAMP-1} 

LAMP-2 

GR2, John Milton­
Hagen blood 
group antigen 

Platelet 
activation 
factor, GR56 

Granulocytes colony-stimulating factor 
(G-CSF) receptor 

lmmunoglobulin, 
fibronectin type 111 
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Appendix II 

CD antigen Cellular expression 

CD115 Monocytes, macrophages 

CD116 Monocytes, neutrophils, eosinophils, 
endothelium 

CD117 Hematopoietic progenitors 

CD118 Broad cellular expression 

CD119 Macrophages, monocytes, B cells, 
endothelium 

CD120a Hematopoietic and nonhematopoietic 
cells, highest on epithelial cells 

CD120b Hematopoietic and nonhematopoietic 
cells, highest on myeloid cells 

CD121 a Thymocytes, T cells 

CDw121b B cells, macrophages, monocytes 

CD122 NK cells, resting T-cell subsets, some 
B-cell lines 

CD123 Bone marrow stem cells, granulocytes, 
monocytes, megakaryocytes 

CD124 Mature B and T cells, 
hematopoietic precursor cells 

CD125 Eosinophils, basophils, activated 
B cells 

CD126 Activated B cells and plasma cells 
(strong), most leukocytes (weak) 

CD127 Bone marrow lymphoid precursors, 
pro-B cells , mature T cells, monocytes 

CDw128 Neutrophils, basophils, T-cell 
subsets 

CD129 Not yet assigned 

CD130 Most cell types, strong on activated 
B cells and plasma cells 

CDw131 Myeloid progenitors, granulocytes 

CD132 B cells, T cells, NK cells, mast cells , 
neutrophils 

CD133 Stem/progenitor cells 

CD134 Activated T cells 

CD135 Multipotential precursors, 
myelomonocytic and B-cell progenitors 

CDw136 Monocytes, epithelial cells, central 
and peripheral nervous system 

Molecular 
weight (kDa) 

150 

70-85 

145 

90-100 

50-60 

75-85 

80 

60-70 

75 

70 

130-150 

55-60 

80 

68-79, 
possibly forms 
homodimers 

58-67 

130 

140 

64 

50 

130, 155 

180 

Functions 

Macrophage colony-stimulating 
factor (M-CSF) receptor 

Granulocyte-macrophage colony-stimu-
lating factor (GM-CSF) receptor ex chain 

Stem-cell factor (SCF) receptor 

Interferon-ex, p receptor 

lnterferon-y receptor 

TNF receptor, binds both TNF-ex and 
TNF-p 

TNF receptor, binds both TNF-ex and 
TNF-P 

Type I interleukin-1 receptor, binds 
IL-1exand IL-1P 

Type II interleukin-1 receptor, binds 
IL-1ex and IL-1P 

IL-2 receptor p chain 

I L-3 receptor ex chain 

I L-4 receptor 

I L-5 receptor 

I L-6 receptor ex subunit 

IL-7 receptor 

IL-8 receptor 

Common subunit of IL-6, IL-11 , 
oncostatin-M (OSM) and leukemia 
inhibitory factor (LI F) receptors 

Common p subunit of IL-3, IL-5, and 
GM-CSF receptors 

IL-2 receptor y chain, common subunit of 
IL-2, IL-4, IL-7, IL-9, and IL-15 receptors 

AC133 

May act as adhesion molecule 
costimulator 

Growth factor receptor 

Chemotaxis, phagocytosis, cell growth, 
and differentiation 

Other names 

M-CSFR, c-fms 

GM-CSFRex 

c-Kit 

IFN-ex, PR 

IFN-yR 

TNFR-I 

TNFR-II 

IL-1R type I 

IL-1 R type II 

IL-2RP 

IL-3Rex 

IL-4R 

IL-SR 

IL-6Rex 

IL-7R 

IL-8R 

IL-6Rp, IL-11RP, 
OSMRP, LIFRP, 
IFRp 

IL-3Rp, IL-5Rp, 
GM-CSFRP 

OX40 

FLK2, STK-1 

MSP-R, RON 

Family 
relationships 

lmmunoglobulin 
tyrosine kinase ' 

