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PART | AN INTRODUCTION TO IMMUNO-
BIOLOGY AND INNATE IMMUNITY

Chapter 1

The origins of vertebrate immune cells.

Basic Concepts in Immunology

Principles of innate immunity.

1-1 Commensal organisms cause little host damage
while pathogens damage host tissues by a variety
of mechanisms.

1-2 Anatomic and chemical barriers are the first defense
against pathogens.

1-3 The immune system is activated by inflammatory
inducers that indicate the presence of pathogens
or tissue damage.

1-4 The myeloid lineage comprises most of the cells
of the innate immune system.

1-5 Sensor cells express pattern recognition receptors
that provide an initial discrimination between
self and nonself.

1-6 Sensor cells induce an inflammatory response
by producing mediators such as chemokines
and cytokines.

1-7 Innate lymphocytes and natural killer cells are
effector cells that share similarities with tymphoid
lineages of the adaptive immune system.

Summary.

Principles of adaptive immunity.

1-8 The interaction of antigens with antigen receptors
induces lymphocytes to acquire effector and
memory activity.

1-9 Antibodies and T-cell receptors are composed of
constant and variable regions that provide distinct
functions.

1-10  Antibodies and T-cell receptors recognize antigens
by fundamentally different mechanisms.

1-11  Antigen-receptor genes are assembled by somatic
gene rearrangements of incomplete receptor
gene segments.

1-12  Lymphocytes activated by antigen give rise to
clones of antigen-specific effector cells that
mediate adaptive immunity.

1-13  Lymphocytes with self-reactive receptors are
normally eliminated during development or are
functionally inactivated.

1-14  Lymphocytes mature in the bone marrow or the
thymus and then congregate in lymphoid tissues
throughout the body.

1-15  Adaptive immune responses are initiated
by antigen and antigen-presenting cells in
secondary lymphoid tissues.

1-16  Lymphocytes encounter and respond to
antigen in the peripheral lymphoid organs.

1-17  Mucosal surfaces have specialized immune
structures that orchestrate responses to
environmental microbial encounters.

11
11

1"

12

13

14

15

15

16

17

18

19

22

1-18  Lymphocytes activated by antigen proliferate in
the peripheral lymphoid organs, generating
effector cells and immunological memory.

Summary.

The effector mechanisms of immunity.

1-19  Innate immune responses can select from
several effector modules to protect against
different types of pathogens.

1-20  Antibodies protect against extracellular
pathogens and their toxic products.

1-21 T cells orchestrate cell-mediated immunity and
regulate B-cell responses to most antigens.

1-22  Inherited and acquired defects in the immune system
result in increased susceptibility to infection.

1-23  Understanding adaptive immune responses is
important for the control of allergies, autoimmune
disease, and the rejection of transplanted organs.

1-24  Vaccination is the most effective means of
controlling infectious diseases.

Summary.

Summary to Chapter 1.

Questions.

References.

Chapter 2  Innate Immunity: The First Lines

of Defense

Anatomic barriers and initial chemical defenses.

21 Infectious diseases are caused by diverse
living agents that replicate in their hosts.

2-2 Epithelial surfaces of the body provide the
first barrier against infection.

2-3 Infectious agents must overcome innate
host defenses to establish a focus of infection.

2-4 Epithelial cells and phagocytes produce
several kinds of antimicrobial proteins.

Summary.
The complement system and innate immunity.

2-5 The complement system recognizes features
of microbial surfaces and marks them for
destruction by coating them with C3b.

2-6 The lectin pathway uses soluble receptors that
recognize microbial surfaces to activate the
complement cascade.

2-7 The classical pathway is initiated by activation of the
C1 complex and is homologous to the lectin pathway.

2-8 Complement activation is largely confined to the
surface on which it is initiated.

2-9 The alternative pathway is an amplification loop for
C3b formation that is accelerated by properdin in the
presence of pathogens.

2-10  Membrane and plasma proteins that regulate

the formation and stability of C3 convertases

determine the extent of complement activation.

23
24

25

26

27

29

31

32

33
34
34
35
36

37
38

38

42

44

45
48
49

50

53

56

57

58

60
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2-11  Complement developed early in the evolution
of multicellular organisms.

2.12  Surface-bound C3 convertase deposits large
numbers of C3b fragments on pathogen surfaces
and generates C5 convertase activity.

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

2-14  The small fragments of some complement
proteins initiate a local inflammatory response.

2-15 The terminal complement proteins polymerize
to form pores in membranes that can kill certain
pathogens.

2.16 Complement control proteins regulate all three
pathways of complement activation and protect
the host from their destructive effects.

2-17  Pathogens produce several types of proteins
that can inhibit complement activation.

Summary.

Summary to Chapter 2.
Questions.

References.

Chapter 3 The Induced Responses of
Innate Immunity

Pattern recognition by cells of the innate

immune system.

3-1 After entering tissues, many microbes are
recognized, ingested, and killed by phagocytes.

3-2 G-protein-coupled receptors on phagocytes link
microbe recognition with increased efficiency of
intracellular killing.

3-3 Microbial recognition and tissue damage initiate an
inflammatory response.

3-4 Toll-like receptors represent an ancient pathogen-
recognition system.

3-5 Mammalian Toll-like receptors are activated by
many different pathogen-associated molecular
patterns.

3-6 TLR-4 recognizes bacterial lipopolysaccharide in
association with the host accessory proteins
MD-2 and CD14.

3-7 TLRs activate NFxB, AP-1, and IRF transcription
factors to induce the expression of inflammatory
cytokines and type | interferons.

3-8 The NOD-like receptors are intracellular sensors
of bacterial infection and cellular damage.

3-9 NLRP proteins react to infection or cellular
damage through an inflammasome to induce
cell death and inflammation.

3-10  The RIG-I-like receptors detect cytoplasmic viral
RNAs and activate MAVS to induce type | interferon
production and pro-inflammatory cytokines.

3-11  Cytosolic DNA sensors signal through STING to
induce production of type | interferons.

3-12  Activation of innate sensors in macrophages and
dendritic cells triggers changes in gene expression
that have far-reaching effects on the
Immune response.

3-13  Toli signaling in Drosophila is downstream of a
distinct set of pathogen-recognition molecules.

61

62

63

65

66

67

71
72
73
74
75

77

77

78

81

85

87

88

92

92

96

98

101

103

104

105

3-14  TLR and NOD genes have undergone extensive
diversification in both invertebrates and some
primitive chordates.

Summary.

Induced innate responses to infection.
3-15  Cytokines and their receptors fall into distinct
families of structurally related proteins.

3-16  Cytokine receptors of the hematopoietin family
are associated with the JAK family of tyrosine
kinases, which activate STAT transcription factors.

3-17  Chemokines released by macrophages and
dendritic cells recruit effector cells to sites of
infection.

3-18  Cell-adhesion molecules control interactions
between leukocytes and endothelial cells
during an inflammatory response.

3-19  Neutrophils make up the first wave of cells that
cross the blood vessel wall to enter an inflamed
tissue.

3-20 TNF-a is an important cytokine that triggers
local containment of infection but induces
shock when released systemically.

3-21  Cytokines made by macrophages and dendritic
cells induce a systemic reaction known as the
acute-phase response.

3-22  Interferons induced by viral infection make
several contributions to host defense.

3-23  Several types of innate lymphoid cells provide
protection in early infection.

3-24  NKcells are activated by type | interferon and
macrophage-derived cytokines.

3-25 NK cells express activating and inhibitory
receptors to distinguish between healthy and
infected cells.

3-26  NK-cell receptors belong to several structural
families, the KIRs, KLRs, and NCRs.

3-27  NK cells express activating receptors that
recognize ligands induced on infected cells
or tumor cells.

Summary.

Summary to Chapter 3.
Questions.

References.

PART Il THE RECOGNITION OF ANTIGEN

Chapter 4 Antigen Recognition by B-cell and
T-cell Receptors

The structure of a typical antibody molecule.

4-1 1gG antibodies consist of four polypeptide chains.

4-2 immunoglobulin heavy and light chains are
composed of constant and variable regions.

4-3 The domains of an immunoglobulin molecule
have similar structures.

4-4 The antibody molecule can readily be cleaved
into functionally distinct fragments.

4-5 The hinge region of the immunoglobulin
molecule aliows flexibility in binding to
multiple antigens.

Summary.

106
106

107

107

109

11

118

116

118

118

121
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130
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132
133

139

140
141

142

142

144

145
145

MS&D Exhibit 1039, Page 8 of 166



The interaction of the antibody molecule with specific

antigen.

4-6 Localized regions of hypervariable sequence
form the antigen-binding site.

4-7 Antibodies bind antigens via contacts in CDRs that
are complementary to the size and shape of
the antigen.

4-8 Antibodies bind to conformational shapes on
the surfaces of antigens using a variety of
noncovalent forces.

4-9 Antibody interaction with intact antigens is
influenced by steric constraints.

4-10  Some species generate antibodies with
alternative structures.
Summary.

Antigen recognition by T cells.

4-11  The TCRu:p heterodimer is very similar to a Fab
fragment of immunoglobulin.

4-12 A T-cell receptor recognizes antigen in the form
of a complex of a foreign peptide bound to an MHC
molecule.

4-13  There are two classes of MHC molecules with
distinct subunit compositions but similar three-
dimensional structures.

4-14  Peptides are stably bound to MHC molecules, and
also serve to stabilize the MHC molecule on the
cell surface.

4-15  MHC class | molecules bind short peptides of 8-10
amino acids by both ends.

4-16  The length of the peptides bound by MHC class I
molecules is not constrained.

4-17  The crystal structures of several peptide:MHC:T-cell
receptor complexes show a similar orientation of the
T-cell receptor over the peptide:MHC complex.

4-18  The CD4 and CD8 cell-surface proteins of T cells
directly contact MHC molecules and are required
to make an effective response to antigen.

4-19  The two classes of MHC molecules are expressed
differentially on cells.

4-20  Adistinct subset of T cells bears an alternative
receptor made up of y and & chains.

Summary.

Summary to Chapter 4.

Questions.

References.

Chapter 5 The Generation of Lymphocyte
Antigen Receptors

Primary immunoglobulin gene rearrangement.
5-1 Immunoglobulin genes are rearranged in the
progenitors of antibody-producing cells.

5-2 Complete genes that encode a variable region
are generated by the somatic recombination of
separate gene segments.

5-3 Multiple contiguous V gene segments are present
at each immunoglobulin locus.

5-4 Rearrangement of V, D, and J gene segments is
guided by flanking DNA sequences.

5-5 The reaction that recombines V, D, and J gene
segments involves both lymphocyte-specific and
ubiquitous DNA-modifying enzymes.

146

146

147

148

150

151
152

152

153

155

155

158
158

160

161

163

166

166
167
168
169
170

173
174

174

175

176

178

179

5-6 The diversity of the immunoglobulin repertoire is
generated by four main processes.

5-7 The multiple inherited gene segments are used in
different combinations.

5-8 Variable addition and subtraction of nucleotides at
the junctions between gene segments contributes
to the diversity of the third hypervariable region.

Summaty.

T-cell receptor gene rearrangement.

5-9 The T-cell receptor gene segments are arranged in
a similar pattern to immunoglobulin gene segments
and are rearranged by the same enzymes.

5-10  T-cell receptors concentrate diversity in the third
hypervariable region.

5-11  y:8 T-cell receptors are also generated by gene
rearrangement.

Summary.

Structural variation in immunoglobulin constant

regions.

5-12  Different classes of immunoglobulins are
distinguished by the structure of their heavy-
chain constant regions.

5-13  The constant region confers functional
specialization on the antibody.

5-14  IgM and IgD are derived from the same pre-mRNA
transcript and are both expressed on the surface of
mature B cells.

5-15  Transmembrane and secreted forms of immuno-
globulin are generated from alternative heavy-chain
mRNA transcripts.

5-16  IgM and IgA can form polymers by interacting with
the J chain.

Summary.

Evolution of the adaptive immune response.

5-17  Some invertebrates generate extensive diversity
in a repertoire of immunoglobulin-like genes.

5-18  Agnathans possess an adaptive immune system
that uses somatic gene rearrangement to diversify
receptors built from LRR domains.

5-19 RAG-dependent adaptive immunity based on a
diversified repertoire of immunoglobulin-like genes
appeared abruptly in the cartilaginous fishes.

5-20 Different species generate immunoglobulin
diversity in different ways.

5-21  Both a:p and y:5 T-cell receptors are present in
cartilaginous fishes.

5-22 MHC class | and class Il molecules are also first
found in the cartilaginous fishes.

Summary.

Summary to Chapter 5.

Questions.

References.

Chapter 6 Antigen Presentation to

T Lymphocytes
The generation of a:p T-cell receptor ligands.
6-1 Antigen presentation functions both in arming

effector T cells and in triggering their effector
functions to attack pathogen-infected cells.

184

184

185
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189
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6-2 Peptides are generated from ubiquitinated 7-1 Transmembrane receptors convert extracellular

proteins in the cytosol by the proteasome. 216 signals into intracellular biochemical events. 258
6-3 Pepttiges frgm ]the 9W°3t9| alre tranzpforr:ﬁd by TAP ; 7-2  Intracellular signal propagation is mediated by large

into the endoplasmic reticulum and further processe i S e

before binding to MHC class | molecules. 218 multiprotein signaling complexes. 260

64 Newly synthesized MHC class | molecules are 7-3 Small G proteins act as molecular switches in many

retained in the endoplasmic reticulum until they different signaling pathways. 262
bind a peptide. 219 7-4 Signaling proteins are recruited to the membrane by

6-5 Dendritic cells use cross-presentation to present a variety of mechanisms. 262
exogenous proteins on MHC class | molecules to 7-5  Post-translational modifications of proteins can both
prime CD8 T cells. 222 activate and inhibit signaling responses. 263

6-6 Peptide:MHC class Il complexes are generated in

acidified endocytic vesicles from proteins obtained

through endocytosis, phagocytosis, and autophagy. 223
6-7 The invariant chain directs newly synthesized MHC Summary. 265

class Il molecules to acidified intracellular vesicles. 225
6-8 The MHC class Il-like molecules HLA-DM and

HLA-DO regulate exchange of CLIP for other

peptides. 226

7-6 The activation of some receptors generates smail-
molecule second messengers. 264

Antigen receptor signaling and lymphocyte activation. 265
7-7 Antigen receptors consist of variable antigen-binding
chains associated with invariant chains that carry

) ) . . " out the signaling function of the receptor. 266
6-9 Cessation of antigen processing occurs in dendritic ) z )
cells after their activation through reduced 7-8  Antigen recognition by the T-cell receptor and its
expression of the MARCH-1 E3 ligase. 229 co-receptors transduces a signal across the plasma
Summary 230 membrane to initiate signaling. 267
. ) L . . 7-9 Antigen recognition by the T-cell receptor and its
The major hlstooc.)mpatlbllltyAcom.plex and ITS. function. 231 co-receptors leads to phosphorylation of TAMS by
6-10  Many proteins involved in antigen processing and Src-family kinases, generating the first intracellular
presentation are encoded by genes within the MHC. 231 signal in a signaling cascade. 268
611 The psrc;trzlu'pl;‘olducgls r%fo':/l?wf: class | and class Il 234 7-10  Phosphorylated ITAMs recruit and activate the
b fﬂegz | 9 i']p Y ) ’i " fon b tyrosine kinase ZAP-70. 270
6- polymorphism affects antigen recognition by .
T cells by influencing both peptide binding and the 7-11 [TAMs are also found in other receptors on
contacts between T-cell receptor and MHC molecule. 235 leukocytes that signal for cell activation. 270
6-13  Alloreactive T cells recognizing nonself MHC 7-12  Activated ZAP-70 phosphorylates scaffold proteins
molecules are very abundant. 239 and promotes PI 3-kinase activation. 271
6-14  Many T cells respond to superantigens. 240 7-13  Activated PLC-y generates the second messengers
6-15  MHC polymorphism extends the range of antigens diacylglycerol and inositol trisphosphate that lead to
to which the immune system can respond. 241 transcription factor activation. 272
Summary. 242 7-14  Ca?* entry activates the transcription factor NFAT. 273

7-15  Ras activation stimulates the mitogen-activated

Generation of ligands for unconventional .
9 protein kinase (MAPK) relay and induces expression

Tcell subse.ts. . . 242 of the transcription factor AP-1. 274
6-16 A variety of genes with specialized functions in o . e
immunity are also encoded in the MHC 243 7-16  Protein kinase C activates the transcription factors
) NFxB and AP-1. 276
6-17  Specialized MHC class | molecules act as ligands . R :
for the activation and inhibition of NK cells and 7-17 Pl 3-kinase activation upregulates cellular metabolic
unconventional T-cell subsets 245 pathways via the serine/threonine kinase Akt. 277
6-18  Members of the CD1 family of MHC class I-like 7-18  T-cell receptor signa.ling leads to enhanced integrin-
molecules present microbial lipids to invariant mediated cell adhesion. 278
NKT cells. 246 7-19  T-cell receptor signaling induces cytoskeletal
6-19  The nonclassical MHC class | molecule MR1 reorganization by activating the small GTPase Cdc42. 279
presents microbial folate metabolites to MAIT cells. 248 7-20  The logic of B-cell receptor signaling is similar to that
6-20  y:5 T cells can recognize a variety of diverse ligands. 249 of T-cell receptor signaling, but some of the signaling
Summary. 250 components are specific to B cells. 279
282
Summary to Chapter 6. 250 Summary.
Questions. 251 Co-stimulatory and inhibitory receptors modulate
References. 250  antigen receptor signaling in T and B lymphocytes. 282
7-21  The cell-surface protein CD28 is a required
co-stimulatory signaling receptor for naive T-cell
PART Il THE DEVELOPMENT OF MATURE activation. 283
LYMPHOCYTE RECEPTOR REPERTOIRES 7-22  Maximal activation of PLC-y, which is important for
Chapter 7 L . ; transcription factor activation, requires a
P . ymphocyte Receptor Signaling 257 co-stimulatory signal induced by CD28. 284
General principles of signal transduction and 7-23  TNF receptor superfamily members augment T-cell
propagation. 257 and B-cell activation. 284
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7-24  inhibitory receptors on lymphocytes downregulate
immune responses by interfering with co-stimulatory
signaling pathways.

7-25  Inhibitory receptors on lymphocytes downregulate
immune responses by recruiting protein or lipid
phosphatases.

Summary.

Summary to Chapter 7.

Questions.

References.

Chapter 8 The Development of B and
T Lymphocytes

Development of B lymphocytes.

8-1 Lymphocytes derive from hematopoietic stem cells
in the bone marrow.

8-2 B-cell development begins by rearrangement of the

heavy-chain locus.

8-3 The pre-B-cell receptor tests for successful

production of a complete heavy chain and signals

for the transition from the pro-B cell to the pre-B

cell stage.

8-4 Pre-B-cell receptor signaling inhibits further

heavy-chain locus rearrangement and enforces

allelic exclusion.

8-5 Pre-B cells rearrange the light-chain locus and

express cell-surface immunoglobulin.

Immature B cells are tested for autoreactivity

before they leave the bone marrow.

Lymphocytes that encounter sufficient quantities

of self antigens for the first time in the periphery
are eliminated or inactivated.

8-6

8-7

8-8 Immature B cells arriving in the spleen turn over
rapidly and require cytokines and positive signals
through the B-cell receptor for maturation and

long-term survival.

B-1 B cells are an innate lymphocyte subset that
arises early in development.

8-9

Summary.

Development of T lymphocytes.

8-10  T-cell progenitors originate in the bone marrow,
but all the important events in their development
occur in the thymus.

8-11  Commitment to the T-cell lineage occurs in the
thymus following Notch signaling.

8-12  T-cell precursors proliferate extensively in the
thymus, but most die there.

8-13  Successive stages in the development of
thymocytes are marked by changes in cell-surface
molecules.

8-14  Thymocytes at different developmental stages are
found in distinct parts of the thymus.

8-15 T cells with a:p or v:5 receptors arise from a common
progenitor.

8-16 T cells expressing v:8 T-cell receptors arise in two
distinct phases during development.

8-17  Successful synthesis of a rearranged B chain allows

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

286

287
288
289
290
291

295

296

297

299

302

303

304

305

308

309

312
313

315

315

317

317

319

321

322

322

324

8-18 T-cell a-chain genes undergo successive rearrange-

ments until positive selection or cell death intervenes.

Summary.

Positive and negative selection of T cells.
8-19  Only thymocytes whose receptors interact with self
peptide:self MHC complexes can survive and mature.

8-20 Positive selection acts on a repertoire of T-cell

receptors with inherent specificity for MHC molecules.

8-21  Positive selection coordinates the expression of
CD4 or CD8 with the specificity of the T-cell receptor
and the potential effector functions of the T cell.

8-22  Thymic cortical-epithelial cells mediate positive
selection of developing thymocytes.

8-23 T cells that react strongly with ubiquitous self
antigens are deleted in the thymus.

8-24  Negative selection is driven most efficiently by
bone marrow-derived antigen-presenting cells.

8-25  The specificity and/or the strength of signals for
negative and positive selection must differ.