Cytokine receptor, 
f1bronectin type 111 

lmmunoglobulin, 
tyrosine kinase 

Fibronectin type 111 

TNF receptor 

TNF receptor 

lmmunoglobulin 

lmmunoglobulin 

Cytokine receptor, 
fibronectin type Ill 

Cytokine receptor, 
fibronectin type Ill 

Cytokine receptor, 
libronectin type Ill 

Cytokine receptor, 
libronectin type Ill 

lmmunoglobulin, 
cytokine receptor, 
fibronectin type Ill 

Fibronectin type Il l 

G protein-coupled 
receptor 

lmmunoglobulin, 
cytokine receptor, 
libronectin type Ill 

Cytokine receptor, 
libronectin type Ill 

Cytokine receptor 

TNF receptor 

lmmunoglobulin, 
tyrosine kinase 

Tyrosine kinase 

I 
co antigen 

I --
cow137 

CD138 

CD139 

CD140a,b 

CD141 

CD142 

CD143 

CD144 

CD145 

CD146 

CD147 

CD148 

CD150 

CD151 

CD152 

CD153 

CD154 

CD155 

CD156a 

CD156b 

CD157 

CD158 

Cellular expression 

T and B lymphocytes, monocytes, 
some epithelial cells 

B cells 

B cells 

Stromal cells, some endothelial cells 

Vascular endothelial cells 

Epidermal keratinocytes, various 
epithelial cells, astrocytes, Schwann 
cells. Absent from cells in direct 
contact with plasma unless induced 
by inflammatory mediators 

Endothelial cells , except large blood 
vessels and kidney, epithelial cells of 
brush borders of kidney and small 
intestine, neuronal cells, activated 
macrophages and some T cells. 
Soluble form in plasma 

Endothelial cells 

Endothelial cells, some stromal cells 

Endothelium 

Leukocytes, red blood cells, platelets, 
endothelial cells 

Granulocytes, monocytes, dendritic 
cells, T cells, fibroblasts, nerve cells 

Thymocytes, activated lymphocytes 

Platelets, megakaryocytes, 
epithelial celis, endothelial cells 

Activated T cells 

Activated T cells, activated 
macrophages, neutrophils, B cells 

Activated CD4 T cells 

Monocytes, macrophages, 
thymocytes, CNS neurons 

Neutrophils, monocytes 

I 

Molecular 
weight (kDa) 

209, 228 

a: 180 
b: 180 

105 

45-47 

170-180 

130 

25, 90, 110 

130 

55-65 

240-260 

75-95 

32 

33 

38-40 

30trimer 

80-90 

69 

Co-stimulator of T-cell proliferation 

Heparan sulphate proteoglycan binds 
collagen type I 

Unknown 

Platelet derived growth factor (PDGF) 
receptor ex and P chains 

Anticoagulant, binds thrombin, the 
complex then activates protein C 

Major initiating factor of clotting. Binds 
Factor VIia; this complex activates 
Factors VII , IX, and X 

zn2+ metallopeptidase dipeptidyl 
peptidase, cleaves angiotensin I and 
bradykinin from precursor forms 

Organizes adherens junction in 
endothelial cells 

Unknown 

Potential adhesion molecule, 
localized at cell-cell junctions 

Potential adhesion molecule 

Contact inhibition of cell growth 

Unknown 

Associates with p 1 integrins 

ILA (induced by 
lymphocyte 
activation) , 4-1BB 

Syndecan-1 

Thrombomodulin 
fetomodulin 

Tissue factor, 
thromboplastin 

Angiotensin 
converting 
enzyme (ACE) 

Cadherin-5, 
VE-cadherin 

MCAM, MUC18, 
S-ENDO 

M6, neurothelin, 
EMMPRIN, 
basigin, OX-47 

HPTPri 

SLAM 

PETA-3, SFA-1 

Family 
relationships 

TNF receptor 

C-type \ectin, EGF 

Fibronectin type 111 

Cadherin 

\mmunoglobulin 

lmmunoglobulin 

Fibronectin type Ill, 
protein tyrosine 
phosphatase 

\mmunoglobulin 

Transmembrane 4 

CTLA-4 lmmunoglobulin 
Receptor for B7.1 (CD80}, B7.2 (CD86}; 
negative regulator of T-cell act1vatIon 

Ligand for CD30, may co-stimulate CD30L TNF 

T cells 

Ligand for CD40, inducer of B cell CD40L, TRAP, TNF receptor 
T-BAM, gp39 

proliferation and act1vatIon 

Normal function unknown; receptor for Poliovirus receptor \mmunoglobulin 

poliovirus 

Unknown, may be involved in integrin MS2, ADAM 8 (A 

leukocyte extravasation 
disintegrin and 
metallo-protease) 

T ACE/ ADAM 17. Adhesion structures 

BST-1 
Granulocytes, monocytes, bone_ marrow 42-45 (50 on ADP-ribosyl cyclase, cyclic ADP-ribose 

hydro lase 
stromal cells, vascular endothelial cells , monocytes) 

follicular dendritic cells 

NK cells 
KIR family 
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CD158a NK-cell subsets 

CD158b NK-cell subsets 

CD159a NK cells 

CD160 Tcells 

CD161 NK cells, T cells 

CD162 Neutrophils, lymphocytes, 
monocytes 

CD162R NK cells 

CD163 Monocytes, macrophages 

CD164 Epithelial cells, monocytes, bone 
marrow stromal cells 

CD165 Thymocytes, thymic epithelial cells, 
CNS neurons, pancreatic islets 
Bowman's capsule ' 

CD166 Activated T cells, thymic epithelium, 
fibroblasts, neurons 

CD167a Normal and transformed epithelial cells 

CD168 Breast cancer cells 

CD169 Subsets of macrophages 

CD170 Neutrophils 

CD171 Neurons, Schwann cells, lymphoid and 
myelomonocytic cells, B cells, co4 T 
cells (not COB T cells) 

CD172a 

CD173 All cells 

CD174 All cells 

CD175 All cells 

CD175s All cells 

CD176 All cells 

Molecular 
weight (kDa) 

50 or 58 Inhibits NK cell cytotoxicity on 
binding MHC class I molecules 

50 or 58 Inhibits NK cell cytotoxicity on 
binding HLA-Cw3 and related alleles 

Bin_ds CD94 to form NK receptor; 
1nh1b1ts NK cell cytotoxicity on binding 
MHC class I molecules 

44 Regulates NK cytotoxicity 

120 Ligand for CD62P 
homodimer 

130 Unknown 

80 Unknown 

37 Adhesion between thymocytes and 
thymic epithelium 

100-105 Ligand for CD6, involved integrin 
neurite extension 

63, 64 dimer Binds collagen 

Five isoforms: Adhesion molecule. Receptor for 
58, 60, 64, 70, hyalurornc acid-mediated motility-
84 mediated cell migration 

185 Adhesion molecule. Binds sialylated 
carbohydrates. May mediate 
macrophage binding to granulocytes 
and lymphocytes 

67 homodimer Adhesion molecule. Sialic acid-binding 
lg-like lectin (S1glec). Cytoplasmic tail 
contains /TIM motifs 

200-220, exact Adhesion molecule, binds CD9, CD24, 
MW varies with 
cell type 

CD56, also homophilic binding 

115-120 Adhe_sion molecule; the transmembrane 
protein Is a substrate of activated 
receptor tyrosine kinases (RTKs) and 
binds to SH2 domains 

Blo_od group H type 2. Carbohydrate 
moiety 

Lewis Y Blood group. Carbohydrate 
moiety 

T n Blood group. Carbohydrate moiety 

Sialyl-Tn Blood group. Carbohydrate 
moiety 

TF Blood group. Carbohydrate moiety 

Other names 
I I 

Family 
relationships 

CD antigen Cellular expression 

p50.1, p58.1 lmmunoglobulin- CD177 Myeloid cells 

p50.2, p58.2 lmmunoglobulin 

NKG2A 
CD178 Activated T cells 

BY55 CD179a Early B cells 

NKRP1 C-type lectin 

PSGL-1 Mucin 

CD179b B cells 
PENS 

M130 

MUC-24 (multi- Mucin 
glycosylated 
protein 24) 

Gp37, AD2 CD180 B cells 

ALCAM, BEN, lmmunoglobulin 
OM-GRASP, SC-1 

DDR1 , trkE, cak, Receptor tyrosine 
eddr1 kinase, discoidin-

related 
CD183 Particularly on malignant B cells from 

chronic lymphoproliferative disorders 

RHAMM 

CD184 Preferentially expressed on the more 

Sialoadhesin lmmunoglobulin 
immature co34+ haematopoietic stem 
cells 

superfamily, 
sialoadhesin 
family CD195 Promyelocytic cells 

Siglec-5, OBBP2, lmmunoglobulin 
CD33L2 superfamily, 

sialoadhesin 
family 

L1 , NCAM-L1 lmmunoglobulin 
superfamily 

CDw197 Activated B and T lymphocytes, strongly 
upregulated in B cells infected with EBV 
and T cells infected with HHV6 or 7 