8-26  Self-recognizing regulatory T cells and innate T cells
develop in the thymus.

8-27  The final stage of T-cell maturation occurs in the
thymic medulla.

8-28 T cells that encounter sufficient quantities of self
antigens for the first time in the periphery are
eliminated or inactivated.

Summary.

Summary to Chapter 8.

Questions.

References.

PART IV THE ADAPTIVE IMMUNE
RESPONSE

Chapter 9 T-cell-Mediated Immunity

Development and function of secondary lymphoid
organs—sites for the initiation of adaptive immune
responses.

9-1 T and B lymphocytes are found in distinct locations
in secondary lymphoid tissues.

The development of secondary lymphoid tissues is
controlled by lymphoid tissue inducer cells and
proteins of the tumor necrosis factor family.

9-2

9-3 T and B cells are partitioned into distinct regions of
secondary lymphoid tissues by the actions of

chemokines.

Naive T celis migrate through secondary lymphoid
tissues, sampling peptide:MHC complexes on
dendritic cells.

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

9-4

9-5
9-6 Activation of integrins by chemokines is responsible
for the entry of naive T cells into lymph nodes.

The exit of T cells from lymph nodes is controlled
by a chemotactic lipid.

T-cell responses are initiated in secondary

lymphoid organs by activated dendritic cells.
Dendritic cells process antigens from a wide array
of pathogens.

326
328

328
328

329

330
331
332
334
334
335
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336
337
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345
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347

349

350
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9-10 Microbe-induced TLR signaling in tissue-resident 9-32  Cytotoxic T cells are selective serial killers of targets

dendritic cells induces thgir migration ?o tymphoid expressing a specific antigen. 391
organs and enhances antigen processing. 361 9-33  Cytotoxic T cells also act by releasing cytokines. 392
9-11  Plasmacytoid dendritic cells produce abundant s 300
type | interferons and may act as helper cells for ummary.
antigen presentation by conventional dendfritic cells. 363 Summary to Chapter 9. 392
g-12  Macrophages are scavenger cells that can be induced Questions. 393
by pathogens to present foreign antigens to naive References 305
T cells. 363 ’
g-13 B cells are highly efficient at presenting antigens Chapter 10 The Humoral Immune Response 399
that bind to their surface immunoglobulin. 364
Summary. 3g6  B-cell activation by antigen and helper T cells. 400

o ) . 10-1  Activation of B cells by antigen involves signals from
Priming of naive T cells by pathogen-activated the B-cell receptor and either T, cells or microbial
dendritic cells. 366 antigens. 400
9-14  Cell-adhesion molecules mediate the initial

interaction of naive T cells with antigen- 102 Linked recognition of antigen by T cells and B cells

presenting cells. 367 promotes robust antibody responses. 402
9-15  Antigen-presenting cells deliver multiple signals for 10-3 Bcells that ?ncounter their antigens migrate toward
the clonal expansion and differentiation of naive the boundaries between B-cell and T-cell areas in
T cells. 368 secondary lymphoid tissues. 403
9-16 CD28-dependent co-stimulation of activated T cells 10-4 T cells express surface molecules and cytokines that
induces expression of interleukin-2 and the activate B cells, which in turn promote Tg,-cell
high-affinity IL-2 receptor. 368 development. 406
9-17  Additional co-stimulatory pathways are involved in 10-5  Activated B cells differentiate into antibody-secreting
T-cell activation. 369 plasmablasts and plasma cells. 406
9-18  Proliferating T ct_ells dlﬂer.entlatela into effector T cells 10-6  The second phase of a primary B-cell immune
that do not require co-stimulation to act. 370 . A :
) o response occurs when activated B cells migrate into
9-19  CD8T cells can be activated in different ways to follicles and proliferate to form germinal centers. 408
become cytotoxic effector cells. 372 107 Germi B cells und \eregi )
9-20 CD4 T cells differentiate into several subsets of ; erminal ce‘nter cells un .ergo -rgglon somatlc
functionally different effector cells 379 hypermutation, and cells with mutations that improve
. X i e . affinity for antigen are selected. 410
9-21  Cytokines induce the differentiation of naive CD4 B ) .
T cells down distinct effector pathways. 375 10-8  Positive selection of germinal center B cells involves
9-22  CD4 T-cell subsets can cross-regulate each other’s contact with Te, cells and CD40 signaling. 412
differentiation through the cytokines they produce. 377 10-9  Activation-induced cytidine deaminase (AID)
9-23  Regulatory CD4 T cells are involved in controlling !ntroduces mutations into genes transcribed
adaptive immune responses. 379 in B cells. 413
Summary. 380 10-10 Mismatch and base-excision repair pathways
) contribute to somatic hypermutation following
General properties of effector T cells and initiation by AID. 414

their cytokines. 380
9-24  Effector T-cell interactions with target cells are

initiated by antigen-nonspecific cell-adhesion

molecules. 381

10-11 AID initiates class switching to allow the same
assembled V}, exon to be associated with different
Cy genes in the course of an immune response. 4185

10-12 Cytokines made by T, cells direct the choice of

9-25  Animmunological synapse forms between effector ) L }
isotype for class switching in T-dependent antibody

T cells and their targets to regulate signaling and to

direct the release of effector molecules. 381 responses. 418
9-26  The effector functions of T cells are determined by 10-13 B cells that survive the germinal center reaction

the array of effector molecules that they produce. 383 eventually differentiate into either plasma celis or
9-27  Cytokines can act locally or at a distance. 383 memory cells. 419
9-28 T cells express several TNF-family cytokines as 10-14 Some antigens do not require T-cell help to induce

trimeric proteins that are usually associated with B-cell responses. 419

the cell surface. 386  Summary. 41
Summary. T . ) i

& 386 The distributions and functions of immunoglobulin
T-cell-mediated cytotoxicity. 387  classes. 422
9-29  Cytotoxic T cells induce target cells to undergo 10-15 Antibodies of different classes operate in distinct

programmed celi death via extrinsic and intrinsic places and have distinct effector functions. 423

pathways of apoptosis. 387 10-16 Polymeric immunoglobulin receptor binds to the
9-30  The intrinsic pathway of apoptosis is mediated by Fc regions of IgA and IgM and transports them

the release of cytochrome ¢ from mitochondria. 389 across epithelial barriers. 425
9-31  Cytotoxic effector proteins that trigger apoptosis are 10-17 The neonatal Fc receptor carries IgG across the

contained in the granules of CD8 cytotoxic T cells. 390 placenta and prevents IgG excretion from the body. 426
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10-18 High-affinity [gG and IgA antibodies can neutralize
toxins and block the infectivity of viruses and
bacteria.

10-19 Antibody:antigen complexes activate the classical

pathway of complement by binding to C1gq.

10-20 Complement receptors and Fc receptors both

contribute to removal of immune complexes from

the circulation.
Summary.

The destruction of antibody-coated pathogens
via Fc receptors.

10-21 The Fc receptors of accessory cells are signaling
receptors specific for immunoglobulins of different
classes.

10-22 Fc receptors on phagocytes are activated by
antibodies bound to the surface of pathogens
and enable the phagocytes to ingest and
destroy pathogens.

10-23 Fc receptors activate NK cells to destroy
antibody-coated targets.

10-24 Mast cells and basophils bind IgE antibody via
the high-affinity Fce receptor.

10-25 IgE-mediated activation of accessory cells has
an important role in resistance to parasite infection

Summary.

Summary to Chapter 10.
Questions.

References.

Chapter 11 Integrated Dynamics of

Innate and Adaptive Immunity

Integration of innate and adaptive immunity in

response to specific types of pathogens.

11-1  The course of an infection can be divided into
several distinct phases.

11-2  The effector mechanisms that are recruited to
clear an infection depend on the infectious agent.
Summary.

Effector T cells augment the effector functions of
innate immune cells.

11-3  Effector T cells are guided to specific tissues and
sites of infection by changes in their expression of
adhesion molecules and chemokine receptors.
Pathogen-specific effector T cells are enriched at
sites of infection as adaptive immunity progresses.

Ty1 cells coordinate and amplify the host response
to intracellular pathogens through classical
activation of macrophages.

Activation of macrophages by T,;1 cells must be
tightly regulated to avoid tissue damage.

Chronic activation of macrophages by T,1 cells
mediates the formation of granulomas to contain
intracellular pathogens that cannot be cieared.
Defects in type 1 immunity reveal its important

role in the elimination of intracellular pathogens.

T2 cells coordinate type 2 responses to expel
intestinal helminths and repair tissue injury.

11-9

11-10 Ty17 cells coordinate type 3 responses to enhance

the clearance of extracellular bacteria and fungi.

426

429

430
431

432

432

433

435

436

437
438
439
440
441

445

446

446

449
452

452

453

457

458

460

461

461

462

465

11-11 Differentiated effector T cells continue to respond

to signals as they carry out their effector functions.

11-12 Effector T celis can be activated to release

cytokines independently of antigen recognition.

11-13 Effector T cells demonstrate plasticity and
cooperativity that enable adaptation during
anti-pathogen responses.

11-14 Integration of cell- and antibody-mediated
immunity is critical for protection against many
types of pathogens.

11-15 Primary CD8 T-cell responses to pathogens can

occur in the absence of CD4 T-cell help.
11-16 Resolution of an infection is accompanied by the
death of most of the effector cells and the

generation of memory cells.
Summary.

Immunological memory.

11-17 Immunological memory is long lived after infection
or vaccination.

11-18 Memory B-cell responses are more rapid and have
higher affinity for antigen compared with responses
of naive B cells.

11-19 Memory B cells can reenter germinal centers and
undergo additional somatic hypermutation and
affinity maturation during secondary immune
responses.

11-20 MHC tetramers identify memory T cells that persist
at an increased frequency relative to their frequency
as naive T cells.

11-21  Memory T cells arise from effector T cells that
maintain sensitivity to [L-7 or IL-15.

11-22 Memory T cells are heterogeneous and include
central memory, effector memory, and tissue-
resident subsets.

11-23 CD4 T-cell help is required for CD8 T-cell memory
and involves CD40 and IL-2 signaling.

11-24 In immune individuals, secondary and subsequent
responses are mainly attributable to memory
lymphocytes.

Summary.

Summary to Chapter 11.

Questions.

References.

Chapter 12 The Mucosal Immune System

The nature and structure of the mucosal

immune system.

12-1  The mucosal immune system protects the internal
surfaces of the body.

Cells of the mucosal immune system are located
both in anatomically defined compartments and
scattered throughout mucosal tissues.

The intestine has distinctive routes and
mechanisms of antigen uptake.

The mucosal immune system contains large
numbers of effector lymphocytes even in the
absence of disease.

The circulation of lymphocytes within the mucosal

immune system is controlled by tissue-specific
adhesion molecules and chemokine receptors.

12-5

466

467

468

469

470

471
472

473

473

475

476

477
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486
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488
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493

493
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500
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12-6  Priming of lymphocytes in one mucosal tissue may
induce protective immunity at other mucosal
surfaces.

12-7  Distinct populations of dendritic cells control
mucosal immune responses.

12-8 Macrophages and dendritic cells have different
roles in mucosal immune responses.

12-9  Antigen-presenting ceils in the intestinal mucosa
acquire antigen by a variety of routes.

12-10 Secretory IgA is the class of antibody associated
with the mucosal immune system.

12-11 T-independent processes can contribute to IgA
production in some species.

12-12 1gA deficiency is relatively common in humans but
may be compensated for by secretory IgM.

12-13 The intestinal lamina propria contains antigen-
experienced T cells and populations of unusual
innate lymphoid cells.

12-14 The intestinal epithelium is a unique compartment
of the immune system.

Summary.

The mucosal response to infection and regulation
of mucosal immune responses.

12-15 Enteric pathogens cause a local inflammatory
response and the development of protective
immunity.

Pathogens induce adaptive immune responses
when innate defenses have been breached.

12-16
12-17 Effector T-cell responses in the intestine protect
the function of the epithelium.

12-18 The mucosal immune system must maintain

tolerance to harmiess foreign antigens.
12-19 The normal intestine contains large quantities of
bacteria that are required for health.
12-20 Innate and adaptive immune systems control
microbiota while preventing inflammation without
compromising the ability to react to invaders.
12-21 The intestinal microbiota plays a major role in
shaping intestinal and systemic immune function.
12-22  Full immune responses to commensal bacteria

provoke intestinal disease.
Summary.
Summary to Chapter 12.
Questions.

References.

PARTV THE IMMUNE SYSTEM IN HEALTH

AND DISEASE

Chapter 13  Failures of Host Defense
Mechanisms

Immunodeficiency diseases.

13-1  Anhistory of repeated infections suggests a
diagnosis of immunodeficiency.

13-2  Primary immunodeficiency diseases are caused
by inherited gene defects.

13-83  Defects in T-cell development can result in severe

combined immunodeficiencies.

502

503

505

505

506

509

509

510

511
514

514

515

518

518

519

520

521

522

524
525
525
526
527

533
533

534
534

535

13-4

13-5

13-6

18-7

13-8

13-9

13-10

13-11

13-12

13-13

13-14

13-15

13-16

13-17

13-18

SCID can also be due to defects in the purine
salvage pathway. 538

Defects in antigen receptor gene rearrangement
can result in SCID. 538

Defects in signaling from T-cell antigen receptors
can cause severe immunodeficiency. 539

Genetic defects in thymic function that block T-cell
development result in severe immunodeficiencies. 539

Defects in B-cell development result in deficiencies
in antibody production that cause an inability to
clear extracellular bacteria and some viruses. 541

Immune deficiencies can be caused by defects in
B-cell or T-cell activation and function that lead to
abnormal antibody responses. 543

Normal pathways for host defense against different
infectious agents are pinpointed by genetic deficiencies

of cytokine pathways central to type 1/T;1 and type

3/Ty17 responses. 546

Inherited defects in the cytolytic pathway of

lymphocytes can cause uncontrolled lympho-

proliferation and inflammatory responses to viral

infections. 548

X-linked lymphoproliferative syndrome is associated
with fatal infection by Epstein-Barr virus and with the
development of lymphomas. 550

Immunodeficiency is caused by inherited defects
in the development of dendritic cells. 551

Defects in complement components and complement-
regulatory proteins cause defective humoral immune
function and tissue damage. 552
Defects in phagocytic cells permit widespread

bacterial infections. 5563

Mutations in the molecular regulators of inflammation
can cause uncontrolled inflammatory responses that
result in ‘autoinflammatory disease.’ 556

Hematopoietic stem cell transplantation or gene

therapy can be useful to correct genetic defects. 557
Noninherited, secondary immunodeficiencies are

major predisposing causes of infection and death. 558

Summary. 559

Evasion and subversion of immune defenses.

13-19

13-20

13-21

13-22

13-28

13-24

560
Extracellular bacterial pathogens have evolved

different strategies to avoid detection by pattern
recognition receptors and destruction by antibody,
complement, and antimicrobial peptides. 560
Intracellular bacterial pathogens can evade the

immune system by seeking shelter within phagocytes. 563
Immune evasion is also practiced by protozoan

parasites. 565
RNA viruses use different mechanisms of antigenic
variation to keep a step ahead of the adaptive

immune system. 566
DNA viruses use multiple mechanisms to subvert

NK-cell and CTL responses. 568
Some latent viruses persist in vivo by ceasing to

replicate until immunity wanes. 571

Summary. 573

Acquired immune deficiency syndrome.

13-25

573

HIV is a retrovirus that establishes a chronic
infection that slowly progresses to AIDS. 574
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13-26 HIV infects and replicates within cells of the
immune system.

Activated CD4 T cells are the major source of
HIV replication.

There are several routes by which HIV is
transmitted and establishes infection.

13-27
13-28
13-29 HIV variants with tropism for different co-receptors
play different roles in transmission and progression
of disease.

A genetic deficiency of the co-receptor CCR5
confers resistance to HIV infection.

13-30
13-31 An immune response controls but does not
eliminate HIV.

Lymphoid tissue is the major reservoir of

HIV infection.

Genetic variation in the host can alter the rate of
disease progression.

The destruction of immune function as a result of

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

13-32
13-33

13-34

13-35 Drugs that block HIV replication lead to a rapid
decrease in titer of infectious virus and an
increase in CD4 T cells.

13-36 In the course of infection HIV accumulates many
mutations, which can result in the outgrowth of
drug-resistant variants.

13-37 Vaccination against HIV is an attractive solution
but poses many difficulties.

13-38 Prevention and education are important in

controlling the spread of HIV and AIDS.
Summary.
Summary to Chapter 13.
Questions.

References.

Chapter 14  Allergy and Allergic Diseases

IgE and IgE-mediated allergic diseases.

14-1  Sensitization involves class switching to IgE
production on first contact with an allergen.

14-2  Although many types of antigens can cause
allergic sensitization, proteases are common
sensitizing agents.

14-3  Genetic factors contribute to the development of
IgE-mediated allergic disease.

14-4  Environmental factors may interact with genetic
susceptibility to cause allergic disease.

14-5 Regulatory T cells can control allergic responses.

Summary.

Effector mechanisms in IgE-mediated
allergic reactions.

14-6  Most IgE is cell-bound and engages effector
mechanisms of the immune system by pathways
different from those of other antibody isotypes.

14-7  Mast cells reside in tissues and orchestrate allergic
reactions.

14-8  Eosinophils and basophils cause inflammation and
tissue damage in allergic reactions.

14-9  IgE-mediated allergic reactions have a rapid onset

but can also lead to chronic responses.

576

578

579
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582

583

585
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590

591
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595

601
602

603

605

607

609
611
612

612

613

613

616

617

14-10 Allergen introduced into the bloodstream can cause

anaphylaxis.
14-11 Allergen inhalation is associated with the

development of rhinitis and asthma.

14-12  Allergy to particular foods causes systemic

reactions as well as symptoms limited to the gut.
14-13 Igk-mediated allergic disease can be treated by
inhibiting the effector pathways that lead to
symptoms or by desensitization techniques
that aim at restoring biological tolerance to
the allergen.

Summary.

Non-lgE-mediated allergic diseases.
14-14 Non-IgE dependent drug-induced hypersensitivity
reactions in susceptible individuals occur by binding

of the drug to the surface of circulating blood cells.
14-15 Systemic disease caused by immune-complex
formation can follow the administration of large

quantities of poorly catabolized antigens.

14-16 Hypersensitivity reactions can be mediated by T,;1

cells and CD8 cytotoxic T cells.

14-17 Celiac disease has features of both an allergic

response and autoimmunity.
Summary.
Summary to Chapter 14.
Questions.

References.

Chapter 15 Autoimmunity and Transplantation

The making and breaking of self-tolerance.

15-1 A critical function of the immune system is to
discriminate self from nonself.

15-2  Multiple tolerance mechanisms normally prevent
autoimmunity.

15-3  Central deletion or inactivation of newly formed
lymphocytes is the first checkpoint of self-tolerance.

15-4  Lymphocytes that bind self antigens with relatively
low affinity usually ignore them but in some
circumstances become activated.

15-5  Antigens in immunologically privileged sites do not
induce immune attack but can serve as targets.

15-6  Autoreactive T cells that express particular
cytokines may be nonpathogenic or may
suppress pathogenic lymphocytes.

15-7  Autoimmune responses can be controlled at
various stages by regulatory T cells.

Summary.

Autoimmune diseases and pathogenic mechanisms.

15-8  Specific adaptive immune responses to self
antigens can cause autoimmune disease.

15-9  Autoimmunity can be classified into either organ-
specific or systemic disease.

15-10 Multiple components of the immune system are
typically recruited in autoimmune disease.

15-11  Chronic autoimmune disease develops through

positive feedback from inflammation, inability to
clear the self antigen, and a broadening of the
autoimmune response.
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15-12 Both antibody and effector T cells can cause
tissue damage in autoimmune disease.
Autoantibodies against blood cells promote their
destruction.

The fixation of sublytic doses of complement to
cells in tissues stimulates a powerful inflammatory
response.

Autoantibodies against receptors cause disease by
stimulating or blocking receptor function.
Autoantibodies against extracellular antigens cause
inflammatory injury.

T cells specific for self antigens can cause direct
tissue injury and sustain autoantibody responses.

15-13

15-14

15-15
15-16
15-17

Summary.

The genetic and environmental basis of autoimmunity.

15-18 Autoimmune diseases have a strong genetic
component.

Genomics-based approaches are providing new
insight into the immunogenetic basis of autoimmunity.

15-19

Many genes that predispose to autoimmunity fall
into categories that affect one or more tolerance
mechanisms.

15-20

15-21 Monogenic defects of immune tolerance.

15-22 MHC genes have an important role in controlling

susceptibility to autoimmune disease.
Genetic variants that impair innate immune

responses can predispose to T-cell-mediated
chronic inflammatory disease.

15-23

15-24
15-25

External events can initiate autoimmunity.

Infection can lead to autoimmune disease by
providing an environment that promotes lymphocyte
activation.

15-26 Cross-reactivity between foreign molecules on
pathogens and self molecules can lead to antiself
responses and autoimmune disease.

15-27

15-28

Drugs and toxins can cause autoimmune syndromes.

Random events may be required for the initiation
of autoimmunity.

Summary.