SIRP, SHPS1 , lmmunoglobulin 
MYD-1 , SIRP-a-1 , superfamily 
protein tyrosine 

CD200 Normal brain and B-cell lines 

phosphatase, non-
receptor type sub-
strate 1 (PTPNS1) CD201 Endothelial cells 

CD202b Endothelial cells 

Molecular 
weight (kDa) 

56-64 

38-42 

16-18 

22 

95-105 

46-52 

46-52 

40 

46- 52 

41 (rat thymo-
cytes) 47 (rat 
brain) 

49 

140 

Functions 

NB1 is a GPl-linked neutrophil-specific 
antigen, found on only a subpopulation 
of neutrophils present in NB1-positive 
adults (97% of healthy donors) NB1 is 
first expressed at the myelocyte stage 
of myeloid differentiation 

Fas ligand; binds to Fas to induce 
apoptosis 

lmmunoglobulin iota chain associates 
non-covalently with CD179b to form a 
surrogate light chain which is a component 
of the pre-B-cell receptor that plays a 
critical role in early B-cell differentiation 

lmmunoglobulin )..-like polypeptide 1 
associates noncovalently with CD179a to 
form a surrogate light chain that is 
selectively expressed at the early stages 
of B-cell development. Mutations in the 
CD179b gene have been shown to result 
in impairment of B-cell development and 
agammaglobulinemia in humans 

Type 1 membrane protein consisting of 
extracellular leucine-rich repeats (LRR). 
Is associated with a molecule called 
MD-1 and forms the cell-surface receptor 
complex, RP105/MD-1 , which by working 
in concert with TLR4, controls B-cell 
recognition and signaling of 
lipopolysaccharide (LPS) 

CXC chemokine receptor involved in 
chemotaxis of malignant B lymphocytes. 
Binds INP10 and MIG3 

Binding to SDF-1 (LESTR/fusin); acts 
as a cofactor for fusion and entry of 
T-cell line; trophic strains of HIV-1 

Receptor for a CC type chemokine. Binds 
to MIP-1 a, MIP-1P and RANTES. May 
play a role in the control of granulocytic 
lineage proliferation or differentiation. 
Acts as co-receptor with CD4 for primary 
macrophage-tropic isolates of HIV-1 

Receptor for the MIP-3P chemokine; 
probable mediator of EBV effects on B 
lymphocytes or of normal lymphocyte 
functions 

Antigen identified by MoAb MRC OX-2. 
Nonlineage molecules. Function unknown 

Endothelial cell-surface receptor (EPCR) 
that is capable of high-affinity binding of 
protein C and activated protein C. It is 
downregulated by exposure of 
endothelium to tumor necrosis factor 

Receptor tyrosine kinase, binds 
angiopoietin-1 ; important in angiogenesis, 
particularly for vascular network formation 
in endothelial cells. Defects in TEK are 
associated with inherited venous 
malformations; the TEK signaling path-
way appears to be critical for endothelial 
cell-smooth muscle cell communication 
in venous morphogenesis 

Other names 

NB1 

Fasl 

VpreB, IGVPB, 
IGt 

IGLL 1, A.5 (IGL5), 
IGVPB, 14. 

LY64, RP105 

CXCR3, 
G protein-coupled 
receptor 9 
(GPR9) 

CXCR4, NPY3R, 
LESTR, fusin , 
HM89 

CMKBR5, 
CCR5, CKR-5, 
CC-CKR-5, CKR5 

CCR7. EBl1 
(Epstein-Barr virus 
induced gene 1 ), 
CMKBR7, BLR2 

MOX-2, MOX-1 

EPCR 

VMCM, TEK 
(tyrosine kinase, 
endothelial), TIE2 
(tyrosine kinase 
with lg and EGF 
homology 
domains), 
VMCM1 

Family 
relationships 

TNF superfamily 

lmmunoglobulin 
superfamily 

lmmunoglobulin-
superfamily 

Toll-like receptors 
(TLR) 

Chemokine recep-
tors, G protein-
coupled receptor 
superfamily 

Chemokine recep-
tors, G protein-
coupled receptor 
superfamily 

Chemokine recep-
tors, G protein-
coupled receptor 
superfamily 

Chemokine recep-
tors, G protein-
coupled receptor 
superfamily 

lmmunoglobulin 
superfamily 

CD1 major histo-
compatibility 
complex family 

lmmunoglobulin 
superfamily, 
tyrosine kinase 
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Appendix II 

CD antigen Cellular expression 

CD203c Myeloid cells 
(uterus, basophils, and mast cells) 