Responses to alloantigens and transplant rejection.
15-29 Graft rejection is an immunological response
mediated primarily by T cells.

15-830 Transplant rejection is caused primarily by the strong
immune response to nonself MHC molecules.

15-81  In MHC-identical grafts, rejection is caused by
peptides from other alloantigens bound to graft
MHC molecules.

15-82 There are two ways of presenting alloantigens on the
transplanted donor organ to the recipient’s

T lymphocytes.

Antibodies that react with endothelium cause
hyperacute graft rejection.

15-33

15-34 Late failure of transplanted organs is caused by

chronic injury to the graft.

15-35 A variety of organs are transplanted routinely in

clinical medicine.

15-36 The converse of graft rejection is graft-versus-

host disease.
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15-37 Regulatory T cells are involved in alloreactive
immune responses.

15-38 The fetus is an allograft that is tolerated repeatedly
Summary.

Summary to Chapter 15.

Questions.

References.

Chapter 16 Manipulation of the
Immune Response

Treatment of unwanted immune responses.

16-1  Corticosteroids are powerful anti-inflammatory
drugs that alter the transcription of many genes.
Cytotoxic drugs cause immunosuppression by
killing dividing cells and have serious side-effects.
Cyclosporin A, tacrolimus, rapamycin, and JAK
inhibitors are effective immunosuppressive agents

that interfere with various T-cell signaling pathways.

Antibodies against cell-surface molecules can be
used to eliminate lymphocyte subsets or to inhibit
lymphocyte function.

16-5 Antibodies can be engineered to reduce their
immunogenicity in humans.

16-6  Monoclonal antibodies can be used to prevent
allograft rejection.

16-7  Depletion of autoreactive lymphocytes can treat
autoimmune disease.

Biologics that block TNF-g, IL-1, or IL-6 can
alleviate autoimmune diseases.

16-8
16-9 Biologic agents can block cell migration to sites of
inflammation and reduce immune responses.
16-10 Blockade of co-stimulatory pathways that activate
lymphocytes can be used to treat autoimmune

disease.
16-11  Some commonly used drugs have
immunomodulatory properties.
16-12 Controlled administration of antigen can be used
to manipulate the nature of an antigen-specific
response.

Summary.

Using the immune response to attack tumors.

16-13 The development of transplantable tumors in mice
led to the discovery of protective immune
responses to tumors.

16-14 Tumors are ‘edited’ by the immune system as they

evolve and can escape rejection in many ways.

16-15 Tumor rejection antigens can be recognized by

T cells and form the basis of immunotherapies.
16-16 T cells expressing chimeric antigen receptors are
an effective treatment in some leukemias.
16-17 Monoclonal antibodies against tumor antigens,
alone or linked to toxins, can control tumor growth.
Enhancing the immune response to tumors by
vaccination holds promise for cancer prevention
and therapy.
Checkpoint blockade can augment immune
responses to existing tumors.

16-18

16-19

Summary.
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Fighting infectious diseases with vaccination.
16-20 Vaccines can be based on attenuated pathogens
or material from killed organisms.

16-21 Most effective vaccines generate antibodies that
prevent the damage caused by toxins or that

neutralize the pathogen and stop infection.

16-22 Effective vaccines must induce long-lasting

protection while being safe and inexpensive.
Live-attenuated viral vaccines are usually more
potent than ‘killed’ vaccines and can be made safer
by the use of recombinant DNA technology.

16-23

16-24 Live-attenuated vaccines can be developed by
selecting nonpathogenic or disabled bacteria or by
creating genetically attenuated parasites (GAPs).
16-25 The route of vaccination is an important

determinant of success.

Bordetella pertussis vaccination illustrates the
importance of the perceived safety of a vaccine.
Conjugate vaccines have been developed as a
result of linked recognition between T and B cells.

16-26
16-27
16-28 Peptide-based vaccines can elicit protective

immunity, but they require adjuvants and must

be targeted to the appropriate cells and cell
compartment to be effective.
16-29 Adjuvants are important for enhancing the
immunogenicity of vaccines, but few are approved
for use in humans.
Protective immunity can be induced by DNA-based
vaccination.

16-30

16-31 Vaccination and checkpoint blockade may be

useful in controlling existing chronic infections.
Summary.
Summary to Chapter 16.
Questions.
References.

APPENDICES

Appendix | The Immunologist's Toolbox
A-1.  Immunization.

A-2 Antibody responses.

A-3 Affinity chromatography.

A-4 Radioimmunoassay (RIA), enzyme-linked
immunosorbent assay (ELISA), and competitive
inhibition assay.

A-5 Hemagglutination and blood typing.

A-6 Coombs tests and the detection of rhesus
incompatibility.

A-7 Monoclonal antibodies.

A-8 Phage display libraries for antibody V-region
production.

A-9 Generation of human monoclonal antibodies from
vaccinated individuals.

A-10  Microscopy and imaging using fluorescent dyes.

A-11  Immunoelectron microscopy.

A-12  Immunohistochemistry.

A-13  Immunoprecipitation and co-immunoprecipitation.
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A-14  Immunoblotting (Western blotting). 764
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by mass spectrometry. 764
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on cytokine production or transcription factor

expression. 773
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tetramers. 776
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association and dissociation of antigen receptors

for their ligands. 777
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Immunology is the study of the body’s defense against infection. We are con-
tinually exposed to microorganisms, many of which cause disease, and yet
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 infectious 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 levels.

The beginning of immunology as a science is usually attributed to Edward
Jenner for his work in the late 18th century (Fig. L.1). The notion of immunity—
that surviving a disease confers greater protection against it later—was known
since ancient Greece. Variolation—the inhalation or transfer into superficial
skin wounds of material from smallpox pustules—had been practiced since
at least the 1400s in the Middle East and China as a form of protection against
that disease and was known to Jenner. Jenner had observed that the relatively
mild disease of cowpox, or vaccinia, seemed to confer protection against the
often fatal disease of smallpox, and in 1796, he demonstrated that inoculation
with cowpox protected the recipient against smallpox. His scientific proof
relied on the deliberate exposure of the inoculated individual to infectious
smallpox material two months after inoculation. This scientific test was his
original contribution.

Jenner called the procedure vaccination. This term is still used to describe
the inoculation of healthy individuals with weakened or attenuated strains of
disease-causing agents in order to provide protection from disease. Although
Jenner’s bold experiment was successful, it took almost two centuries for
smallpox vaccination to become universal. This advance enabled the World
Health Organization to announce in 1979 that smallpox had been eradicated
(Fig. 1.2), arguably the greatest triumph of modern medicine.

Jenner’s strategy of vaccination was extended in the late 19th century by the
discoveries of many great microbiologists. Robert Koch proved that infectious
diseases are caused by specific microorganisms. In the 1880s, Louis Pasteur

IN THIS CHAPTER

Fig. 1.1 Edward Jenner. Portrait by John
Raphael Smith. Reproduced courtesy of
VYale University, Harvey Cushing/John Hay
Whitney Medical Library.
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Chapter 1: Basic Concepts in Immunology
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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 vaccination stopped
{upper panel). A few laboratory stocks
have been retained, however, and some
fear that these are a source from which

the virus might reemerge. Ali Maow Maalin
(lower panel) contracted and survived the
last case of smallpox in Somalia in 1977.
Photograph courtesy of Dr. Jason Weisfeld.

devised a vaccine against cholera in chickens, and developed a rabies vaccine
that proved to be a spectacular success upon its first trial in a boy bitten by a
rabid dog.

These practical triumphs led to a search for vaccination’s mechanism of

protection and to the of the science of imm In the

early 1890s, Emil von Shibasaburo Kitasato ed that

immune to diphtheria or tetanus contained a specific

could confer short-lived protection against the effects

of diphtheria or tetanus toxins in people. This activity was later determined

cally to

have a

1899 of

complement, a component of serum that acts in conjunction with antibodies
to destroy pathogenic bacteria.

A specific response against infection by potential pathogens, such as the pro-
duction of antibodies against a particular pathogen, is known as adaptive
immunity, because it develops during the lifetime of an individual as an adap-

ished

gwas

great
Russian immunologist Elie Metchnikoff, who discovered that many micro-
organisms could be engulfed and digested by phagocytic cells, which thus
provide defenses against infection that are nonspecific. Whereas these cells—
which Metchnikoff called 'macrophages'—are always present and ready to act,
adaptive immunity requires time to develop but is highly specific.

It was soon clear that specific an scould bei instava
of substances, called antigens b they could ntibody
tion. Paul Ehrlich advanced the development of an antiserum as a treatment
for diphtheria and developed methods to standardize therapeutic serums.
Today the term antigen refers to any substance recognized by the adaptive
immune system. Typically antigens are common proteins, glycoproteins, and

Prize for their respective work on immunity.

This chapter i the principles of innate and a immunity, the
cells of the im em, the tissues in which they d and the tissues
through which they circulate. We then outline the specialized functions of the
different types of cells by which they eliminate infection.

The origins of vertebrate immune cells.

But some, particularly certain tissue-resident macrophage populations (for
example, the micr the central nervous ginate from the yolk
sack or fetal liver embryonic develop seed tissues before

life f-r
res al
na of
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the lymphatic system. system d cellular fluid and
immune cells from tiss orts them that is eventually
emptied back into the blood system.
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poietic stem cells (HSCs) of the bone marrow. se rise
to all the different types of blood cells, they are as tent

hematopoietic stem cells. The hematopoietic stem cells give rise to 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.

Principles of innate immunity.

In this part of the chapter we will outline the principles of innate immunity
and describe the molecules and cells that provide continuous defense against
invasion by pathogens. Although the white blood cells known as lymphocytes
possess the most powerful ability to recognize and target pathogenic microor-
ganisms, they need the participation of the innate immune system to initiate
and mount their offensive. Indeed, the adaptive immune response and innate
immunity use many of the same destructive mechanisms to eliminate invad-
ing microorganisms.

Commensal organisms cause little host damage while
pathogens damage host tissues by a variety of mechanisms.

We recognize four broad categories of disease-causing microorganisms, or
pathogens: viruses, bacteria and archaea, fungi, and the unicellular and mul-
ticellular eukaryotic organisms collectively termed parasites (Fig. 1.4). These
microorganisms vary tremendously in size and in how they damage host tis-
sues. The smallest are viruses, which range from five to a few hundred nanom-
eters in size and are obligate intracellular pathogens. Viruses can directly kills
cells by inducing lysis during their replication. Somewhat larger are intracel-
lular bacteria and mycobacteria. These can kill cells directly or damage cells
by producing toxins. Many single-celled intracellular parasites, such as mem-
bers of the Plasmodium genus that cause malaria, also directly kill infected
cells. Pathogenic bacteria and fungi growing in extracellular spaces can induce
shock and sepsis by releasing toxins into the blood or tissues. The largest path-
ogens—parasitic worms, or helminths—are too large to infect host cells but
can injure tissues by forming cysts that induce damaging cellular responses in
the tissues into which the worms migrate.

Not all microbes are pathogens. Many tissues, especially the skin, oral mucosa,
conjunctiva, and gastrointestinal tract, are constantly colonized by microbial
communities—called the microbiome—that consist of archaea, bacteria, and
fungi but cause no damage to the host. These are also called commensal
microorganisms, since they can have a symbiotic relationship with the host.
Indeed, some commensal organisms perform important functions, as in the
case of the bacteria that aid in cellulose digestion in the stomachs of rumi-
nants. The difference between commensal organisms and pathogens lies in
whether they induce damage. Even enormous numbers of microbes in the
intestinal microbiome normally cause no damage and are confined within the
intestinal lumen by a protective layer of mucus, whereas pathogenic bacteria
can penetrate this barrier, injure intestinal epithelial cells, and spread into the
underlying tissues.
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Fig. 1.3 All the cellular elements of the blood, including

the cells of the immune system, arise from pluripotent
hematopoietic stem cells in the bone marrow. These pluripotent
cells divide to produce two types of stem cells. A common lymphoid
progenitor gives rise to the lymphoid lineage (blue background) of
white blood cells or leukocytes —the innate lymphoid cells (ILCs) and
natural killer (NK) cells and the T and B lymphocytes. A common
myeloid progenitor gives rise to the myeloid lineage (pink and

yellow backgrounds), which comprises the rest of the leukocytes,
the erythrocytes (red blood cells), and the megakaryocytes that
produce platelets important in blood clotting. T and B lymphocytes
are distinguished from the other leukocytes by having antigen
receptors and from each other by their sites of differentiation—the
thymus and bone marrow, respectively. After encounter with antigen,
B cells differentiate into antibody-secreting plasma cells, while

T cells differentiate into effector T cells with a variety of functions.
Unlike T and B cells, ILCs and NK cells lack antigen specificity.

The remaining leukocytes are the monocytes, the dendritic cells,
and the neutrophils, eosinophils, and basophils. The last three of
these circulate in the blood and are termed granulocytes, because
of the cytoplasmic granules whose staining gives these cells a
distinctive appearance in blood smears, or polymorphonuclear
leukocytes, because of their irregularty shaped nuclel. Immature
dendritic cells (yellow background) are phagocytic cells that enter
the tissues; they mature after they have encountered a potential
pathogen. The majority of dendritic cells are derived from the
common myeloid progenitor cells, but some may also arise from the
common lymphoid progenitor. Monocytes enter tissues, where they
differentiate into phagocytic macrophages or dendritic cells. Mast
cells also enter tissues and complete their maturation there.
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Fig. 1.4 Pathogens vary greatly in size and lifestyle.
Intracellular pathogens include viruses, such as herpes simplex
(first panel), and various bacteria, such as Listeria monocytogenes
(second panel). Many bacteria, such as Staphylococcus aureus
{third panel}, or fungi, such as Aspergiflus fumigates (fourth panel),
can grow in the extracellular spaces and directly invade through

Anatomic and chemical barriers are the first defense against
pathogens.

The host can adopt three strategies to deal with the threat posed by microbes:
avoidance, resistance, and tolerance. Avoidance mechanisms prevent
exposure to microbes, and include both anatomic barriers and behavior
modifications. If an infection is established, resistance is aimed at reducing
or eliminating pathogens. To defend against the great variety of microbes, the
immune system has numerous molecular and cellular functions, collectively
called mediators, or effector mechanisms, suited to resist different categories
of pathogens. Their description is a major aspect of this book. Finally,
tolerance involves responses that enhance a tissue’s capacity to resist damage
induced by microbes. This meaning of the term ‘tolerance’ has been used
extensively in the context of disease susceptibility in plants rather than animal
immunity. For example, increasing growth by activating dormant meristems,
the undifferentiated cells that generate new parts of the plant, is a common
tolerance mechanism in response to damage. This should be distinguished
from the term immunological tolerance, which refers to mechanisms that
prevent an immune response from being mounted against the host’s own
tissues.

Anatomic and chemical barriers are the initial defenses against infection
(Fig. 1.5). The skin and mucosal surfaces represent a kind of avoidance strat-
egy that prevents exposure of internal tissues to microbes. At most anatomic
barriers, additional resistance mechanisms further strengthen host defenses.
For example, mucosal surfaces produce a variety of antimicrobial proteins
that act as natural antibiotics to prevent microbes from entering the body.

If these barriers are breached or evaded, other components of the innate
immune system can immediately come into play. We mentioned earlier the
discovery by Jules Bordet of complement, which acts with antibodies to
lyse bacteria. Complement is a group of around 30 different plasma proteins
that act together and are one of the most important effector mechanisms in
serum and interstitial tissues. Complement not only acts in conjunction with
antibodies, but can also target foreign organisms in the absence of a specific
antibody; thus it contributes to both innate and adaptive responses. We will
€xamine anatomic barriers, the antimicrobial proteins, and complement in
greater detail in Chapter 2.

tissues, as do some archaea and protozoa (third panel). Many
parasites, such as the nematode Strongyloides stercoralis

(fifth panel), are large multicellular organisms that can move
throughout the body in a complex life cycle. Second panel courtesy
of Dan Portnoy. Fifth panel courtesy of James Lok.
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Fig. 1.5 Protection against pathogens
relies on several levels of defense.

The first is the anatomic barrier provided

by the body's epithelial surfaces. Second,
various chemical and enzymatic systems,
including complement, act as an immediate
antimicrobial barrier near these epithelia.

If epithelia are breached, nearby various
innate lymphoid cells can coordinate a rapid
cell-mediated defense. If the pathogen
overcomes these barriers, the slower-acting
defenses of the adaptive immune system
are brought to bear.
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Fig. 1.6 Cell-mediated immunity
proceeds in a series of steps.
Inflammatory inducers are chemical
structures that indicate the presence of
invading microbes or the cellular damage
produced by them. Sensor cells detect
these inducers by expressing various innate
recognition receptors, and in response
produce a variety of mediators that act
directly in defense or that further propagate
the immune response. Mediators include
many cytokines, and they act on various
target tissues, such as epithelial cells, to
induce antimicrobial proteins and resist
intracellular viral growth; or on other
immune cells, such as ILCs that produce
other cytokines that amplify the immune
response.

Fig. 1.7 Phases of the immune response.

1-%  The immune system is activated by inflammatory inducers that
indicate the presence of pathogens or tissue damage.

A pathogen that breaches the host’s anatomic and chemical barriers will
encounter the cellular defenses of innate immunity. Cellular immune
responses are initiated when sensor cells detect inflammatory inducers
(Fig. 1.6). Sensor cells include many cell types that detect inflammatory
mediators through expression of many innate recognition receptors, which
are encoded by a relatively small number of genes that remain constant over
an individual’s lifetime. Inflammatory inducers that trigger these receptors
include molecular components unique to bacteria or viruses, such as bacterial
lipopolysaccharides, or molecules such as ATP, which is not normally found in
the extracellular space. Triggering these receptors can activate innate immune
cells to produce various mediators that either act directly to destroy invading
microbes, or act on other cells to propagate the immune response. For exam-
ple, macrophages can ingest microbes and produce toxic chemical mediators,
such as degradative enzymes or reactive oxygen intermediates, to kill them.
Dendritic cells may produce cytokine mediators, including many cytokines
that activate target tissues, such as epithelial or other immune cells, to resist
or kill invading microbes more efficiently. We will discuss these receptors and
mediators briefly below and in much greater detail in Chapter 3.

Innate immune responses occur rapidly on exposure to an infectious organ-
ism (Fig. 1.7). In contrast, responses by the adaptive immune system take days
rather than hours to develop. However, the adaptive immune system is capa-
ble of eliminating infections more efficiently because of exquisite specificity
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response phagocytosis, and destruction of pathogen
Interaction between antigen-presenting
dendritic cells and antigen-specific T cells:
recognition of antigen, adhesion, co- Hours Days
stimulation, T-cell proliferation and
differentiation
Activation of antigen-specific B cells Hours
Formation of effector and memory T cells Days
Adaptive
pIOIUOE Interaction of T cells with B cells, formation
response of germinal centers. Formation of effector D
B cells (plasma celis) and memory B cells. ays
Production of antibody
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of antigen recognition by its lymphocytes. In contrast to a limited repertoire T ﬁi‘ﬂé :
of receptors expressed by innate immune cells, lymphocytes express highly | Sy el =
specialized antigen receptors that collectively possess a vast repertoire of \‘“'@-

specificity. This enables the adaptive immune system to respond to virtually
any pathogen and effectively focus resources to eliminate pathogens that have
evaded or overwhelmed innate immunity. But the adaptive immune system
interacts with, and relies on, cells of the innate immune system for many of
its functions. The next several sections will introduce the major components
of the innate immune system and prepare us to consider adaptive immunity
later in the chapter.

T
4 !
L2820 =l

Phagocytosis and activation of bactericidal mechanisms
Antigen presentation

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

The common myeloid progenitor (CMP) is the precursor of the macro-
phages, granulocytes (the collective term for the white blood cells called
neutrophils, eosinophils, and basophils), mast cells, and dendritic cells of the |
innate immune system. Macrophages, granulocytes, and dendritic cells make Antigen uptake in peripheral sites
up the three types of phagocytes in the immune system. The CMP also gener- Antigen presentation
ates megakaryocytes and red blood cells, which we will not be concerned with
here. The cells of the myeloid lineage are shown in Fig. 1.8.

Macrophages are resident in almost all tissues. Many tissue-resident mac-
rophages arise during embryonic development, but some macrophages that
arise in the adult animal from the bone marrow are the mature form of mono-
cytes, which circulate in the blood and continually migrate into tissues, where
they differentiate. Macrophages are relatively 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. This phagocytic function provides a first defense in innate
immunity. Macrophages 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 mac-
rophages that perform this important protective function. An additional and
crucial role of macrophages is to orchestrate immune responses: they help
induce inflammation, which, as we shall see, is a prerequisite to a successful
immune response, and they produce many inflammatory mediators that acti-
vate other immune-system cells and recruit them into an immune response.

Local inflammation and the phagocytosis of invading bacteria can also be
triggered by the activation of complement. Bacterial surfaces can activate
the complement system, inducing a cascade of proteolytic reactions that coat
the microbes with fragments of specific proteins of the complement system.

':‘-,1

t

Fig. 1.8 Myeloid cells in innate and adaptive immunity. In the rest of the book, these

cells will be represented in the schematic form shown on the left. A photomicrograph of each e e,
cell type is shown on the right. Macrophages and neutrophils are primarily phagocytic cells Promotion of allergic responses and augmentation
that engulf pathogens and destroy them in intracellular vesicles, a function they perform in of anti-parasitic immunity

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 Ll ==
T lymphocytes and initiating 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 granules upon activation via
antibody during an adaptive immune response. Eosinophils are thought to be involved in
§ttacking large antibody-coated parasites such as worms; basophils are also thought to be
involved In anti-parasite immunity. Mast cells are tissue cells that trigger a local inflammatory -

response to antigen by releasing substances that act on local blood vessels. Mast cells, o
eosinophils, and basophils are also important in allergic responses. Photographs courtesy of Release of Q’anﬂgzvgozaﬂggg iStEmiciang
N. Rooney, R. Steinman, and D. Friend.

&
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Microbes coated in this way are recognized by specific complement receptors
on macrophages and neutrophils, taken up by phagocytosis, and destroyed.
In addition to their specialized role in the immune system, macrophages act
as general scavenger cells in the body, clearing it of dead cells and cell debris.

The granulocytes are named for the densely staining granules in their cyto-
plasm; they are also called polymorphonuclear leukocytes because of their
oddly shaped nuclei. The three types of granulocytes—neutrophils, eosino-
phils, and basophils— are distinguished by the different staining properties of
their granules, which serve distinct functions. Granulocytes are all relatively
short-lived, surviving for only a few days. They mature in the bone marrow,
and their production increases during immune responses, when they migrate
to sites of infection or inflammation. The phagocytic neutrophils are the most
numerous and important cells in innate immune responses: they take up a
variety of microorganisms by phagocytosis and efficiently destroy them in
intracellular vesicles by using degradative enzymes and other antimicrobial
substances stored in their cytoplasmic granules. Hereditary deficiencies in
neutrophil function open the way to overwhelming bacterial infection, which
is fatal if untreated. Their role is discussed further in Chapter 3.

Eosinophils and basophils are less abundant than neutrophils, but like neu-
trophils, they have granules containing a variety of enzymes and toxic proteins,
which are released when these cells are 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. They can also contribute
to allergic inflammatory reactions, in which their effects are damaging rather
than protective.

Mast cells begin development in the bone marrow, but migrate as immature
precursors that mature in peripheral tissues, especially skin, intestines, and
airway mucosa. Their granules contain many inflammatory mediators, such
as histamine and various proteases, which play a role in protecting the inter-
nal surfaces from pathogens, including parasitic worms. We cover eosinopbhils,
basophils, and mast cells and their role in allergic inflammation further in
Chapters 10 and 14.

Dendritic cells were discovered in the 1970s by Ralph Steinman, for which he
received halfthe 2011 Nobel Prize. These cells form the third class of phagocytic
cells of the immune system and include several related lineages whose distinct
functions are still being clarified. Most dendritic cells have elaborate mem-
branous processes, like the dendrites of nerve cells. Immature dendritic cells
migrate through the bloodstream from the bone marrow to enter tissues. They
take up particulate matter by phagocytosis and also continually ingest large
amounts of the extracellular fluid and its contents by a process known as mac-
ropinocytosis. They degrade the pathogens that they take up, but their main
role in the immune system is not the clearance of microorganisms. Instead,
dendritic cells are a major class of sensor cells whose encounter with path-
ogens triggers them to produce mediators that activate other immune cells.
Dendritic cells were discovered because of their role in activating a particular
class of lymphocytes—T lymphocytes—of the adaptive immune system, and
we will return to this activity when we discuss T-cell activation in Section 1-15.
But dendritic cells and the mediators they produce also play a critical role in
controlling responses of cells of the innate immune system.,

1-5 Sensor cells express pattern recognition receptors that
provide an initial discrimination between self and nonself.

Long before the mechanisms of innate recognition were discovered, it was

recognized that purified antigens such as proteins often did not evoke an
immune response in an experimental immunization—that is, they were not
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jmmunogenic. Rather, the induction of strong immune responses against

purified proteins required the inclusio ial such as

killed bacteria or bacterial extracts, fam the st’s ‘dirty

little secret’ by Charles Janeway (see Appendix I, Sections A-1-A-4). This )
additional material was termed an adjuvant, because it helped intensify the mannose TRA:TLR-2

to the immunizing antigen (adjuvare is Latin for ‘to help’). We know
adjuvants are needed, at least in part, to activate innate receptors
on various types of sensor cells to help activate T cells in the absence of an

infection. NOD TLR-4

Macrophages, neutrophils, and dendritic cells are important classes of sensor
cells that detect infection and initiate immune responses by producing inflam-
matory mediators, although other cells, even cells of the adaptive immune
system, € in this function. As mentioned in Section 1-3, these cells glucan scavenger
express a umber of invariant innate recognition receptors as a means receptor receptor
of detecting pathogens or the damage induced by them. Also called pattern
recognition receptors (PRRs), they recognize simple mole(fules and regular Fig. 1.9 Macrophages express a
patterns of molecular structure known as pathogen-associated molecular number of receptors that allow them
patterns (PAMPs) that are part of many microorganisms but not of the host to recognize different pathogens.
body’s own cells. Such structures include mannose-rich oligosaccharides, Macrophages express a variety of receptors,
peptidoglycans, and lipopolysaccharides of the bacterial cell wall, as well as each of which is able to recognize specific
unmethylated CpG DNA common to many pathogens. All of these microbial ~ components of microbes. Some, like
elements have been conserved during evolution, making them excellent tar-  {hé mannose and glucan receptors and

i hange (Fig. 1.9). Some PRRs are the scavenger receptor, .blnd cell-wall
gets for recognition bfacause they do not chang carbohydrates of bacteria, yeast, and
transmembrane proteins, such as the Toll-like receptors (TLRs) that detect fungi. The Toll-like receptors (TLRs) are
PAMPs derived from extracellular bacteria or bacteria taken into vesicular an important family of pattern recognition
pathways by phagocytosis. The role of the Toll receptor in immunity was dis- receptors present on macrophages,
covered first in Drosophila melanogaster by Jules Hoffman, and later extended dendritic cells, and other immune cells. TLRs
to homologous TLRs in mice by Janeway and Bruce Beutler. Hoffman and recognize different microbial components;
Beutler shared the remaining half of the 2011 Nobel Prize (see Section 1-4)  for example, a heterodimer of TLR-1 and
for their work in the activation of innate immunity. Other PRRs are cytoplas- |12 binds certain lipopeptides from

. . . . pathogens such as Gram-positive bacteria,
mic proteins, such as the NOD-like receptors (NLRs) that sense intracellular whils TLR.4 binds both I | harid
R A , A A popolysaccharides

bacterial invasion. Yet other cytoplasmic receptors detect viral infectionbased  §m Gram-negative and lipoteichoic acids
on differences in the structures and locations of the host mRNA and virally from Gram-positive bacteria.
derived RNA species, and between host and microbial DNA. Some receptors
expressed by sensor cells detect cellular damage induced by pathogens, rather
than the pathogens themselves. Much of our knowledge of innate recognition
has emerged only within the past 15 years and is still an active area of discov-
ery. We describe these innate recognition systems further in Chapter 3, and
how adjuvants are used as a component of vaccines in Chapter 16.

Sensor cells induce an inflammatory response by producing
mediators such as chemokines and cytokines.

Activation of PRRs on sensor cells such as macrophages and neutrophils can
directly induce effector functions in these cells, such as the phagocytosis and
degradation of bacteria they encounter. But sensor cells serve to amplify the
immune response by the production of inflammatory mediators. Two impor-
tant categories of inflammatory mediators are the secreted proteins called
cytokines and chemokines, which act in a manner similar to hormones to
convey important signals to other immune cells.
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Fig. 1.10 Infection triggers an
inflammatory response. Macrophages
encountering bacteria or other types of
microorganisms in tissues are triggered to
release cytokines (left panel) that increase
the permeability of blood vessels, allowing
fluid and proteins to pass into the tissues
(center panel). Macrophages 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,

s0 that circulating cells of the immune
system 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 (right panel).
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.

Inflammatory cells migrate
into tissue, releasing
inflammatory mediators
that cause pain

Vasodilation and increased
vascular permeability cause
redness, heat, and swelling
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Inste senting all the cytokines together all at once, we introduce
each as it arises during our description of cellular and functional
responses. We list the cytokines, their producer and target cells, and their gen-
eral functions in Appendix III.

Chemokines are a specialized subgroup of secreted proteins that act as che-
moattractants, attracting cells bearing chemokine receptors, such as neu-

need arises during our descriptions of particular cellular immune processes.

The cytokines and chemokines released by activated macrophages act to
recruit cells from the blood into infected tissues, a process, known as inflam-
mation, that helps to destroy the pathogen. Inflammation increases the flow of
lymph, which carries microbes or cells bearing their antigens from the infected
tissue to nearby lymphoid tissues, where the adaptive immune response is
initiated. Once adaptive immunity has been generated, inflammation also
recruits these effector components to the site of infection.

Inflammation is described clinically by the Latin words calor, dolor, rubor,
and tumor, meaning heat, pain, redness, and swelling. Each of these fea-
tures reflects an effect of cytokines or other inflammatory mediators on the
local blood vessels. Heat, redness, and swelling result from the dilation and
increased permeability of blood vessels during inflammation, leading to
increased local blood flow and leakage of fluid and blood proteins into the
tissues. Cytokines and complement fragments have important effects on the
endothelium that lines blood vessels; the endothelial cells themselves also
produce cytokines in response to infec e alter the adhesive prop-
erties of the endothelial cells and cause g leukocytes 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
m ges and neutrophils, the latter rui the inflamed,
in ssue in large numbers. Macrop ne s are thus also
known as inflammatory cells. The influx of neutrophils is followed a short
time later by the increased entry of monocytes, which rapidly differentiate into
macrophages, th cing and sustaining the innate immune

Later, if the infla continues, eosinophils also migrate into

tissues and contribute to the destruction of the invading microorganisms.
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Innate lymphocytes and natural killer cells are effector cells
that share similarities with lymphoid lineages of the adaptive
immune system.

The common lymphoid progenitor (CLP) in the bone marrow gives rise both
to antigen-specific lymphocytes of the adaptive immune system and to sev-
eral innate lineages that lack antigen-specific receptors. Although the B and
adaptive system were recognized in the 1960s, ! :
K) cells ) of the innate immune system were Releases Wilc grantles that kil some
not discovered until the 1970s. NK cells are large lymphocyte-like cells with a

distinctive granular cytoplasm that were identified because of their ability to Fig. 1.11 Natural killer (NK) cells.

recognize and. ki.ll C(.artain tumor cells and cells infected with herpesviruses. - These are large, granular, lymphoid-like
Initially, the distinction between these cells and T lymphocytes was unclear, cells with important functions in innate
but we now recognize that NK cells are a distinct lineage of cells that arise from immunity, especially against intracellular
the CLP in the bone marrow. They lack the antigen-specific receptors of the  infections, being able to kill other cells.

ive immune system cells, but express members of various families of Unlike lymphocytes, they lack antigen-
adaptive 1m Vi ’ xp specific receptors. Photograph courtesy

innate receptors that can respond to cellular stress and to infections by very of B. Srmith
specific viruses. NK cells play an important role in the early innate response to
viral infections, before the adaptive immune response has developed.

More recently, additional lineages of cells related to NK cells have been identi-
fied. Collectively, these cells are called innate lymphoid cells (ILCs). Arising
from the CLP, ILCs reside in peripheral tissues, such as the intestine, where
they function as the sources of mediators of inflammatory responses. The
functions of NK cells and ILC cells are discussed in Chapter 3.

Summary.

Strategies of avoidance, resistance, and tolerance represent different ways
to deal with pathogens. Anatomic barriers and various chemical barriers
such as complement and antimicrobial proteins may be considered a prim-
itive form of avoidance, and they are the first line of defense against entry of
both commensal organisms and pathogens into host tissues. If these barri-
ers are breached, the vertebrate immune response becomes largely focused
on resistance. Inflammatory inducers, which may be either chemical struc-
tures unique to microbes (PAMPs) or the chemical signals of tissue damage,
act on receptors expressed by sensor cells to inform the immune system of
infection. Sensor cells are typically innate immune cells such as macrophages
or dendritic cells. Sensor cells can either directly respond with effector activ-
ity or produce inflammatory mediators, typically cytokines and chemokines
that act on other immune cells, such as the innate NK cells and ILCs. These
cells then are recruited into target tissues to provide specific types of immune-
response effector activities, such as cell killing or production of cytokines that
have direct antiviral activity, all aimed to reduce or eliminate infection by
pathogens. Responses by mediators in target tissues can induce several types
tory cells that are specially su eliminating viruses, intracel-
a, extracellular pathogens, or es.

Principles of adaptive immunity.
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Chapter 1: Basic Concepts in Immunology

Fig. 1.12 Lymphocytes are mostly small
and inactive cells. The left panel shows

a light micrograph of a small lymphocyte

in which the nucleus has been stained
purple by 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 and the relative absence of
cytoplasm. The right panel shows a
transmission electron micrograph of a
small ymphocyte. 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.

on their surface, by which they recognize and bind antigens. Each lymphocyte
matures bearing a unique variant of a prototype antigen receptor, so that the
are
ho-
can
recognize a given foreign antigen.

A of the une system is that it is capable of gen-
er logical that having been exposed once to an
infectious agent, a person will make an immediate and stronger response
against any subsequent exposure to it; that is, the individual will have protec-
against it. Finding ways of generating long-las ity to
t do not naturally provoke it is one of the greate s fac-
ing immunologists today.

1-8  The interaction of antigens with antigen receptors induces
lymphocytes to acquire effector and memory activity.

There are two major types of lymphocytes in the vertebrate immune system, the

and inct
s an sys-
the ody
pressive small cells with few organelles and
-appearing nuclear chromat . Lymphocytes

manifest little functional activity until they encounter a specific antigen that
interacts with an antigen receptor on their cell surface. Lymphocytes that have
notyet been hocytes; those that
have met the ntiated further into
fully functional lymphocytes are known as effector lymphocytes.

(TCR), is related to the immunoglobulins but is quite distinct in its structure
and recognition properties.

After antigen binds to a B-cell receptor, or B-cell rece the
B cell will proliferate and differ nto plasma cells. These ctor
form of B lymphocytes, and they secrete antibodies that have the same antigen
ity as the plasma cell’s B-cell receptor. Thus the antigen that activates
B cell becomes the target of the antibodies produced by that B cell’s

progeny.
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Principles of adaptive immunity.

Fig. 1.13 Schematic structure of antigen receptors. Upper 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 chai chain e) \rlsgligle
(shaded thea lig (antigen-
chein, wi rts of to ion binding site)
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. Lower panel: a T-cell antigen receptor. This is also

composed of two chains, an a chain (yellow) and a B chain (green), each of which has a constant region
variable and a constant part. As with the antibody molecule, the variable parts of the two (effector function)
chains create a variable region, which forms the antigen-binding site. The T-cell receptor is

not produced in a secreted form.

When a T cell first encounters an antigen that its receptor can bind, it prolifer-

ates and differentiates into one of several different functional types of effector

T lymphocytes. When effector T cells subsequently detect antigen, they can

manifest three broad classes of activity. Cytotoxic T cells kill other cells that o P

are infected with viruses or other intracellular pathogens bearing the antigen. vari'able fb F{gz{ﬂ "
Helper T cells provide signals, often in the form of specific cytokines that acti- (antigen-binding site)
vate the functions of other cells, such as B-cell production of antibody and constant region

macrophage killing of engulfed pathogens. Regulatory T cells suppress the
activity of other lymphocytes and help to limit the possible damage of immune
responses. We discuss the detailed functions of cytotoxic, helper, and regula-
tory T cells in Chapters 9, 11, 12, and 15.

Some of the B cells and T cells activated by antigen will differentiate into mem-
ory 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 11.

Antibodies and T-cell receptors are composed of constant and
variable regions that provide distinct functions.

Antibodies were studied by traditional biochemical techniques long before
recombinant DNA technology allowed the study of the membrane-bound
forms of the antigen receptors on B and T cells. These early studies found
that antibody molecules are composed of two distinct regions. One is a con-
stant region, also called the fragment crystallizable region, or Fc region,
which takes one of only four or five biochemically distinguishable forms (see
Fig. 1.13). The variable region, by contrast, can be composed of a vast num-
ber of different amino acid sequences that allow antibodies to recognize an
equally vast variety of antigens. It was the uniformity of the Fc region relative
1ly analysis by X-ray crystal

who shared the 1972 Nobel
Tl'he antibody molecule is co of two identic chains and two
identical light chains. Heavy tchains eachh ble and constant
d of the antibody, that is, how
li 11s to dispose of antigen once
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antibody

epitope

antigen

antibody

Fig. 1.14 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 (shown here in the same color
as the epitopes they bind). Antibodies
generally recognize epitopes on the surface
of the antigen.

Fig. 1.15 T-cell receptors bind a
complex of an antigen fragment and
a self molecule. Unlike most antibodies,
T-cell receptors can recognize epitopes
that are buried within antigens (first panel).
These antigens must first be degraded by
proteases {second panel) and the peptide
epitope delivered to a self molecule, called
an MHC molecule (third panel). It is in this
form, as a complex of peptide and MHC
molecule, that antigens are recognized by
T-cell receptors (TCRs; fourth panel).

The T-cell receptor shows many similarities to the B-cell receptor and anti-
body (see Fig. 1.13). It is composed of two chains, the TCR o.and f chains, that
are roughly equal in size and which span the T-cell membrane. Like antibody,
each TCR chain has a variable region and a constant region, and the combi-
nation of the a- and B-chain variable regions creates a single site for binding
antigen. The structures of both antibodies and T-cell receptors are described
in detail in Chapter 4, and functional properties of antibody constant regions
are discussed in Chapters 5 and 10.

1-10 Antibodies and T-cell receptors recognize antigens by
fundamentally different mechanisms.

In principle, almost any chemical structure can be recognized as an antigen by
the adaptive immune system, but the usual antigens encountered in an infec-
tion are the proteins, glycoproteins, and polysaccharides of pathogens. An
individual antigen receptor or antibody recognizes a small portion of the anti-
gen’s molecular structure, and the part recognized is known as an antigenic
determinant or epitope (Fig. 1.14). Typically, proteins and glycoproteins have
many different epitopes that can be recognized by different antigen receptors.

Antibodies and B-cell receptors directly recognize the epitopes of native anti-
gen in the serum or the extracellular spaces. It is possible for different anti-
bodies to simultaneously recognize an antigen by its different epitopes; such
simultaneous recognition increases the efficiency of clearing or neutralizing
the antigen.

Whereas antibodies can recognize nearly any type of chemical structure, T-cell
receptors usually recognize protein antigens and do so very differently from
antibodies. The T-cell receptor recognizes a peptide epitope derived from
a partially degraded protein, but only if the peptide is bound to specialized
cell-surface glycoproteins called MHC molecules (Fig. 1.15). The members
of this large family of cell-surface glycoproteins are encoded in a cluster of
genes called the major histocompatibility complex (MHC). The antigens
recognized by T cells can be derived from proteins arising from intracellular
pathogens, such as a virus, or from extracellular pathogens. A further differ-
ence from the antibody molecule is that there is no secreted form of the T-cell
receptor; the T-cell receptor functions 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. We will further describe how epitopes from
antigens are placed on MHC proteins in Chapter 6 and how T cells carry out
their subsequent functions in Chapter 9.

The epitope peptide | | The T-cell receptor
binds to a self binds to a complex of
molecule, an MHC MHC molecule and
molecule epitope peptide
epitope
IN % 5 N peptide

oY
A
=
=
N
Y

MHC
molecule
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Antigen-receptor genes are assembled by somatic gene
rearrangements of incomplete receptor gene segments.

The innate immune system detects inflammatory stimuli by means of a rel-
atively limited number of sensors, such as the TLR and NOD proteins, num-
bering fewer than 100 different types of proteins. Antigen-specific receptors of
adaptive immunity provide a seemingly infinite range of specificities, and yet
are encoded by a finite number of genes. The basis for this extraordinary range
of specificity was discovered in 1976 by Susumu Tonegawa, for which he was
awarded the 1987 Nobel Prize. Immunoglobulin variable regions are inherited
as sets of gene segments, each encoding a part of the variable region of one
of the immunoglobulin polypeptide chains. During B-cell development in the
bone marrow, these gene segments are irreversibly joined by a process of DNA
recombination to form a stretch of DNA encoding a complete variable region.
A similar process of antigen-receptor gene rearrangement takes place for the
T-cell receptor genes during development of T cells in the thymus.

Just a few hundred different gene segments can combine in different ways to
generate thousands of different receptor chains. This combinatorial diversity
allows a small amount of genetic material to encode a truly staggering diver-
sity of receptors. During this recombination process, the random addition or
subtraction of nucleotides at the junctions of the gene segments creates addi-
tional diversity known as junctional diversity. Diversity is amplified further
by the fact that each antigen receptor has two different variable chains, each
encoded by distinct sets of gene segments. We will describe the gene rear-
rangement process that assembles complete antigen receptors from gene seg-
ments in Chapter 5.