CD204 Myeloid cells 

CD205 Dendritic cells 

CD206 Macrophages, endothelial cells 

CD207 Langerhans cells 

CD208 lnterdigitating dendritic cells in lymphoid 
organs 

CD209 Dendritic cells 

CDw210 B cells, T helper cells, and cells of the 
monocyte/macrophage lineage 

CD212 Activated CD4, CDS, and NK cells 

CD213a1 B cells, monocytes, fibroblasts, 
endothelial cells 

CD213a2 8 cells, monocytes, fibroblasts, 
endothelial cells 

CDw217 Activated memory T cells 

Molecular 
weight (kDa) Functions Other names Family 

relationships 
101 Belongs to a series of ectoenzymes NPP3, 810, 

Type II transmem-that are involved in hydrolysis of 
PDNP3, PD-l/3, brane proteins, extracellular nucleotides. They catalyze gp130RB13-6 

Ecto-nucleotide the cleavage of phosphodiester and 
pyrophos-phosphosulfate bonds of a variety of 
phatase/phospho-molecules, including deoxynucleotides, 
diesterase NAO, and nucleotide sugars 
(E-NPP) family 

220 Mediate the binding, internalization, and Macrophage Scavenger processing of a wide range of negatively scavenger R receptor family, charged macromolecules. Implicated in (MSR1) collagen-like the pathologic deposition of cholesterol 
in arterial walls during atherogenesis 

205 Lymphocyte antigen 75; putative antigen- L Y75, DEC-205, Type I transmem-uptake receptor on dendritic cells GP200-MR6 brane protein 
175-190 Type I membrane glycoprotein; Macrophage C-type lectin only known example of a C-type lectin mannose receptor superfamily that contains multiple C-type CRDs (MMR), MRC1 

(carbohydrate-recognition domains); it 
binds high-mannose structures on the 
surface of potentially pathogenic viruses, 
bacteria, and fungi 

40 Type II transmembrane protein; Langerin C-type lectin Langerhans cell specific C-type lectin; 
superfamily potent inducer of membrane 

superimposition and zippering leading 
to BG (Birbeck granules) formation 

70-90 Homologous to CD68, DC-LAMP is a D lysosome- Major lysosomal protein involved in remodeling associated histocompatibility of specialized antigen-processing membrane complex family compartments and in MHC class protein, DC-LAMP II-restricted antigen presentation. 
Upregulated in mature DCs induced by 
CD40L, TNF-a and LPS. 

44 C-type lectin; binds ICAM3 and HIV-1 DC-SIGN C-type lectin envelope glycoprotein gp120 enables ( dendritic cell- superfamily T-cell receptor engagement by specific ICAM3-
stabilization of the DC/T-cell contact grabbing non-
zone, promotes efficient infection in integrin) trans cells that express CD4 and 
chemokine receptors; type II 
transmembrane protein 

90-110 Interleukin 1 O receptor a and f3 IL-10Ra, Class II cytokine 
IL-10RA, HIL-10R, receptor family 
IL-10Rf3, IL-10RB, 
CRF2-4, CRF84 

130 IL-12 receptor /3 chain; a type I trans- IL-12R Haemopoietin membrane protein involved in IL-12 IL-12RB cytokine receptor signal transduction. 
superfamily 

60-70 Receptor which binds 11-13 with a low IL-13Ra 1, NR4, Haemopoietic affinity; together with IL-4Ra can form a IL-13Ra cytokine receptor functional receptor for IL-13, also serves 
superfamily as an alternate accessory protein to the 

common cytokine receptor gamma chain 
for IL-4 signaling 

IL-13 receptor which binds as a IL-13Ra2, Haemopoietic monomer with high affinity to inter- IL-138P cytokine receptor leukin-13 {IL-13), but not to IL-4; human 
superfamily cells expressing IL-13RA2 show specific 

IL-13 binding with high affinity 

120 Interleukin 17 receptor homodimer IL-17R, CTLA-8 Chemokine/ 
cytokine receptors 

CD antigen 

' CD220 

CD221 

CD222 

CD223 

CD224 

CD225 

CD226 

CD227 

CD228 

. 
CD229 

I' 

' CD230 

< 

◄ 

◄ 

Cellular expression 

Nonlineage molecules 

Nonlineage molecules 

Nonlineage molecules 

Activated T and NK cells 

Nonlineage molecules 

Leukocytes and endothelial cells 

NK cells, platelets, monocytes, and a 
subset of T cells 

Human epithelial tumors, such as breast 
cancer 

Predominantly in human melanomas 

Lymphocytes 

Expressed both in normal and infected 
cells 

l 

Molecular 
weight (kDa) 

a: 130 
/3: 95 

a: 135 
/3:90 

250 

70 

62 
(unprocessed 
precursor) 