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

There are two critical features of lymphocyte development that distinguish
adaptive immunity from innate immunity. First, the process described above
that assembles antigen receptors from incomplete gene segments is carried
out in a manner that ensures that each developing lymphocyte expresses
only one receptor specificity. Whereas the cells of the innate immune system
express many different pattern recognition receptors and recognize features
shared by many pathogens, the antigen-receptor expression of lymphocytes
is ‘clonal, so that each mature lymphocyte differs from others in the specific-
ity of its antigen receptor. Second, because the gene rearrangement process
irreversibly changes the lymphocyte’s DNA, all its progeny inherit the same
receptor specificity. Because this specificity is inherited by a cell’s progeny, the
proliferation of an individual lymphocyte forms a clone of cells with identical
antigen receptors.

re
at

nd

to

A single progenitor cell gives rise to
a large number of lymphocytes, each
with a different specificity

O

Removal of potentially self-reactive
immature lymphocytes by clonal deletion

self antigens self antigens

Pool of mature naive lymphocytes

g

foreign antigen

Proliferation and differentiation of activated
specific lymphocytes to form a clone
of effector cells

Effector cells eliminate antigen

Fig. 1.16 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 (red dot)
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 celis. Once
antigen has been eliminated by these
effector cells, the immune response ceases,
although some lymphocytes are retained to
mediate immunological memory.

MS&D Exhibit 1039, Page 32 of 166



Postulates of the clonal selection hypothesis

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

interaction 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 self molecules are deleted at an
early stage in lymphoid cell development and are therefore absent from the repertoire
of mature lymphocytes

Fig. 1.17 The four basic principles of clonal selection.

of antibody production; its four basic postulates are listed in Fig. 1.17. Clonal
selection of lymphocytes is the single most important principle in adaptive
immunity.

-1 Lymphocytes with self-reactive receptors are normally
eliminated during development or are functionally inactivated.

When Burnet formulated his theory, nothing was known of the antigen recep-
tors or indeed the function of lymphocytes themselves. In the early 1960s,
James Gowans discovered that removal of the small lymphocytes from rats
resulted in the loss of all known adaptive immune responses, which were
restored when the small lymphocytes were replaced. This led to the realiza-
tion that lymphocytes must be the units of clonal selection, and their biology
became the focus of the new field of cellular immunology.

Clonal selection of lymphocytes with diverse receptors elegantly explained

0

0

]
react against an I's own gens. How are lymphocytes pre-
vented from rec native 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 thus a shared placen-
tal blood circulation, were immunologically unresponsive, or tolerant, to
one another’s tissues. Peter Medawar then showed in 1953 that exposure
to foreign tissues during embryonic development caused mice to become
immunologically tolerant to these tissues. Burnet proposed that developing
lymphocytes that are potentially self-r are removed before they can
mature, a process known as clonal de Medawar and Burnet shared
the 1960 Nobel Prize for their work on tolerance. This process was demon-
strated to occur experimentally in the late 1980s. Some lymphocytes that
receive either too much or too little signal through their antigen receptor

du opment are eliminated by a form of cell suicide called apopto-
sis from a Greek word meaning the falling of leaves from trees—
or pro ther types of mechanisms of immunological
tolera d since then that rely on the induction of an

inactive state, called anergy, as well as mechanisms of active suppression
of self-reactive lymphocytes. Chapter 8 will describe lymphocyte devel-
opment and tolerance mechanisms that shape the lymphocyte receptor
repertoire. Chapters 14 and 15 will discuss how immune tolerance mecha-
nisms can sometimes fail.
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Lymphocytes mature in the bone marrow or the thymus and
then congregate in lymphoid tissues throughout the body.

Lymphocyte n the blood and are also found
numbers in tissues or ans, which are or
aggregates of lymphocytes in a framework of nonlymphoid cells. Lymphoid
organs can be divided broadly into the central or primary lymphoid organs,
where lymphocytes are generated, and the peripheral or secondary lym-
phoid 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 lymphoid
organs comprise the lymph nodes, the spleen, and the mucosal lymphoid tis-
sues of the gut, the nasal and respiratory tract, the urogenital tract, and other
mucosa. The locations of the main lymphoid tissues are shown schematically
in Fig. 1.18; we describe the individual peripheral lymphoid organs in more
detail later in the chapter. Lymph nodes are interconnected by a system of lym-
phatic vessels, which drain extracellular fluid from tissues, carry it through the
lymph nodes, and deposit it back into the blood.

The progenitors that give rise to B and T lymphocytes originate in the bone
marrow. B cells complete their development within the bone marrow.
Although the ‘B’ in B lymphocytes originally stood for the bursa of Fabricius,
a lymphoid organ in young chicks in which lymphocytes mature, it is a use-
ful mnemonic for bone marrow. The immature precursors of T lymphocytes
migrate to the thymus, from which they get their name, and complete their
development there. Once they have completed maturation, both types of lym-
phocytes enter the bloodstream as mature naive lymphocytes and continu-
ously circulate through the peripheral lymphoid tissues.

adenoid
tonsil

left subclavian vein
thymus

right subclavian vein

lymph node heart

thoragic duct

kidney spleen
Peyer’s patch in
small intestine
appendix large intestine

lymphatics bone marrow

Fig. 1.18 The distribution of lymphoid
tissues in the body. Lymphocytes arise
from stem cells in bone marrow and
differentiate in the central lymphoid organs
(yellow)—B 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 iymphoid organs are the
sites of lymphocyte activation by antigen,
and lymphocytes recirculate between

the blood and these organs 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,
as well as 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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Fig. 1.19 Dendritic cells initiate adaptive
immune responses. Immature dendritic
cells residing 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 nonphagocytic
dendritic cells that express both antigen
and the co-stimulatory molecules necessary
to activate a naive T cell that recognizes the
antigen. Thus the dendritic cells stimulate
lymphocyte proliferation and differentiation.

MOVIE 1.1 u

Fig. 1.20 Dendritic cells form a key link
between the innate immune system
and the adaptive immune system. Like
the other cells of innate immunity, dendritic
cells recognize pathogens via invariant cell-
surface receptors for pathogen molecules
and are activated by these stimuli early in
an infection. Dendritic cells in tissues are
phagocytic; they are specialized to ingest
a wide range of pathogens and to display
their antigens at the dendritic cell surface in
a form that can be recognized by T cells.

Mature dendritic cells activate
naive T cells in iymphoid

. Dendritic cells inlgrate via

Immature dendritic cells reside lymphatic vessels o regional

in peripheral tissues

lymph nodes organs such as lymph nodes
/ 9 e ©
? @ Teells
WS o

=
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0 WO T cells
—macropinosome

¥

Adaptive immune responses are initiated by antigen and
antigen-presenting cells in secondary lymphoid tissues.

=

Adaptive immune responses are initiated when B or T lymphocytes encoun-
ter antigens for which their receptors have specific reactivity, provided that
there are appropriate inflammatory signals to support activation. For T cells,
this activation occurs via encounters with dendritic cells that have picked up
antigens at sites of infection and migrated to secondary lymphoid organs.
Activation of the dendritic cells’ PRRs by PAMPs at the site of infection stim-
ulates the dendritic cells in the tissues to engulf the pathogen and degrade it
intracellularly. They also take up extracellular material, including virus parti-
cles and bacteria, by receptor-independent macropinocytosis. These processes
lead to the display of peptide antigens on the MHC molecules of the dendritic
cells, a display that activates the antigen receptors of lymphocytes. Activation
of PRRs also triggers the dendritic cells to express cell-surface proteins called
co-stimulatory molecules, which support the ability of the T lymphocyte to
proliferate and differentiate into its final, fully functional form (Fig. 1.19). For
these reasons dendritic cells are also called antigen-presenting cells (APCs),
and as such, they form a crucial link between the innate immune response and
the adaptive immune response (Fig. 1.20). In certain situations, macrophages
and B cells can also act as antigen-presenting cells, but dendritic cells are the
cells that are specialized in initiating the adaptive immune response. Free
antigens can also stimulate the antigen receptors of B cells, but most B cells
require ‘help’ from activated helper T cells for optimal antibody responses.
The activation of naive T lymphocytes is therefore an essential first stage in
virtually all adaptive immune responses. Chapter 6 returns to dendritic cells to
discuss how antigens are processed for presentation to T cells. Chapters 7 and
9 discuss co-stimulation and lymphocyte activation. Chapter 10 describes how
T cells help in activating B cells.

Dendritic cells form the bridge between innate and adaptive immune responses

<:> Adaptive immunity

-

Innate immunity

Granulocytes |
(or polymorphonuclear leukocytes)

u Be ©
g ¥
neutrophil  eosinophil basophil monocyte dendritic cell B cell Teell

[
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Lymphocytes and
Iymph return to blood
via the thoracic duct

are returned to the bloodstream via the lymphatic system.

heart
Lymphocytes encounter and respond to antigen in the .

peripheral lymphoid organs.

Antigen and lymphocytes eventually encounter each other in the periph-
eral lymphoid organs—the lymph nodes, spleen, and mucosal lymphoid
tissues (see Fig. 1.18). Mature naive lymphocytes are continually recirculat-
ing through these tissues, to which pathogen antigens are carried from sites
of infection, primarily by dendritic cells. The peripheral lymphoid organs mgh
are specialized to trap antigen-bearing dendritic cells and to facilitate the
initiation of adaptive immune responses. Peripheral lymphoid tissues are

composed of aggregations of lymphocytes in a framework of nonleukocyte infected
stromal cells, which provide both the basic structural organization of the tis- E:;Egera
sue and survival signals to help sustain the life of the lymphocytes. Besides

lymphocytes, peripheral lymphoid organs also contain resident macrophages Antigens from sites of infection
and dendritic cells. reach lymph nodes via lymphatics

When an infection occurs in a tissue such as the skin, free antigen and antigen-
bearing dendritic cells travel from the site of infection through the afferent
lymphatic vessels into the draining lymph nodes (Fig. 1.21)—peripheral
lymphoid tissues where they activate antigen-specific lymphocytes.
The activated lymphocytes then undergo a period of proliferation and
differentiation, after which most leave the lymph nodes as effector cells via
the efferent lymphatic vessel. This eventually returns them to the bloodstream
(see Fig. 1.18), which then carries them to the tissues where they will act. This
whole process takes about 4-6 days from the time that the antigen is recognized,
which means that an adaptive immune response to an antigen that has not
been encountered before does not become effective until about a week after
infection (see Fig. 1.7). Naive lymphocytes that do not recognize their antigen
also leave through the efferent lymphatic vessel and are returned to the blood,
from which they continue to recirculate through lymphoid tissues until they
recognize antigen or die.

The lymph nodes are highly organized lymphoid organs located at the points
of convergence of vessels of the lymphatic system, which is the extensive sys-
tem that collects extracellular fluid from the tissues and returns it to the blood
(see Fig. 1.18). This extracellular fluid is produced continuously by filtration
from the blood and is called lymph. Lymph flows away from the peripheral
tissues under the pressur its production, and is carried
by lymphatic vessels, or 0 es in the lymphatic vessels
prevent a reverse flow, and the movements of one part of the body in relation
to another are important in driving the lymph along.

As noted above, afferent lymphatic vessels drain fluid from the tissues and

node, attracted by chemokines. The same chemokines also attract lympho-
Cytes from the blood, and these enter lymph nodes by squeezing through the
walls of specialized blood vessels called high endothelial venules (HEV),

peara dothe-
odes, ized in
of the s more
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A lymph node

cortical sinus

secondary
lymphoid follicle
(with germinal center)

afferent
lymphatic vessel

paracortical area
(mostly T cells)

germinal center

ani lymph no at left in

fa in longitud lymph node

ou ex and an The cortex
is composed of an outer cortex of B cells organized into lymphoid
follicles and of adjacent, or paracortical, areas made up mainly of
T cells and dendritic cells. When an immune response is under way,
some of the follicles—known as secondary lymphoid follicles —
contain central areas of intense B-cell proliferation called germinal
centers. These reactions are very dramatic, but eventually die out
as germinal centers be escent. Lymph draining from the
extracellular spaces of carries antigens in phagocytic

d follicle
B cells)

medullary cords
{macrophages
and plasma cells)

medullary sinus

artery
vein

efferent
lymphatic vessel

senescent
germinal center

marginal sinus

cells s from
h nod These ly
sinus e node s

via 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

specific antigen and thus become activated.
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venous
sinus

trabecular
vein

trabecular _— ]
artery | Longitudinal section of white pulp

+—— B-cell corona ——
germinal center —
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perifollicular
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——central arteriole
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Fig. 1.23 Organization of the lymphoid tissues of the spleen.
The schematic at top left shows that the spleen consists of red pulp

of lymphocytes. In each area of white pulp, blood carrying both
lymphocytes and antigen flows from a trabecular artery into a

(pink areas), which is a site of red blood cell destruction, interspersed

central arteriole. From this arteriole smaller blood vessels fan out,

s with the lymphoid white pulp. An enlargement of a small section eventually terminating in a specialized zone in the human spleen
n of a human spleen (top right) shows the arrangement of discrete called the perifollicular zone (PFZ), which surrounds each marginal
y areas of white pulp (yellow and blue) around central arterioles. zone. Cells and antigen then pass into the white pulp through open
d Most of the white pulp is shown in transverse section, with two blood-filled spaces in the perifollicular zone. The light micrograph
e portions in longitudinal section. The two schematics below this at bottom left shows a transverse section of white pulp of human
5 diagram show enlargements of a transverse section (bottom center) spleen immunostained for mature B cells. Both follicle and PALS are
e and longitudinal section (bottom right) of white pulp. Surrounding surrounded by the perifollicular zone. The follicular arteriole emerges
i the central arteriole is the periarteriolar lymphoid sheath (PALS), in the PALS (arrowhead at bottom), traverses the follicle, goes
made up of T cells. Lymphocytes and antigen-loaded dendritic through the marginal zone, and opens into the perifollicular zone
cells come together here. The follicles consist mainly of B cells; (upper arrowheads). Co, follicular B-cell corona; GC, germinal center;
h in secondary follicles, a germinal center is surrounded by a B-cell MZ, marginal zone; RP, red pulp; arrowheads, central arteriole.
. corona. The follicles are surrounded by a so-called marginal zone Photograph courtesy of N. M. Milicevic.
& areas of white pulp. The sheath of lymphocytes around an arteriole is called
Z the periarteriolar lymphoid sheath (PALS) and contains mainly T cells.
. Lymphoid follicles occur at intervals along it, and these contain mainly B cells.
l>s An area called the marginal zone surrounds the follicle; it has few T cells, is

rich in macrophages, and has a resident, noncirculating population of B cells
known as marginal zone B cells. These B cells are poised to rapidly produce
antibodies that have low affinity to bacterial capsular polysaccharides. These
h antibodies, which are discussed in Chapter 8, provide some degree of pro-
i, tection before the adaptive immune response is fully activated. Blood-borne
o microbes, soluble antigens, and antigen:antibody complexes are filtered from
d

s

W

the blood by macrophages and immature dendritic cells within the marginal
zone. Like the migration of immature dendritic cells from peripheral tissues

is to the T-cell areas of lymph nodes, dendritic cells in the marginal zones in the
1- spleen migrate to the T-cell areas after taking up antigen and becoming acti-
d vated; here they are able to present the antigens they carry to T cells.
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Peyer’s patches are covered by an epithelial layer containing specialized cells called M cells, which have characteristic membrane ruffles

M
cel
epithelium

cenier

follicle
efferent
lymphatics

Fig. 1.24 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 follicles with germinal
centers. The areas between follicles are
occupied by T cells and are therefore
called 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 a mouse. The
Peyer's patch can be seen lying beneath
the epithelial tissues. GC, germinal center;
TDA, T-cell dependent area. Panel b,

a scanning electron micrograph of the
follicle-associated epithelium boxed in
panel a, shows the M cells, which lack the
microvilli and the mucus layer present on
normal epithelial cells. Each M cell appears
as a sunken area on the epithelial surface.
Panel ¢, a higher-magnification view of

the boxed area in panel b, shows the
characteristic ruffled surface of an M cell.

M cells are the portal of entry for many
pathogens and other particles. Panel a,
hematoxylin and eosin stain, magnification
x100; panel b, x5000; panel ¢, x23,000.

dome

.17 Mucosal surfaces have specialized immune structures that
orchestrate responses to environmental microbial encounters.

carry out their effector actions.

immune system is discussed in Chapter 12.

recirculate.

Because they are involved in initiating adaptive immune responses, the
peripheral lymphoid tissues are not static structures but vary quite markedly,
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swollen glands.

Finally, spec p ns of lymphoc e lymphoid cells can
be found dis d out particular dy rather than being
found in organized lymphoid tissues. Such sites include the liver and the lam-

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

The great diversity of lymphocyte receptor repertoire means that there will
usually be some lymphocytes bearing a receptor for any given foreign anti-
gen. Recent experiments suggest this number to be perhaps a few hundred
per mouse, certainly not enough to mount a response against a pathogen. To
generate sufficient antigen-specific effector lymphocytes to fight an infec-
tion, a lymphocyte with an appropriate receptor specificity is activated first
to proliferate. Only when a large clone of identical cells has been produced do
these finally differentiate into effector cells, a process that requires 4 to 5 days.
This means that the adaptive immune response to a pathogen occurs several
days after the initial infection has occurred and been detected by the innate
immune system.

On recognizing its specific antigen on an activated antigen-presenting cell, a
naive lymphocyte stops migrating, the volume of the nucleus and cytoplasm
increases, and new mRNAs and new proteins are synthesized. Within a few
hours, the cell looks completely different and is known as a lymphoblast.

plasma cells, which secrete antibody. In the case of T cells, the effector cells
T are able to destroy infected cells, or helper
te f the immune system (see Section 1-8).

Effector lymphocytes do not recirculate like naive lymphocytes. ffec-
tor T cells detect sites of infection and migrate into them from th oth-
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Chapter 1: Basic Concepts in Immunology

Fig. 1.25 The course of a typical
antibody response. The first encounter
with an antigen produces a primary

response. Antigen A introduced at time Antibody .

zero encounters little specific antibody in (mgemi~! serum) 10

the serum. After a lag phase (light blue), s ag

antibody against antigen A (dark blue) 10 phase

appears; its concentration rises to a plateau 102

and then gradually declines, typical of

a primary response. When the serum is 10}

tested for antibody against another antigen,

B (yellow), there is little preset. When the 100

animal is later challenged with a mixture of

antigens A and B, a very rapid and intense 107

antibody secondary response to A occurs,

illustrating immunological memory. This is 102

the main reason for giving booster injections response to
after an initial vaccination. Note that the 107 antigen B
response to B resembles the primary

response to A, as this is the first encounter 4 8 12 16 20 64 68 72
with antigen B. Days

affinity maturation in Chapters 5 and 10.

The cellular basis of immunological memory is the clonal expansion and
clonal differentiation of cells that have a specific attraction for the eliciting
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immune response.

Each lymphocyte carries cell-surface receptors of a single antigen specificity.
These receptors are generated by the random recombination of variable recep-
and the pairing of distinct variable heavy
immunoglobulins, or the two chains rs. The
large an of can recognize virtually any
antigen. iat nate immune response fails
to eliminate a new infection and activated antigen-presenting cells—typically
dendritic cells that bear antigens from pathogens and co-stimulatory recep-
tors—migrate to the draining lymphoid tissues.

Immune responses are initiated in several peripheral lymphoid tissues. The
spleen serves as a filter for blood-borne infections. Lymph nodes draining var-
ious tissues and the mucosal and gut-associated lymphoid tissues (MALT and
GALT) are organized into specific zones where T and B cells can be activated
efficiently by antigen-presenting cells or helper T cells. When a recirculating
lymphocyte encounters its corresponding antigen in these peripheral lym-
phoid tissues, it proliferates, and its clonal progeny differentiate into effector
T and B lymphocytes that can eliminate the infectious agent. A subset of these
proliferating lymphocytes differentiates into memory cells, ready to respond
rapidly to the same pathogen if it is encountered 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 immunity.

For activated innate and adaptive immune cells to destroy pathogens, they
must employ an appropriate effector mechanism suited to each infecting
agent. The different types of pathogens noted in Fig. 1.26 have different life-
styles and require different res for both their recognition

destruction. Perhaps it is not su , then, that defenses agains

pathogen types are organized into effector modules suited for these different
lifestyles. In this sense, an effector module is a collection of cell-mediated and
humoral mechanisms, both innate and adaptive, that act together to achieve

The immune system protects against four classes of pathogens

Type of pathogen Examples Diseases
) . Variola Smallpox
Viruses {intracellular) Influenza Flu
Varicella Chickenpox
| i Mycobacterium leprae Leprosy
ﬂgﬁ]ctzlzllélas;r bacteria Leishmania donovani Leishmaniasis
parasites Plasmodium falciparum Malaria
Toxoplasma gondii Toxoplasmosis
Streptococcus pneumoniae Pneumonia
Extracellular bacteria, Clostridium tetani Tetanus

parasites, fungi

Trypanosoma brucei

Sleeping sickness

Pneumocystis jirovecii Pneumocystis pneumonia i
. Fig. 1.26 The major types of pathogens
Parasitic worms {extracellular) éi'z‘/?srgsoma éﬁﬁ?srtlzgfmiasis confronting the immune system, and
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lular pathogens by helping B cells make antibody.

Most of the other effector mechanisms used by an adaptive immune response

We begin this section by outlining the effe s of an s, which
depend almost entirely on recruiting cells an softhe immune
system.

1-19 Innate immune responses can select from several effector
modules to protect against different types of pathogens.

As we mentioned in Section 1-7, the innate immune system contains several

As mentioned in Section 1-6, there are umber of cytokines with dif-
ferent functions (see Appendix III). A co way to organize the effects of
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ot Fig. 1.27 Innate and adaptive

b lymphocyte cells share a variety of

hy functions. The different effector modules
NK cells, CD8 T celis are served by both innate and adaptive

)(i Cytotoxicity immune mechanisms. For each of the four

’ Elimination of virally infected and metabolically stressed cells major types of innate lymphocytes, there is

5- a corresponding type of T cell with generally

)t LC1 T4 cell similar functional characteristics. Each set

e inraceliuar immunity Iyt cells of innate lymphocyte and T cell exert an

. (Type 1) effector activity that is broadly directed at a

e Elimination of intracellular pathogens; activation of macrophages distinct category of pathogen.

-

°r . ILC2, Ty2 cells

1- Mucosal and barrier

immunity (Type 2) Elimination and expulsion of parasites; recruitment of eosinophils,

basophils, and mast cells

ILC3, T417 celis

e Extraceliular immunity

it. (Type 3) Elimination of extracellular bacteria and fungi; recruitment

d and activation of neutrophils

a-

gs

Antibodies protect against extracellular pathogens and their

. toxic products.

e Antibodies are found in plasma—the fluid component of blood—and in extra-
cellular fluids. Because body fluids were once known as humors, immunity
mediated by antibodies is known as humoral immunity.

Antibodies are Y-shaped molecules with two identical antigen-binding sites
and one constant, or Fc, region. As mentioned in Section 1-9, there are five

) forms of the constant region of an antibody, known as the antibody classes

al or isotypes. The constant region determines an antibody’s functional proper-

.l ties—how it will engage with the effector mechanisms that dispose of antigen

n once it is recognized. Each class carries out its particular function by engaging

es a distinct set of effector mechanisms. We describe the antibody classes and

n their actions in Chapters 5 and 10.

rs.

ly The first and most direct way in which antibodies can protect against patho-

ce gens or their products is by binding to them and thereby blocking their access

ns to cells that they might infect or destroy (Fig. 1.28, left panels). This is known as

d neutralization and is important for protection against viruses, which become

er prevented from entering cells and replicating, and against bacterial toxin and
is the form of immunity elicited by most vaccines.

if-
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Chapter 1: Basic Concepts in Immunology

Fig. 1.28 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
cannot. 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 center panels show opsonization and
phagocytosis of a bacterial cell. Antibody
first binds to antigens (red) on the bacterial
cell through the variable regions. Then the
antibody’s Fc region binds to Fc receptors
(yellow) expressed by macrophages and
other phagocytes, facilitating phagocytosis.
The right panels show activation of the
complement system by antibodies coating
a bacterial cell. Bound antibodies form a
platform that activates the first protein in
the complement system, which deposits
complement proteins (blue) on the surface
of the bacterium. This can lead in some
cases to formation of a pore that lyses

the bacterium directly. More generally,
complement proteins on the bacterium can
be recognized by complement receptors on
phagocytes; this stimulates the phagocytes
to ingest and destroy the bacterium. Thus,
antibodies target pathogens and their toxic
products for disposal by phagocytes.

Specific antibody

7

Bacterial toxins Bacteria in extracellular space Bacteria in plasma
cell with
receptors
for toxin macrophage
Neutralization Opsonization
Ingestion by macrophage Ingestion by macrophage Lysis and ingestion
4 } }

microbial activation alone. Thus, once antibodies are produced, complement
activation against a pathogen can be substantially increased.
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T cells orchestrate cell-mediated immunity and regulate B-cell
responses to most antigens.

Some bacteria and parasites, and all viruses, replicate inside cells, where they
cannot be detected by antibodies, which access only the blood and extra-
cellular space. The destruction of intracellular invaders is the function of
the T lymphocytes, which are responsible for the cell-mediated immune
responses of immunity. But T lym participate in responses
to a wide vari hogens, including ext organisms, and so must
exert a wide variety of effector activities.

T lymphocytes, of which there are several types, develop in the thymus. They
are characterized by the type of T-cell receptors they express and by the
expression of certain markers. The two main classes of T cells express either
a cell-surface protein called CD8 or another called CD4. These are not just
random markers, but are important for a T cell’s function, because they help
to determine the interactions between the T cell and other cells. Recall from
Section 1-10 that T cells detect peptides derived from foreign antigens that
are displayed by MHC molecules on a cell’s surface. CD8 and CD4 function in
antigen recognition by recognizing different regions of MHC molecules and
by being involved in the signaling of the T-cell receptor that is engaged with
its antigen. Thus, CD4 and CD8 are known as co-receptors and they provide a
functional difference between CD8 and CD4 T cells,

Importantly, there are two main types of MHC molecules, called MHC class I
and MHC class II. These have slightly different structures, but both have an
elongated groove on the outer surface that can bind a peptide (Fig. 1.29). The
peptide becomes trapped in this groove during the synthesis and assembly
of the MHC molecule inside the cell, and the peptide:MHC complex is then
transported to the cell surface and displayed to T cells (Fig. 1.30). Because CD8
recognizes a region of the MHC class I protein while CD4 recognizes a region
of MHC class II protein, the two co-receptors functionally distinguish T cells.
Therefore, CD8 T cells selectively recognize peptides that are bound to MHC
class I molecules, while CD4 T cells recognize peptides presented by MHC
class IL.

The most direct action of T cells is cytotoxicity. Cytotoxic T cells are effector
T cells that act against cells infected with viruses. Antigens derived from the

Virus infects cell Viral proteins synthesized

Peptide fragments of viral proteins

The effector mechanisms of immunity

MHC class | MHC class Il

peptide

cell membrane

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

and include 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 | and
MHC class II; they have related but distinct
structures and functions. Although not
shown here for simplicity, both MHC class |
and MHC class Il molecules are trimers of
two protein chains and the bound self or
nonself peptide.

Bound peptides transported by

in cytosol bound by MHG cfass 1 in ER MHC class I to the cell surface
cytosol
endoplasmic
cytosol reticulum
P4
'-’_,"J.""'J nucieus

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.

MMHC class | molecules, wh deliver the peptides to the cell surface.
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Fig. 1.31 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 kiling mechanism involves the
activation of enzymes known as caspases,
which contain cysteine in their active site
and cleave target proteins at aspartic

acid. The caspases in turn activate a
cytosolic nuclease that cleaves host and
viral DNA in the infected cell. Panel ais 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 (V) 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.

Cytotoxic T cell recognizes complex of
viral peptide with MHC class [
and kills infected cell

CD8

MHC
K s class |

sic Concepts in Immunology

Virus-infected cell Cytotoxic T cell Kills infected cell
kills
cytotoxic
T cell
virus
infected cell killed infected cell

MHC class I molecules bearing viral peptides are recognized by CD8-bearing
cytotoxic T cells, which then kill the infected cell (Fig. 1.32).

subsets are described later, in Chapter 9.

8T cells MH
cell. The I rus-i Isis
cific cytot i epro o kill

the cells they recognize
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3 CD4 T cells recognize antigen presented by MHC class Il molecules.

ig. 1.3 . :
5';? recognition of their specific antigen on infected macrophages, Ty1 cells activate the

macrophage, leading fo the destruction of the intracellular bacteria (top panel). When and
T follicutar helper (Trr) cells recognize antigen on B cells (cottom panel), they activate these ’ — -

Tul cell recognizes complex of
bacterial peptide with MHC class Ii

|

| cells to proliferate and differentiate into antibody-producing plasma cells (not shown).

overcome the block on vesicle fusion. T2 and Ty17 subsets produce cytokines
that are specialized for promoting responses against parasites or extracellular
bacteria and fungi, respectively. CD4 T cells, and their specialized subsets,
play a pervasive role in adaptive immunity, and we will be returning to them
many times in this book, including in Chapters 8, 9, 11 and 12.

Inherited and acquired defects in the immune system result in T follcular helper cell Rocog o, irplel

increased susceptibility to infection. of antigenic peptide with MHC class 1l
and activates B cell

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 path-
ogens, depending on the particular deficiency. Much has been learned about
the functions of the different components of the human immune system

: through the study of these immunodeficiencies, many of which are caused by
inherited genetic defects. Because understanding the features of immunode-
18 ficiencies requires a detailed knowledge of normal immune mechanisms, we

have postponed discussion of most of these diseases until Chapter 13, where

they can be considered together.
re

n: More than 30 years ago, a devastating form of immunodeficiency appeared, s,  cquired Immune

to the acquired immune deficiency syndrome, or AIDS, which is caused by % Deficiency Syndrome

n- an infectious agent, the human immunodeficiency viruses HIV-1 and HIV-2. (AIDS)

ey This disease destroys T cells, dendritic cells, and macrophages bearing CD4,

er leading to infections caused by intracellular bacteria and other pathogens

ar

c- ' Infected macrophage ‘ Activated infected macrophage l

¢ -_ . - Fig. 1.34 Mechanism of host defense

4 lysosome mycobacterium against intracellular infection by

u- by mycobacteria. Mycobacteria are

er activates engulfed by macrophages but resist being
destroyed by preventing the intracellular

. vesicles in which they reside from fusing

a with lysosomes containing bactericidal

28, agents. Thus the bacteria are protected

c- from being killed. In resting macrophages,

e- mycobacteria persist and replicate in

sis these vesicles. When the phagocyte is

sis recognized and activated by a Ty1 cell,
however, the phagocytic vesicles fuse with

€y lysosomes, and the bacteria can be Killed.

in Macrophage activation is controlled by Th1

'1)- cells, both to avoid tissue damage and to

a- save energy. The light micrographs (bottom

gl row) show resting (left) and activated (right)

to 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.

e e S|
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Fig. 1.35 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.

normally controlled by such cells. These infections are the major cause of
death from this increasingly prevalent immunodeficiency disease, which is
discussed fully in Chapter 13 together with the inherited immunodeficiencies.

Understanding adaptive immune responses is important for
the control of allergies, autoimmune disease, and the rejection
of transplanted organs.

The main function of our immune system is to protect the human host from
infectious agents. However, many medically important diseases are associ-
ated with a normal immune response directed against an inappropriate anti-
gen, often in the absence of infectious disease. Immune responses directed
at noninfectious antigens occur in allergy, in which the antigen is an innoc-
uous foreign 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 trans-
planted foreign cell (discussed in Chapter 15). 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 people differ in the set of MHC molecules
they express, a property commonly known as their ‘tissue type! The MHC was
originally recognized by the work of Peter Goren in the 1930s as a gene locus
in mice, the H-2 locus, that controlled the acceptance or rejection of trans-
planted tumors, and later by George Snell, who examined their role in tissue
transplantation by developing mouse strains differing only at these histocom-
patibility loci. The human MHC molecules were first discovered during the
Second World War, when attempts were made to use skin grafts from donors to
repair badly burned pilots and bomb victims. 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 circumstances in which
the response occurs (Fig. 1.35). Snell was awarded the 1980 Nobel Prize for his
work on MHC, together with Baruj Benacerraf and Jean Dausset.

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 p 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

Effect of response to antigen

Antigen

Normal response Deficient response
Infectious agent Protective immunity Recurrent infection
Innocuous substance Allergy No response
Grafted organ Rejection Acceptance
Self organ Autoimmunity Self tolerance
Tumor Tumor immunity Cancer
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jmmune responses, desirable and undesirable alike. If it were possible to sup-
press 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. At present, antigen-specific immunoregulation is
outside the reach of clinical treatment. But as we shall see in Chapter 16, many
new drugs have been developed recently that offer more selective immune
suppression to control autoimmune and other unwanted immune responses.
Among these, therapies using highly specific monoclonal antibodies were
made possible by Georges Kahler and César Milstein, who shared the 1984
Nobel Prize for the discovery of their production. We shall discuss the pres-
ent state of understanding of allergies, autoimmune disease, graft rejection,
and immunosuppressive drugs and monoclonal antibodies in Chapters 14-16,
and we shall see in Chapter 15 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.

Vaccination is the most effective means of controlling
infectious diseases.

The deliberate stimulation of an immune response by immunization, or
vaccination, has achieved many successes in the two centuries since Jenner’s
pioneering experiment. Mass immunization programs have led to the virtual
eradication of several diseases that used to be associated with significant mor-
bidity (illness) and mortality (Fig. 1.36). Immunization is considered so safe

i

Diphtheria
Reported 100 —__ —
cases § vaccine
per 100,000
population 10
1.0
0.1
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990
Polio.
Reported 40 = = — —
cases inactivated
per 100,000 30 vaccine
population ¥
20 +
oral
10 A vaccine
0 T 1 I
1940 1950 1960 1970 1980 1990
Measles ;'

Re%ﬁg o0 vaccine e Reported
per 100,000 . A gaS:eEs
population 400 40 in USA

300 30

200 20

100 10
0 0
1960 1965 1970 1975 1980 1985 1990

The effector mechanisms of immunity.

Fig. 1.36 Successful vaccination
campaigns. Diphtheria, polio, and measles
and their consequences have been virtually
eliminated in the United States, as shown
in these three graphs. SSPE stands for
subacute sclerosing panencephalitis, &
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, because

these diseases have not been eradicated
worldwide, immunization must be
maintained in a very high percentage of the
population to prevent their reappearance.
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and so important that most states in the United States require children to be
immunized against up to seven common childhood diseases. Impressive as
these accomplishments are, there are still many diseases for which we lack
effective vaccines. And even where vaccines for diseases such as measles can
be used effectively in developed countries, technical and economic problems
can prevent their widespread use in developing countries, where mortality
from these diseases is still high.

The tools of modern immunology and molecular biology are being applied to
develop new vaccines and improve old ones, and we discuss these advances
in Chapter 16. The prospect of controlling these important diseases is tremen-
dously exciting. The guarantee of good health is a critical step toward popula-
tion 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 13. The conquest of many of the world’s
leading diseases, including malaria and diarrheal diseases (the leading 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 interactions with
the cells of the immune system.

Summary.

The responses to infection can be organized into several effector modules that
target the various types of pathogen lifestyles. Innate sensor cells that detect
infection generate mediators that activate innate lymphoid cells (ILCs) and
T cells, which amplify the immune response and also activate various effec-
tor modules. Innate lymphoid cells include subsets that produce different
cytokines and activate distinct effector modules. T cells fall into two major
classes that are based on the expression of the co-receptors CD8 and CD4;
these T cells recognize antigen presented by MHC class I or MHC class II pro-
teins, respectively. These subsets of T cells, like their ILC counterparts, also
promote the actions of distinct effector modules. NK cells and CD8 T cells can
exert cytotoxic activity to target intracellular infections such as viruses. Other
subsets of innate lymphoid and helper T cells can secrete mediators that acti-
vate other effector functions, ones that target intracellular bacteria, extracel-
lular bacteria and fungi, and parasites. T cells also provide signals that help
regulate B cells and stimulate them to produce antibodies. Specific antibod-
ies mediate the clearance and elimination of soluble toxins and extracellular
pathogens. They interact not only with the toxins or the antigens on microbes,
but also with the Fc region of specific receptors that are expressed by many

types of phagocytes. Phago express r for complement pro-
teins that are deposited on surfaces, rly in the presence of
antibody.

Failures of immunity can be caused by genetic defects or by infections that
target important components of the immune system. Misdirected immune
responses can damage host tissues, as in autoimmune diseases or allergy, or
lead to the failure of transplanted organs. While vaccination is still the great-
est tool of immunology to fight diseases, modern approaches have added new
tools, such as monoclonal antibodies, that have become progressively more
important in the clinic over the past two decades.

Summary to Chapter 1.

The immune system defends the host againstinfection. Innate serves
as a first line of defense but lacks the ability to recognize certai nsand
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Questions.

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.

Questions.

1.1 Multiple Choice: Which of the following examples can be
considered an illustration of vaccination?

A. Inoculating an individual with cowpox in order to protect
that individual against smallpox

B. Administering the serum of animals immune to
diphtheria to protect against the effect of diphtheria toxin
in an exposed individual

C. A bacterial infection that results in complement
activation and destruction of the pathogen

D. An individual that becomes ill with chickenpox, but
does not develop it again due to the development of
immunologic memory

1.2 Multiple Choice: Which of the following is an appropriate
definition for immunological memory?

A. The mechanism by which an organism prevents the
development of an immune response against the host's
own tissues

B. The mechanism by which an organism prevents
exposure to microbes

C. The persistence of pathog
lymphocytes after the original
80 that reinfection can be prevented

D. The process of reducing or eliminating a pathogen

ic antibodies and
has been eliminated

1.3 (TLRs) recognize

like receptors (NLRs)

1.4 glll’gt.ching: Classify the following as lymphoid or mysloid in
in:

A. Eosinophils

B. B cells

C. Neutrophils

D. NK cells

E. Mast cells

F. Macrophages

G. Red blood cells

1.5 Multiple Choice: The immunologist's ‘dirty little secret’

1.6

1.7

1.8

involves the addition of microbial constituents in order to
stimulate a strong immune response against the desired
protein antigen of interest. Which of the following is not a
receptor or receptor family that can recognize microbial
products in order to achieve a potent immune response?
A. Toll-like receptors (TLRs)

B. T-cell antigen receptor (TCR)

C. NOD-like receptors (NLRs)

D. Pattern recognition receptors (PRRs)

True or False: Hematopoietic stem cells can develop into
any cell type in the bodly.

Matching: Match each of the following terms to the
numbered phrase that describes it best:

A. Allergy __ 1. Immunological response
to an antigen present on a
transplanted foreign cell

B. Immunological 2. Immunological response

tolerance __ to an antigen that is
an innocuous foreign
substance
C. Autoimmune 3. Immunological process
disease _ that prevents an immune
response to self antigens
D. Graft rejection __ 4. Immunological response to

a self antigen

Multiple Choice: Which of the following processes is not
a mechanism of maintaining immunologic tolerance?

A. Clonal deletion

B. Anergy

C. Clonal expansion

D. Suppression of self-reactive lymphocytes
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1.9 Matching: Classify each of the following as a central/
primary or peripheral/secondary lymphoid organ:

A. Bone marrow
B. Lymph node
C. Spleen

D. Thymus

E. Appendix

Matching: Match the following region, structure, or
subcompartments with the numbered organ they are
present in:

A. Lymph node __

B. Spleen _

C. Mucosa of the small intestine __

1. Periarteriolar lymphatic sheath (PALS)
2. Peyer's patches

3. High endothelial venules

Multiple Choice: Which of the following events do not
occur during inflammation?

A. Cytokine secretion

B. Chemokine secretion

C. Recruitment of innate immune cells
D. Constriction of blood vessels

1.12 Fill-in-the-Blanks:
infected cells, while

the immune system.

T cells are able to kill
T cells activate other cells of

General references.

Historical background
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Diseases. Washington, DC: ASM Press, 2001.

1.13 True or False: Both T-cell and B-cell receptors undergo
the process of affinity maturation in order to acquire
progressively higher affinity for an antigen during an

immune response.

1.14 True or False: Each lymphocyte carries cell-surface

receptors with multiple antigen specificity.

1.15 Multiple Choice: Which cell type forms an important link
between the innate immune response and the adaptive

immune response?

A. Dendritic cell

B. Neutropﬁil

C.Bcell

D. Innate lymphoid cell (ILC)

1.16 Multiple Choice: Which of the following options is not a
mechanism by which an antibody can protect against a
pathogen?

A. Neutralization

B. Co-stimulation of T cells

C. Opsonization

D. Complement activation/deposition

1.17 True or False: T2 cells do not possess MHC class |

molecules.

Lodish, H., Berk, A., Kaiser, C.A., Krieger, M., Scott, M.P., Bretscher, A., Ploegh,
H., and Matsudaira, P.: Molecuiar Cell Biology, 6th ed. New York: W.H. Freeman,
2008.

Lydyard, P., Cole, M., Holton, J., Irving, W., Porakishvili, N., Venkatesan, P., and
Ward, K.: Case Studies in Infectious Disease. New York: Garland Science, 2009.

Mims, C., Nash, A., and Stephen, J.: Mims’ Pathogenesis of Infectious Disease,
5th ed. London: Academic Press, 2001.

Ryan, K.J. (ed): Medical Microbiology, 3rd ed. East Norwalk, CT: Appleton-Lange,
1994,

Advanced textbooks in immunology, compendia, etc.

Lachmann, PJ., Peters, D.K., Rosen, F.S., and Walport, M.J. (eds): Clinical
Aspects of Immunology, 5th ed. Oxford: Blackwell Scientific Publications, 1993.