16-17 

65 

122 (non-
glycosylated) 

97 

90-120 

27-30 

Functions 
.l 

Insulin receptor; integral transmembrane 
glycoprotein comprised of two a and two 
/3 subunits; this receptor binds insulin 
and has a tyrosine-protein kinase 
activity-autophosphorylation activates 
the kinase activity 

Insulin-like growth factor I receptor binds 
insulin-like growth factor with a hig_h 
affinity. 11 has tyrosine kinase actIvIty . 
and plays a critical role In transformation 
events. Cleavage of the precursor 
generates a and /3 subunits. 

Ubiquitously expressed multifunctional 
type I transmembrane protein. Its main 
functions include internalization of IGF-11, 
internalization or sorting of lysosomal 
enzymes and other M6P-contaIrnng 
proteins 

Involved in lymphocyte activation; binds 
to HLA class-II antigens; role In down-
regulating antigen specific response; 
close relationship of LAG3 to CD4 

Predominantly a membrane-bound 
enzyme; plays a key role in the 
y-glutamyl cycle, a path_way for the 
synthesis and degradation of . 
glutathione. This enzyme consists of 
two polypeptide chains, which are 
synthesized in precursor form from a 
single polypeptide 

Interferon-induced transmembrane 
protein 1 is implicated in the control of 
cell growth. It is a component of a 
multimeric complex involved In the 
transduction of antiproliferative and 
homotypic adhesion signals 

Adhesion glycoprotein; mediates cellular 
adhesion to other cells beanng an urnden-
lilied ligand and cross-linking CD226 with 
antibodies causes cellular actIvatIon 

Epithelial mucin containing a variable 
number of repeats with a length of 
twenty amino acids, resulHng_ in many 
different alleles. Direct or IndIrect 
interaction with actin cytoskeleton. 

Tumor-associated antigen (melanoma) 
identified by monoclonal antibodies 133.2 
and 96.5,involved in cellular iron uptake. 

May participate in adhesion reactions 
between T lymphocytes and accessory 
cells by homophilic interaction 

The function of PRP is not known. It is 
encoded in the host genome found In 
high quantity in the brain of humans a_nd 
animals infected with neurodegeneratIve 
diseases known as transmissible . 
spongiform encephalopath1es_ or pnon 
diseases (Creutzfeld-Jakob disease, 
Gerstmann-Strausler-Scheinker 
syndrome, fatal familial insomnia) 

Other names 

Insulin receptor 

IGF1R, JTK13 

IGF2R, CIMPR, 
CI-MPR, IGF2R, 
M6P-R (Mannose-
6-phosphate 
receptor) 

Lymphocyte-
activation gene 3 
LAG-3 

y-glutamyl 
transferase, 
GGT1 , D22S672 
D22S732 

Leu 13, IFITM1 , 
IFl17 

DNAM-1 {PTA1), 
DNAX, TUSA 1 

PUM (peanut-
reactive urinary 
mucin), MUC.1 , 
mucin 1 

Melanotransferrin, 
P97 

Ly9 

CJD, PRIP, prion 
protein (p27-30) 

) 

Appendix II 

Family 
relationships 

Insulin receptor 
family of tyrosine-
protein kinases, 
EGFR family 

Insulin receptor 
family of tyrosine-
protein kinases, 
EGFR family 

Mammalian 
lectins 

lmmunoglobulin 
superfamily 

y-glutamyl 
transferase 
protein family 

IFN-induced 
transmembrane 
proteins 

lmmunoglobulin 
superfamily 

Mucin 

T ransfe rri n 
superfamily 

lmmunoglobulin 
superfamily 
(CD2 subfamily) 

Prion family 

E :> 
'·.~· ...... 
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CD antigen Cellular expression 

CD231 T-cell acute lymphoblastic leukemia, 
neuroblastoma cells and normal brain 
neuron 

CD232 Nonlineage molecules 

CD233 Erythroid cells 

CD234 Erythroid cells and nonerythroid cells 

CD235a Erythroid cells 

CD235b Erythroid cells 

CD236 Erythroid cells 

CD236R Erythroid cells 

CD238 Erythroid cells 

Molecular 
weight (kDa) 