Mak, TW., and Saunders, M.E.: The /mmune Response: Basic and Clinical
Principles. Burlington: Elsevier/Academic Press, 2006.

Mak, T.W., and Simard, J.J.L.: Handbook of Immune Response Genes. New York:
Plenum Press, 1998.

Paul, W.E. (ed): Fundamental Immunology, 7th ed. New York: Lippincott Williams
& Wilkins, 2012.

Roitt, .M., and Delves, PJ. (eds): Encyciopedia of Immunolagy, 2nd ed. (4 vols.).
London and San Diego: Academic Press, 1998.
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An igen Recognition by
B-cell and T-cell Receptors

Innate immune responses are the body’s initial defense against infection, but IN THIS CHAPTER
these work only to control pathogens that ha'n{e certain molecular Patterns or . i oture of a typical antibody
that induce interferons and other nonspecific defenses. To effectively fight molecule.
the wide range of pathogens an individual will encounter, the lymphocytes of . ‘ )
the adaptive immune system have evolved to recognize a great variety of dif- The interaction of th? antlpody
ferent antigens from bacteria, viruses, and other disease-causing organisms. ~ Molecule with specific antigen.
An antigen is any molecule or part of a molecule that is specifically recognized Antigen recognition by T celis.
by the highly specialized recognition proteins of lymphocytes. On B cells these
proteins are the immunoglobulins (Igs), which these cells produce in a vast
range of antigen specificities, each B cell producing immunoglobulins of a
single specificity (see Section 1-12). A membrane-bound form of immuno-
globulin on the B-cell surface serves as the cell’s receptor for antigen, and is
known as the B-cell receptor (BCR). A secreted form of immunoglobulin of
the same antigen specificity is the antibody produced by terminally differenti-
ch

dy
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Chapter 4: Antigen Recognition by B-cell and T-cell Receptors

is known as the constant region or C region. t comes in five main
called isotypes, each of which is specialized for activating different
mechanisms. The membrane-bound B-cell receptor does not have these
tor functions, because the C region remains inserted in the membrane of
B cell. The function of the B-cell receptor is to recognize and bind antigen
the V regions exposed on the surface of the cell, thus transmitting a signal
activates the B cell, leading to clonal expansion and antibody production,
this end, the B-cell receptor is associated with a set of intracellular
proteins, which will be described in Chapter 7 Antibodies have become
important class of drug due to their highly specific activities, and we return
discuss their therapeutic uses in Chapter 16.

The antigen-recognition molecules of T cells are made solely as

bound proteins, which are associated with an intracellular signaling

and function only to signal T cells for activation. These T-cell receptors

are related to immunoglobulins both in their protein structure—having
V and C regions—and in the genetic mechanism that produces their
variability which is discussed in Chapter 5. The T-cell receptor differs from
B-cell receptor in an important way however: it does not recognize and
antigen by itself, but instead recognizes short peptide fragments of
antigens that are presented to them by proteins known as MHC molecules
the surface of host cells.

The MHC molecules are transmembrane glycoproteins encoded in the
cluster of genes known as the major histocompatibility complex (MHC)
most striking structural feature of MHC molecules is a cleft in the

lular face of the molecule in which peptides can be bound. MHC

are highly polymorphic—each type of MHC molecule occurs in many
ent versions—within the population. These are encoded by slightly
versions of individual genes called alleles. Most people are therefore
zygous for the MHC molecules that is, they express two different alleles
each type of MHC molecule, thus increasing the range of pathogen
peptides and self-peptides that can be bound. T-cell receptors recognize
tures of both the peptide antigen and the MHC molecule to which it is
This introduces an extra dimension to antigen recognition by T cells, known
MHC restriction because any given T-cell receptor is specific for a
peptide bound to a particular MHC molecule.

In this chapter we focus on the structure and antigen-binding properties
immunoglobulins and T-cell receptors. Although B cells and T cells
foreign molecules in separate distinct fashions, the receptor molecules

for this task are very similar in structure. We will see how this basic

can accommodate great variability in antigen specificity, and how it
immunoglobulins and T-cell receptors to perform their functions as the
gen recognition molecules of the adaptive immune response. With this
dation, we will return to discuss the impact of MHC polymorphism on
antigen recognition and T-cell development in Chapters 6 and 8,

The structure of a typical antibody molecule.

Antibodies are the secreted form of the B-cell receptor. Because they
soluble and secreted into the blood in large quantities, antibodies are
obtained and easily studied. For this reason, most of what we know about
B-cell receptor comes from the study of antibodies.

ofbinding to a wide variety of antigens while also binding to effector
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The structure of a typical antibody molecule.

antigen-binding
sites

€ effe,. Vi Gl Vi
2 of th
gen viy
12l thy "
ion. T, .
3naling
me ap
turn tg
Cu3
lbl'ane. a H
Jmplex N
:TCRS) anngesr;tebsmdmg .
'¢ both Ils
r great Of CL
om the in .
iggd different antibody molecules. The stem of the Y—the C region—is far less var-
e o jable and is the part that interacts with effector molecules and cells. There are Cit hinge
son five different classes of immunoglobulins, distinguished in their being con- disulfide

structed from C regions that have different structures and properties. These are bonds Ch2
e large known as immunoglobulin M (IgM), immunoglobulin D (IgD), immuno- carbohydrate
C). The globulin G (IgG), immunoglobulin A (IgA), and immunoglobulin E (IgE). O3
;gssle;; All antibodies are constructed in the same way from paired heavy and light b
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specificity of antigen binding. We will use the IgG antibody molecule as an
example to describe the general structural features of immunoglobulins. Gl
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r B cel Dticy)
level o ersop
that is

The class, and thus the effector function, of an antibody is defined by the sty

case Greekletters , 3, v, o, and g, respectively. For example, the constant regiop
of IgMis d IgG is by far the most abundant immunoglobulin i,
serum and bclasses (IgG1, 2, 3, and 4 in humans). The distinctiy,
functional properties of the different classes and subclasses of antibodies a
conferred by the carboxy-terminal part of the heavy chain, where this

is not associated with the light chain. The general structural features of all
isotypes are similar, particularly with respect to antigen binding. Here we
consider IgG as a typical antibody molecule, and we will return to discuss
structural and functional properties of the different heavy-chain isotypes
Chapter 5.

The structure of a B-cell receptor is identical to that of its corresponding anti-
body except for a small portion of the carboxy terminus of the heavy

C region. In the B-cell receptor, the carboxy terminus is a hydrophobic aming
acid sequence that anchors the molecule in the membrane, and in the anti-
body it is a hydrophilic sequence that allows secretion.

4-2 Immunoglobulin heavy and light chains are composed of
constant and variable regions.

The amino acid sequences of many immunoglobulin heavy and light

have been determined and reveal two important features of
molecules. First, each chain consists of a series of similar, although
identical, sequences, each about 110 amino acids long. Each of these
corresponds to a discrete, compactly folded region of protein known as an
immunoglobulin domain, or Ig domain. The light chain consists of two
Ig domains, whereas the heavy chain of the IgG antibody contains four
domains (see Fig. 4.2). This suggests that the immunoglobulin chains have
evolved by repeated duplication of ancestral gene segments corresponding to
a single Ig domain.

The second important feature is that the amino-terminal amino acid

of the heavy and light chains vary greatly between different antibodies.
variability is limited to approximately the first 110 amino acids,

to the first Ig domain, whereas the remaining domains are constant b
immunoglobulin chains of the same isotype. The amino-terminal variable
domains (V domains) of the heavy and light chains (Vy and Vi,

together make up the V region of the antibody and determine its
binding specificity, whereas the constant Ig domains (C domains) of
heavy and light chains (Cyg and Cp, respectively) make up the C region
Fig. 4.1). The multiple heavy-chain C domains are numbered from the
terminal end to the carboxy terminus, for example, Cyl, Cy2, and so on.

4-3 The domains of an immunoglobulin molecule have
similar structures.

Immunoglobulin heavy and light chains are composed of a series of Ig )
that have a similar overall structure. Within this basic structure, there are di¥
tinctdifferences between Vand C domains thatare illustrated for the light chai?
in Fig. 4.3. Bach V or C domain is constructed from two p sheets. A B sheet
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The structure of a typical antibody molecule

Fig. 4.3 The structure of
immunoglobulin constant and variable
Light-chai“ ¢ domain Light-chain V domain domains. The upper panels show
schematically the folding pattern of the
constant (C) and variable (V) domains of an
amino immunoglobulin light chain. Each domain is
terminus a barrel-shaped structure in which strands
of polypeptide chain (B strands) running
in opposite directions (antiparallel) pack
together to form two f sheets (shown in
carboxy yellow and green for the C domain and
terminus red and blue for the V domain), which are
held together by a disulfide bond. The way
“'in which the polypeptide chain folds to
give the final structure can be seen more
clearly when the sheets are opened out, as

8 strands B strands shown in the lower panels. The B strands
are lettered sequentially with respect to the
disulfide bond order of their occurrence in the amino acid

sequence of the domains; the order in each
B sheet is characteristic of immunoglobulin
domains. The P 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.

Arrangement of p strands

disulfide bond *— ' —> disulfide bond <*+— ' ™™
D EBA G F C D EBA G F CCC

built from several B strands, which are regions of protein where several con-
secutive polypeptides have their peptide backbone bonds arranged in an
extended, or flat, conformation. § strands in proteins are sometimes shown as
‘ribbons with an arrow’ to indicate the direction of the polypeptide backbone
(see Fig. 4.3). p strands can pack together in a side-by-side manner, being sta-
bilized laterally by two or three backbone hydrogen bonds between adjacent
strands, This arrangement is called a B sheet. The Ig domain has two B sheets
that are folded onto each other, like two pieces of bread, into a structure called
a B sandwich, and are covalently linked by a disulfide bond between cysteine
residues from each B sheet. This distinctive structure is known as the immuno-
globulin fold.

The similarities and differences between V and C domains can be seen in the

Mﬁr}y of the amino acids that are common to the C and V domains are pres-
ént in the core of the immuno n fold and ial for its stability.
Other proteins with sequences to those of obulins have been
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amino terminus

carboxy terminus

T =
NV

Fab Fab

Fc

F(ab),

=
uyl
o,

found to have domains with a similar structure, called immunoglobulin-uk i
domains (Ig-like domains). These domains are present in many Protejy, .
of the immune system, such as the KIRs expressed by NK cells describeq in-'
Chapter 3. They are also frequently involved in cell-cell recognition and adhs,
sion, and together with the immunoglobulins and the T-cell receptors, thegg
proteins make up the extensive immunoglobulin superfamily. '

4-4 The antibody molecule can readily be cleaved into functiOnally
distinct fragments.

When fully assembled, an antibody molecule comprises three equal-sizeq
globular portions, with its two arms joined to its trunk by a flexible stretch GI;E
polypeptide chain known as the hinge region (see Fig. 4.1b). Each arm of this:
Y-shaped structure is formed by the association of a light chain with the aminq.
terminal half of a heavy chain; the Vg domain is paired with the V1, domain, ang
the Cy1 domain is paired with the Cr, domain. The two antigen-binding site
are formed by the paired Vi and Vi domains at the ends of the two arms of the
Y (see Fig. 4.1b). The trunk of the Y is formed by the pairing of the carbosxy.
terminal halves of the two heavy chains. The Cy3 domains pair with each othey
but the Cy2 domains do not interact. Carbohydrate side chains attached to the
Cy2 domains lie between the two heavy chains.

Proteolytic enzymes (proteases) were an important tool in early studies gf
antibody structure, and it is valuable to review the terminology they generateq,
Limited digestion with the protease papain cleaves antibody molecules into
three fragments (Fig. 4.4). Papain cuts the antibody molecule on the amino-
terminal side of the disulfide bonds that link the two heavy chains, releasing
the two arms of the antibody molecule as two identical fragments that
contain the antigen-binding activity. These are called the Fab fragments, for
fragment antigen binding. The other fragment contains no antigen-binding
activity, but because it crystallized readily, it was named the Fc fragment
(fragment crystallizable). It corresponds to the paired Cy2 and Cy3 domains,
The Fc fragment is the part of the antibody molecule that does not interact
with antigen, but rather interacts with effector molecules and cells, and it
differs between heavy-chain isotypes. Another protease, pepsin, cuts on the
carboxy-terminal side of the disulfide bonds (see Fig. 4.4). This produces a
fragment, the F(ab'), fragment, in which the two antigen-binding arms of
the antibody molecule remain linked. Pepsin cuts the remaining part of the
heavy chain into several small fragments. The F(ab'), fragment has exactly the
same antigen-binding characteristics as the original antibody but is unable
to interact with any effector molecule, such as Clq or Fc receptors, and cafl
be used experimentally to separate the antigen-binding functions from the;
antibody’s other effector functions.

Many antibody-related molecules can be constructed using genetic engi-
neering techniques, and many antibodies and antibody-related molecules’
are being used therapeutically to treat a variety of diseases. We will return {0
this topic in Chapter 16, where we discuss the various therapeutic uses of antl-
bodies that have been developed over the last two decades.

Fig. 4.4 The Y-shaped immunoglobulin molecule can be dissected by partial
digestion with proteases. Upper panels: papain cleaves the immunoglobulin molecule
into three pieces, two Fab fragments and one Fc fragment. The Fab fragment contains

the V regions and binds antigen. The Fe fragment is crystallizable and contains C regions:
Lower panels: pepsin cleaves immunoglobulin to yield one F(ab'), fragment and many smal
pieces of the Fc fragment, the largest of which is called the pFc’ fragment. F(ab’); is written
with a prime because it contains a few more amino acids than Fab, including the cysteines
that form the disulfide bonds.
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The structure of a typical antibody molecule

(Micrograph x300,000) Angle between arms is 60°

5 The hinge region of the immunoglobulin molecule allows
flexibility in binding to multiple antigens.

can link two or more anti-hapten antibodies, forming dimers, tetra-
mers, and so on, which can be seen by electron microscopy ). The
shapes formed by thes ow that antibody molecules are flexible
at the hinge region. So also found at the junction between the
Vand C domains, allowing bending and rotation of the V domain relative to

e V-C jun es the
some dis , such
ccharides at the

hinge also enables antibodies to interact with the antibody-binding proteins
that mediate immune effector mechanisms.

Summary.

The IgG antibody molecule is made up of four polypeptide chains, comprising

1Sotype. Joining the arms of the Y to the trunk are the flexible hinge regions.
€ Fc fragment and hinge regions differ in antibodies of different isotypes.
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Angle between arms is 90°

Fig. 4.5 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 Fc portion of the antibody; the F(ab’)z
pieces remain cross-linked by antigen. The
interpretation of some of the complexes is
shown in the diagrams. The angle between
the arms of the antibody molecules varies.
In the triangular forms, this angle is 60°,
whereas it is 90° in the square forms,
showing that the connections between

the arms are flexible. Photograph courtesy
of N.M. Green.
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Fig. 4.6 There are discrete regions

of hypervariability in V domains.

The hypervariability regions of both the
heavy and the light chain contribute to
antigen binding of an antibody molecule.

A variability plot derived from comparison of
the amino acid sequences of several dozen
heavy-chain and light-chain V domains

is shown. At no acid position,

the degree o y is the ratio of the
number of different amino acids seen in all

an e differin t
es. the overall

The interaction of the antibody molecule with
specific antigen.

4-6 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 throughoyt
the V region but is concentrated in certain segments, as is clearly seen in 4
variability plot (Fig. 4.6), in which the amino acid sequences of many differen;
antibody V regions are compared. Three particularly variable segments can be
identified in both the Vi and Vi, domains. They are designated hypervariable
regions and are denoted HVI, HV2, and HV3. In the heavy chains they are
located at residues 30 to 36, 49 to 65, and 95 to 103, respectively, while in
the light chains they are located 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 comprise the rest of the V domain;
they show less variability and are termed the framework regions. There are
four such regions in each V domain, designated FR1, FR2, FR3, and FR4.

The framework regions form the B sheets that provide the structural framework
of the immunoglobulin domain. The hypervariable sequences correspond to
three loops and are positioned near one another in the folded domain at the
outer edge ofthe Bsandwich (Fig. 4.7). Thus, not onlyis diversity concentratedin
particular parts of the Vdomain sequence, but it is alsg localized to a particular

Light-chain V region

o
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The interaction of the antibody molecule with specific antigen

ple,

VH

h th
different specificities is by generating different combinations of heavy-chain
and light-chain V regions. This is known as combinatorial diversity; we will
encounter a second form of combinatorial diversity in Chapter 5 when we
consider how the genes encoding the heavy-chain and light-chain V regions
are created from smaller segments of DNA during the development of B cells
in the bone marrow.

4-7 Antibodies bind antigens via contacts in CDRs that are
complementary to 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 were tumors
of antibody-secreting cells. The antigen specificities of these antibodies were
unknown, and therefore many compounds had to be screened to identify lig-
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Fig. 4.8 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 red, is bound into the
antigen-binding pocket (yellow). In the
bottom image (and in those of panels b,

¢, 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
(red) binds along a groove (yellow) formed
between the heavy-chain and fight-chain

V domains. Panel ¢: shown is a complex
between hen egg-white lysozyme and the
Fab fragment of its corresponding antibody
(HyHeld). 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 an elongated CDR3
loop (arrow) that protrudes into a recess

on the side of the antigen. The structure

of the complex between this antibody

and gp120 has been solved, and in this
case only the heavy chain interacts with
gp120. Structures courtesy of R.L. Stanfield
and LA. Wilson.

Vi Vi

e R

peptide, generally binds in a pocket or groove lying between the heavy-chaiy
and light-chain V domains ( andb). S ns, such as proteins,
can be the same size as, or 1 n, the an f. In these cases, the
interface between antigen and antibody is often an extended surface that
involves all the CDRs and, in some cases, part of the framework region as well
(see Fig. 4.8c). 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 shownin
Fig. 4.8d, where an antibody binding to the HIV gp120 antigen projects a long
loop into its target.

4-8 Antibodies bind to conformational shapes on the surfaces of
antigens using a variety of noncovalent forces.

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
recognizes only a small region on the surface of a large molecule such asa
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 immuné
protection against such pathogens. In many cases, however, the antigens that
provoke an immune response are proteins. For example, many protectivé
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 disco™

re
th
e-
a of a of polypeptide chain is termed 2
c pito stantibodies raised against intact
pitopes will bind to
bodies against pep
pondin rt of its sequ
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The interaction of the antibody molecule with specific antigen

c to bin al folded protein. This makes it
b to use ides in vaccines that aim to raise
o hogen’

faces come together to exclude water. The strength of a hydrophobic interac-
tionis proportional to the surface area that is hidden from water, and for some

C fo
S in
a er

those between polar amino acid residues, may also contribute to binding and
hence to the specificity of the antibody.

The contribution of each of these forces to the overall interaction depends on
the particular antibody and antigen involved. A striking difference between
antibody interactions with protein antigens and most other natural protein-
protein interactions is that antibodies often have many aromatic amino acids

Noncovalent forces Origin

Attraction between

" ® ©
Electrostatic forces opposite charges —NH3; 00C —

~ A
Hydrogen shared SN—H--0=c

Hydrogen bonds between electronegative 5= 5T o
atoms (N, 0)
Fluctuations in electron 5+ 5
Van der Waals forces clouds around molecules .
polarize neighboring atoms 5= T &t
oppositely
HUH
Hydrophobic groups interact H 50 0
unfavorably with water and H 5t H
Hydrophobic forces tend to pack together to 5— O< H
exclude water molecules. 3
The attraction also involves 8t
van der Waals forces H’O‘H

Non-covalent interaction
between a cation and an
electron cloud of a nearby
aromatic group

Cation-pi interaction

Fig. 4.9 The noncovalent forces that
hold together the antigen:antibody
complex. Partial charges found in electric
dipoles are shown as &* or 8~. 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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[ ' Chapter 4: Antigen Recognition by B-cell and T-cell Receptors

in their antigen-binding sites. These amino acids participate mainly in vap der
Waals and hydrophobic interactions, and sometimes in hydrogen bonds ang
pi-cation interactions. Tyrosine, for example, can take part in both hygy,
gen bonding and hydrophobic interactions; it is therefore particularly St
able for providing diversity in antigen recognition and is overrepresenteq i
antigen-binding sites. In general, the hydrophobic and van der Waals foreeg
operate over very short ranges and serve to pull together two surfaces thag
are complementary in shape: hills on one surface must fit into valleys on the
other for good binding to occur. In contrast, electrostatic interactions betweg
charged side chains, and hydrogen bonds bridging oxygen and/or Nitrogey
atoms, accommodate more specific chemical interactions while strength,
ening the interaction overall. The side chains of aromatic amino acids sygy,
as tyrosine can interact noncovalently through their pi-electron system wigy,
nearby cations, including nitrogen-containing side chains that may be in 5
protonated cationic state.

4-9 Antibody interaction with intact antigens is influenced by
steric constraints.