150 

200 

93 

35 

31 

GYPD is 
smaller than 
GYPC (24 kD 
VS 32 kD) 

24 

32 

93 

Functions 

The function of CD231 is currently 
unknown. It is cell-surface glycoprotein 
which is a specific marker for T-cell 
acute lymphoblastic leukemia. Also 
found on neuroblastomas 

Receptor for an immunologically active 
semaphorin (virus-encoded semaphorin 
protein receptor) 

Band 3 is the major integral glycoprotein 
of the erythrocyte membrane. It has two 
functional domains. Its integral domain 
mediates a 1 :1 exchange of inorganic 
anions across the membrane, whereas 
its cytoplasmic domain provides binding 
sites for cytoskeletal proteins, glycolytic 
enzymes, and hemoglobin. 
Multifunctional transport protein 

Fy-glycoprotein; Duffy blood group 
antigen; nonspecific receptor for many 
chemokines such as IL-8, GRO, 
RANTES, MCP-1 and TARC. It is also 
the receptor for the human malaria 
parasites Plasmodium vivax and 
Plasmodium knowlesi plays a role in 
inflammation and in malaria infection 

Major carbohydrate rich sialoglycoprotein 
of human erythrocyte membrane which 
bears the antigenic determinants for the 
MN and Ss blood groups. The N-termi-
nal glycosylated segment, which lies out-
side the erythrocyte membrane, has MN 
blood group receptors and also binds 
influenza virus 

This protein is a minor sialoglycoprotein in 
human erythrocyte membranes. Along with 
GYPA, GYPB is responsible for the MNS 
blood group system. The Ss blood group 
antigens are located on glycophorin B 

Glycophorin C (GPC) and glycophorin D 
(GPD) are closely related sialoglyco-
proteins in the human red blood cell 
(RBC) membrane. GPD is a ubiquitous 
shortened isoform of GPC, produced by 
alternative splicing of the same gene. The 
Webb and Duch antigens, also known as 
glycophorin D, result from single point 
mutations of the glycophorin C gene 

Glycophorin C (GPC) is associated wi th 
the Gerbich (Ge) blood group deficiency. 
It is a minor red cell-membrane 
component, representing about 4 % of the 
membrane sialoglycoproteins, but shows 
very little homology with the major red 
cell-membrane glycophorins A and B. It 
plays an important role in regulating the 
mechanical stability of red cells and is a 
putative receptor for the merozoites of 
Plasmodium falciparum 

KELL blood group antigen; homology to 
a family of zinc metalloglycoproteins with 
neutral endopeptidase activity, type II 
transmembrane glycoprotein 

Other names 

TALLA-1 , 
TM4SF2, A15, 
MXS1 , CCG-B7 

VESPR, PLXN, 
PLXN-C1 

SLC4A 1, Diego 
blood group, D1 , 
AE1 , EPB3 

GPD, CCBP1 , 
DARC (duffy 
antigen/receptor 
for chemokines) 

Glycophorin A, 
GPA, MNS 

Glycophorin B, 
MNS, GPB 

Glycophorin D, 
GPD, GYPD 

Glycophorin C, 
GYPC, GPC 

KELL 

Family 
relationships 

Transmembrane 4 
superfamily 
(TM4SF also 
known as 
tetraspanins) 

Plexin family 

Anion exchanger 
family 

Family 1 of G 
protein-coupled 
receptors, 
chemokine 
receptors 
superfamily 

Glycophorin A 
family 

Glycophorin A 
family 

Type Ill 
membrane 
proteins 

Type Ill 
membrane 
proteins 

Belongs to 
peptidase family 
m13 (zinc 
metalloprotease); 
also known as the 
neprilysin 
subfamily 

Appendix II E ~~:~'­
--======~;;;;==~~=~~~ii:,= ··--\ Family 

Functions Other names relationships Molecular 

co antigen 
\ 

Cellular expression 

---- Erythroid cells 
CD239 

CD240CE Erythroid cells 

CD240D Erythroid cells 

CD241 Erythroid cells 

CD242 Erythroid cells 

CD243 Stem/progenitor cells 

CD244 NK cells 

CD245 T cells 

I weight (kDa) 

78 

45.5 

45.5 
(product-30) 

50 

42 

170 

66 

I 

220-240 

A type I membrane protein:The human 
F8/G253 antigen, B-CAM, is a cell 
surface glycoprotein that is expressed 
with restricted distribution pattern m 
normal fetal and adult tissues, and 1s 
upregulated following malignant 
transformation in some cell types. Its 

B-CAM (B-cell 
adhesion 
molecule), LU , 
Lutheran blood 
group 

overall structure is similar to that of the 
human tumor marker MUC 18 and the 
chicken neural adhesion molecule SC1 

Rhesus blood group, CcEe_antigens. 
May be part of an oligomenc complex 
which is likely to have a transport or 
channel function in the erythrocyte 
membrane. It is highly hydrophob1_c _and 
deeply buried within the phosphohpid 
bilayer 

RHCE, RH30A, 
RHPI, Rh4 

Rhesus blood group, D antigen. May_be 
part of an oligomeric complex which is 
likely to have a transport or channel 
function in the erythrocyte membrane. 
Absent in the Caucasian RHO-negative 
phenotype 

Rhesus blood group-associated 
glycoprotein RH50, component of the 
RH antigen mult1suburnt complex, 
required for transport and assembly of 
the Rh membrane complex to the red 
blood cell surface. Highly homologous 
to RH, 3okD components. Defects in_ 
RhAg are a cause of a form of chronic 
hemolytic anemia associated with stom­
atocytosis, and spherocytosis, reduced 
osmotic fragility ' and increased cation 
permeability 

lntercellular adhesion molecule 4, 
Landsteiner-Wiener blood group. LW 
molecules may contribute to the . 
vase-occlusive events associated with 
episodes of acute pain in sickle cell 

disease 

Multidrug resistance protein 1 (P-glyc_o-

t 'n) p gp has been shown to utilise pro e1 . - . d t f 
ATP to pump hydrophob1_c . rugs ou o 
cells, thus increasing their 1ntracelluiar 
concentration and hence their _tox1c1 y. 
The MDR 1 gene is amplified in 
multidrug resistant cell Imes 

RhD, Rh4, RhPI, 
Rhll , Rh30D 

RhAg, RH50A 

ICAM-4, LW 

MDR-1 , p-170 

lmmunoglobulin 
superfamily 

Rh family 

Rh family 

Rh family 

lmmunoglobulin 
superfamily, inter­
cellular adhesion 
molecules 
(ICAMs) 

ABC superfamily 
of ATP-binding 
transport proteins 

284 is a cell-surface glycoprotein related 
to CO2 and implicated in the regulation 
of natural killer and T-lymphocyte 
function. It appears that the primary 
function of 284 is to modulate other 
receptor-ligand interactions to enhance 
leukocyte activation 

284, NKcell 
activation inducing 
ligand (NAIL) 

lmmunoglobulin 
superfamily 

Cyclin E/Cdk2 interacting protein p220. 
NPAT is involved m a key S phase 
event and links cyclic_al cyclin E/Cdk2 
kinase activity to rephcat1on-dependent 
histone gene transcription .. 
NPAT gene may be essential for cell 
maintenance and may be a member of 
the housekeeping genes 

NPAT 
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CD antigen Cellular expression 

CD246 Expressed in the small intestine, testis, 
and brain but not in normal lymphoid 
cells 

CD247 T cells , NK cells 

Molecular 
weight (kDa) 

177 kDa; after 
glycosylation, 
produces a 
200 kDa 
mature glyco-
protein 

16 

Functions 

Anaplastic (CD30+ large cell) lymphoma 
kinase; plays an important role in brain 
development, involved in anaplastic 
nodal non Hodgkin lymphoma or 
Hodgkin's disease with translocation 
t(2;5)(p23;q35) or inv2(23;q35). 
Oncogenesis via the kinase function is 
activated by oligomerization of NPM1-
ALK mediated by the NPM1 part 

T-cell receptor t;, ; has a probable role in 
assembly and expression of the TCR 
complex as well as signal transduction 
upon antigen triggering. TCRt;, together 
with TCRa:~ and y.o heterodimers and 
CD3-y, -8, and -E, forms the TCR-CD3 
complex. The t;, chain plays an 
important role in coupling antigen 
recognition to several intracellular 
signal-transduction pathways. Low 
expression of the antigen results in 
impaired immune response 

Other names 

ALK 

t;, chain, CD3Z 

Family 
relationships 

Insulin receptor 
family of tyrosine-
protein kinases 

lmmunoglobulin 
superfamily 

Compiled by Laura Herbert, Royal Free Hospital, London. Data based on CD designations made at the 7th Workshop on Human Leucocyte Differentiation Antigens, provided by Protein Reviews on 
the Web (www.ncbi.nlm.nih.gov/prown. 
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