An example of an antibody-antigen interaction involving a §pecific amino agig
in the antigen can be seen in the complex of hen egg-white lysozyme with the
antibody D1.3 (Fig. 4.10). In this structure, strong hydrogen bonds are formed
between the antibody and a particular glutamine in the lysozyme molecule
that protrudes between the Vy and Vi domains. Lysozymes from partridge
and turkey have another amino acid in place of the glutamine and do not bind
to this antibody. In the high-affinity complex of hen egg-white lysozyme with
another antibody, HyHel5 (see Fig. 4.8c), two salt bridges between two basic
arginines on the surface of the lysozyme interact with two glutamic acids, one
each from the Vg CDR1 and CDR2 loops. Lysozymes that lack one of the two
arginine residues show a 1000-fold decrease 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 few residues make a major contribution to the binding energy
and hence to the final specificity of the antibody. Although many antibodies
naturally bind their ligands with high affinity, in the nanomolar range, genetic
engineering by site-directed mutagenesis can tailor an antibody to bind even
more strongly to its epitope.

Even when antibodies have high affinity for antigens on a larger structure,
such as an intact viral particle, antibody binding may be prevented by theit
particular arrangement. For example, the intact West Nile virion is built from
an icosahedral scaffold that has 90 homodimers of a membrane-anchored
envelope glycoprotein, E, which has three domains, DI, DII, and DIIL The DIl
domain has four polypeptide loops that protrude outward from the viral par-
ticle. A neutralizing antibody against West Nile virus, E16, recognizes these
loops of DIII, as shown in Fig. 4.11. In theory, there should be 180 possible
antigen-binding sites for the E16 antibody on the West Nile viral particle:
However, a combination of crystallographic and electron micrographic studies
show that even with an excess of the E16 Fab fragment, only about 120 of the
total 180 DIII domains of E are able to bind E16 Fab fragment (see Fig. 4.11)

Fig. 4.10 The complex of lysozyme with the antibody D1.3. Top panel: The interaction
of the Fab fragment of D1.3 with hen egg-white lysozyme (HEL) is shown. HEL is depicted
in yellow, the heavy chain (Vi) in turquoise, and the light chain (V) in green. Bottom panel:
A glutamine residue (GIn121) that protrudes from HEL (yellow) extends its side chain
(shown in red) between the V_ (green) and Vi (turquoise) domains of the antigen-binding sité
and makes hydrogen bonds with the hydroxyl group (red dots) of the indicated amino acids
of both domains. These hydrogen bonds are important to the antigen-antibody binding.
Courtesy of R. Mariuzza and R.J. Poljak.
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l:adrfé E16 Fab binds four outward-facing loops
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envelope
yacid their targets. Dill
h the
rmed 4-10 Some species generate antibodies with alternative structures.
ecule .
ridge Our focus in this chapter has been on the structure of antibodies produced “’é‘;‘(‘;cl:“a';'b':::?tgf ,eco,‘fg,"u;'i’(',n of
bind by humans, which is generally similar in most mammalian species, includ- mature WNV particle E16 Fab bound to
with ing mice, an important model system for immunology research. However, mature WNV particle
basic some mammals have the ability to produce an alternative form of antibody
, one that is based on the ability of a single Vi domain to interact with antigen in
2 two the absence of a Vi domain (Fig. 4.12). It has been known for some time that
serall the serum of camels contained abundant immunoglobulin-like material com-
body posed of heavy-chain dimers that lack associated light chains but retain the
rel of capacity to bind antigens. These antibodies are called heavy-chain-only IgGs
rergy (hclIgGs). This property is shared by other camelids, including llamas and
ydies alpacas. These species have retained the genes for the immunoglobulin light
netic chains, and some IgG-like material in their sera remains associated with light
even chains, and so it is unclear what led to this particular adaptation during their
evolution. In camelids, the ability to produce hclgGs arises from mutations
that allow the alternative splicing of the heavy-chain mRNA, with loss of the
‘ture, Cul exon and thus the joining of the Vi directly to the Cy2 domain in the pro-
Eherlrf tein. Other mutations stabilize this structure in the absence of Vi, domains.
TO
ored Cartilaginous fish, in particular the shark, also have an antibody molecule
. DIII that differs substantially from human or murine antibodies (see Fig. 4.12).
par- Like camelids, the shark also has genes encoding both immunoglobulin
hese heavy and light chains, and does produce immunoglobulins containing both
sible
ticle. Human 1g6 Camelid 16 Shark IgNAR Fig. 4.12 Qamelid and shark antibody
1dies can consist of heavy chaln only._
In the camelid heavy-chain-only antibody,
[ the a splicing event of the mature heavy
L11). chain can delete the exon encoding
the Cn1 region and thereby create an
b in-frame hinge region linking the V41 to the
fon Cy1 v G CH2 region. In the shark, the heavy-chain-
ed . Cy2 only Ig molecule retains the C1 region,
e G suggesting that this form of antibody may
Gy predate the evolution of light chains. For
J site Cy2 Cyd both, the repertoire of antigen-binding sites
sids Cy3 CB involves extensive variations in long CDR3

regions of the Vi domain relative to other
types of antibody.
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a as an al to standard monoclonal antibodigg

It orein C '
Summary. i
X-ray crystallographic analyses of antigen:antibody complexes have showy,
that t loops (co tarity-determining regions, CDRy)
of im regions d the binding specificity of an ang.
body. Contact between an antibody molecule and a prot n usually
occurs over a broad area of the antibody surface that is entary to

the surface recognized on the antigen. Electrostatic interactions, hydrogen
bonds, van der Waals forces, and hydrophobic and pi-cation interactions
can all contribute to binding. Depending on the size of the antigen, aming
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 normally play little part in the direct contact with the anti-
gen, but they 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 res-
idues that are discontinuous in the primary structure of the molecule; they
may, however, occasionally bind peptide fragments of the protein, and ant-
bodies raised against peptides derived from a protein can sometimes be used
to detect the native protein molecule. Peptides binding to antibodies usually
bind in a cleft or pocket between the V regions of the heavy and light chains,
where they make specific contact with some, but not necessarily all, of the
CDRs. 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 recognize for-
eign antigens only when they are displayed on the surface 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
have been internalized by endocytosis from the extracellular fluid.

T cells detect the presence of anintracellular pathogen because the infected
cells display peptide fragments of the pathogen’s proteins on their surface
These foreign peptides are delivered to the cell surface by specialized host
cell glycoproteins—the MHC molecules. These are encoded in a large clus-

ter of genes first identified s on the immun¢
response to ted tissues. For mplex was calle
the major histocompatibility complex (MHC), an pt g glyco-
proteins are known as MHC molecules. The reco of a smae
fac
this
and

become associated with MHC molecules will be described in Chapter 6.
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L ney, operties of the T-cell receptor (TCR).
h the receptors’ function as highly variable antigegi-tginding
Jut a5 s for TCRs are closely related to those
Isang ever, important differences between v vy antibody
melig s, and these differences reflect the Fab
Ucing y T cells. o )
single L H
gﬁf‘;;‘ 411 The TCRua:p heterodimer is very similar to a Fab fragment of
' immunoglobulin. Fe
y using monoclonal antibodies that antigen-binding
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sually g of two different pplypeptlde chains, C, Cy ptor
ary to and p (TC_RB) chains. Each cbaln of
togen o Ig domains, and the two chains are
tions e structure.of the Fab fragment qf an

mino . 'a:B heterodimers account for antigen T cell

1 and recognition by most T cells. A minority of T cells b‘ear an alterr%anve, put

parts structurally similar, receptor made up of a different pair of pol'ypeptlde cbalns

anti- designated y and 3. .The v:8 T-cell receptors seem to have different aptlgen- Fig. 4.13 The T-cell receptor resembles
elp to recognition properties from the o:f T—cel! receptors, and the funcn_ons of a membrane-bound Fab fragflﬂenlt- The
intact 7:5 T cells in immune responses are still being clarified as the various ligands Zzt?stﬁ%rgjﬂt&aﬁefgrté%?%m;aiﬁuoiSn
h res- they recogpize are identified (see Section 6-20). In the rest of this chapter and of which sontans one immun'oglobulin
; they elsewhere in the bo.o.kwe use thfe term T-cell receptor to mean the a:B_receptor, G domain and one V domain:; the

anti- except where specified otherwise. Both types of T-cell receptors differ from juxtaposition of the V domains forms the
used the membrane-bound immunoglobulin that serves as the B-cell receptor in antigen-binding site (see Section 4-6).
sually two main ways. A T-cell receptor has only one antigen-binding site, whereas The T-cell receptor is also a disulfide-linked
Laims a B-cell receptor has two, and T-cell receptors are never secreted, whereas heterodimer, with each chain containing
' immunoglobulins can be secreted as antibodies. an immunoglobulin C-like domain and
>f the an immunoglobulin V-like domain. As in

s and Further insights into the structure and function of the a:p T-cell receptor came the Fab fragment, the juxtaposition of
from studies of cloned cDNA encoding the receptor chains. The amino acid  the V domains forms the site for antigen
sequences predicted from the cDNA showed that both chains of the T-cell ~ "&cognition.
receptor have an amino-terminal variable (V) region with sequence 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. 4.14). Each chain spans

their
e for carbohydrate
3 own
llular o chain B chain
s that Immunoglobulin.

The three-dimensional structure of the T-cell receptor determined by variable
ected region (V)
rface.
host-
clus- constant
nuné region (C)
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flyco- stalk segment
Y
small transmembrane
irface region
of this cytoplasmic tail
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Fig. 4.15 The crystal structure of an a:f T-cell receptor
resolved at 0.25 nm. In panels a and b, the o chain is shown in
pink and the B chain in blue. Disulfide bonds are shown in green.
In pane! a, the T-cell receptor is viewed from the side as it 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 Cq and Cp domains are shown. The Cy domain does
not fold into a typical Ig-like domain; the face of the domain away
from the Cp domain is mainly composed of irregular strands of
polypeptide rather than B sheet. The intramolecular disulfide bond
(far left) joins a B strand to this segment of o, helix. The interaction
between the Cy and Cp domains Is assisted by carbohydrate
(colored gray and labeled), with a sugar group from the Gy domain
making hydrogen bonds to the Cg domain. In panel ¢, the T-cell

TCRa TCRB
IgH

receptor is shown aligned with the antigen-binding sites from three
different antibodies. This view is looking down into the binding site,
The V, domain of the T-cell receptor is aligned with the Vi domaing
of the antigen-binding sites of the antibodies, and the Vg domain
is aligned with the V4 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 (L1) 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 in yellow; the light-chain
CDR3s (L3) are in bright green. The HV4 loops of the TCR
(orange) have no hypervariable counterparts in immunoglobulins.
Model structures courtesy of |.A. Wilson.

There are, however, some distinct structural differences between T-cell recep-
tors and Fab fragments. The most striking is in the C, domain, where the fold
is unlike that of any other Ig-like domain. The half of the C, domain that is
juxtaposed with the Cg domain forms B sheet similar to that found in
Ig-like domains, but the other half of the domain is formed of loosely packed
strands and a short segment of o helix see Fig. 4.15b) In a C, domain
intramolecular disulfide bond, which in Ig-like domains normally joins two
B strands, joins a B strand to this segment of a helix.

There are also differences in the way in which the domains interact. The inter
face between the V and C domains of both T-cell receptor chains is more exten-
sive than in most antibodies. The interaction between the C, and Cy domains
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A T-cell receptor recognizes antigen in the form of a complex

N 412 of a foreign peptide bound to an MHC molecule.
1B
in Chapter 6.
ree The nature of the antigen recognized by T cells became clear with the realiza-
ite. tion that the peptides that stimulate T cells are recognized only when bound
s to an MHC molecule. The ligand recognized by the T cell is thus a complex
. of peptide and MHC molecule. The for involvement of the MHC in
d T-cell recognition of antigen was at ect, but it has been proven con-
clusively by stimulating T cells with purified peptide:MHC complexes. The
(H1) T-cell receptor interacts with this ligand by making contacts with both the
y MHC molecule and the antigen peptide.
3y
4-13 There are two classes of MHC molecules with distinct subunit
compositions but similar three-dimensional structures.
There are two classes of MHC molecules—MHC class I and MHC class II—and
they differ in both their structure and their expression pattern in the tissues
of the body. As shown in Figs. 4.17 and 4.18, MHC class I and MHC class II
cep- molecules are closely related in overall structure but differ in their subunit
e fold composition. Ini Leth classes, the two paired protein domains nearest to the
hat is membrane reserible immunoglobulin domains, whereas the two domains
other furthest away froin the membrane fold together to create a long cleft, or groove,
icked which is the site at which a peptide binds. Purified peptide:MHC class I and
n the peptide:MHC class I complexes have been characterized structurally, allow-
s two ing us to describe in detail both the MHC molecules themselves and the way
in which they bind peptides.
inter- MHC clas les (see Fig. 4.17) consist of two polypeptide chains. One
xten- f?hain, the encoded in the MHC (on chromosome 6 in humans) and
nains 18 nonceovalently associated with a smaller chain, Ba-microglobulin, which
from is encoded el15inh
| (see the class T o MHC cla
that, has four do ded o ch
sules, contributed by B,-microglobulin. The a3 domain and po-microglobulin closely
irked resemble Ig-like domains in their folded structure. The folded o; and oy
-alent
chors
1 dis-
50me
f the
rnext
uno-
both
sind-
f the
14.
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4

domains form the walls of a cleft on the surface of the molecule; because thi
is where the peptide binds, this part of the MHC molecule is known ag s*
peptide-binding cleft or peptide-binding groove. The MHC molecules ., -
highly polymorphic, and the major differences between the different allglj,

peptide-binding
left

o helix
Oy

Fig. 4.17 The structure of an MHC class | molecule determined by X-ray
crystallography. Panel a shows a computer graphic representation of a human MHC
class | 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 ¢ show a ribbon diagram of that structure-
Shown schematically in panel d, the MHC class | molecule is a heterodimer of a membrafié:
spanning a chain (molecular weight 43 kDa) bound noncovalently to f2-microglobulin

(12 kDa), which does not span the membrane. The o chain folds into three domains: 01,
a2, and ag. The ag domain and Po-microglobulin show similarities in amino acid sequence
to immunoglobulin C domains and have similar folded structures, whereas the o4 and 62
domains are part of the same polypeptide and fold together into a single structure consistings
of two separated a. helices lying on a sheet of eight antiparallel B strands. The folding of the A
04 and ap domains creates a long cleft or groove, which is the site at which peptide antigé™:
bind to the MHC molecules. For class | molecules, this groove is open at only one end. 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 ¢, looking down on the molecule from above
the sides of the cleft are formed from the inner faces of the two o, helices; the f pleated
sheet formed by the pairing of the a1 and ap domains creates the floor of the cleft.
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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. By
contrast, B,-micr which does not contribute directly to peptide
binding, is not po

An MHC class IT molecule consists of a noncovalent complex of two chains,

Antigen recognition by T cells

Fig. 4.18 MHC class Il molecules
resemble MHC class | molecules

in overall structure. The MHC

class Il molecule is composed of two
transmembrane glycoprotein chains,

a (34 kDa) and B (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 | molecule
(compare with panel d of Fig. 4.17). Panel a
shows a computer graphic representation
of the surface of the MHC class Il molecule,
in this case the human protein HLA-DR1,
and panel b shows the equivalent ribbon
diagram. N, amino terminus; C, carboxy
terminus. The ap and B domains, like the
o3 and Bp-microglobulin domains of the
MHC class | molecule, have amino acid
sequence and structural similarities to
immunoglobulin C domains; in the MHC
class Il 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 ¢ and d).
Another important difference, not apparent
in this diagram, is that the peptide-binding
groove of the MHC class Il molecule is open
at both ends.
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Fig. 4.19 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 | molecules (panels a and ¢),

the peptide is bound in an elongated
conformation with both ends tightly bound
at either end of the cleft. In MHC class I
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. The amino
acid side chains of the peptide insert into
pockets in the peptide-binding groove of
the MHC molecule; these pockets are lined
with residues that are polymorphic within
the MHC. In representations ¢ and d, the
surfaces of the different pockets for the
different amino acids are depicted as areas
of different colors. Structures courtesy of
R.L. Stanfield and I.A. Wilson.

4-14 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, whose proteins
will not generally have peptide sequences in common. For T cells to be ableto
detect the widest possible array of infections, the MHC molecules (both classl
and class II) of an individual should 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 a peptide 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. This dependencé
on bound peptide applies to both MHC class I and MHC class IT molecules:
Stable peptide binding is important, because otherwise peptide exchangé
occurring at the cell surface would prevent peptide:MHC complexes {10
being reliable indicators of infection or of uptake of a specific antigen. Whef
MHC molecules are purified from cells, their stably bound peptides co-purti
with them, and this fact has enabled the peptides bound by particular

molecules to be analyzed. Peptides are released from the MHC molecules 2
denaturing the complex in acid, and they are then purified and sequencet
Pure synthetic peptides can also be incorporated into empty MHC molec
and the structure of the complex determined, revealing details of the conta®
between the MHC molecule and the peptide. From such studies a detail®’
picture of the binding interactions has been built up. We first discus$ the;
peptide-binding properties of MHC class I molecules.

4-15 MHC class | molecules bind short peptides of 8-10 amino
acids by both ends.
o
Binding of a peptide to an MHC class I molecule is stabilized at both ends %
the peptide-binding cleft by contacts between atoms in the free amin® an
carboxy termini of the peptide and invariant sites that are found at each @
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of the cleft in all MHC class I molecules (Fig. 4.20). These are thought to be
the main stabilizing contacts for peptide: MHC class I complexes, because syn-
thetic peptide analogs lacking terminal amino and carboxyl groups fail to bind
stably to MHC class I molecules. Other residues in the peptide serve as addi-
tional anchors. Peptides that bind to MHC class I molecules are usually 8-10
amino acids long. Longer peptides are thought to bind, however, particularly if
they can bind at their carboxy terminus, but they are subsequently shortened
to 8-10 amino acids through cleavage by exopeptidases present in the endo-
plasmic reticulum, which is where MHC class I molecules bind peptides. The
peptidelies in an elongated conformation along the cleft; variations in peptide
length seem to be accommodated, in most cases, by a kinking in the peptide
backbone. However, in some cases, length variation can also be accommo-
dated i s I molecules by allowing the peptide to extend out of the
cleft at terminus.

Antigen recognition by T cells

Fig. 4.20 Peptides are bound to MHC
class | molecules by their ends.

MHC class | 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 | molecules,
and their side chains are shown in full (in
gray) on a ribbon diagram of the MHC
class | groove. A cluster of tyrosine residues
common to all MHC class | 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.

R G Y VvV Y Q@

s N F E K L
AP G N Y P AL
T @ R TR ALYV

s F P E T OH
K'Y o A v T T T L
S Y P S A E K

Fig. 4.21 Peptides bind to MHC
molecules through structurally related
anchor residues. Peptides eluted from
two different MHC class | molecules are
shown in the upper and lower panels,
respectively. The anchor residues (green)
differ for peptides that bind different allelic
variants of MHC class | 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 )
are both aromatic amino acids, whereas

valine (V), leucine (L), and re
all large hydrophobic ami des
also bind to MHC class | ugh

their amino (blue) and carboxy (red) termini.
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Fig. 4.22 Peptides bind to MHC class Il
molecules by interactions along the
length of the binding groove. A peptide
(vellow; shown as the peptide backbone
only, with the amino terminus to the left and
the carboxy terminus to the right) is bound
by an MHC class Il 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 |l
polypeptide chain, whereas throughout

the peptide's length bonds are made with
residues that are highly conserved in MHC
class Il molecules. The side chains of these
residues are shown in gray on the ribbon
diagram of the MHC class Il groove.

individual to various autoimmune diseases.

4-16 The length of the peptides bound by MHC class Il molecules g
not constrained.

Like MHC class I molecules, MHC class II molecules that lack bound peptige
are unstable. Peptide binding to MHC class II molecules has also been
lyzed by elution of bound peptides and by X-ray crystallography and differ
in several ways from peptide binding to MHC class I molecules. Natural
tides that bind to MHC class II molecules are at least 13 amino acids long
can be much longer. The clusters of conserved residues that bind the two

of a peptide in MHC class I molecules are not found in MHC class IT
cules, and the ends of the peptide are not bound. Instead, the peptide lies in
extended conformation along the peptide-binding cleft. It is held there

by peptide side chains that protrude into shallow and deep pockets lined
polymorphic residues, and by interactions between the peptide backbone
the side chains of conserved amino acids that line the peptide-binding

all MHC class II molecules (Fig. 4.22). Structural data show that amino
side chains at residues 1, 4, 6, and 9 of an MHC class II-bound peptide can
held in these binding pockets.

The binding pockets of MHC class II molecules accommodate a greater
ety of side chains than those of MHC class I molecules, making it more
to define anchor residues and to predict which peptides will be able to
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‘0 ends peptides can vary, and so by convention the first anchor residue
11:1016- is denoted as residue 1. Note that all of the peptides share a
*$1nan istances from the ends of the peptide. The sequences of a hydrophobic residue in position 1, a negatively charged residue
distal
‘e both f peptides that bind to the mouse MHC class Il A¥ allele are [aspartic acid (D) or glutamic acid (E)] in position 4, and a tendency
set of pep!
ned by shown in the upper panel. All contain the same core sequence to have a basic residue [lysine (K), arginine (R), histidine (H),
ne and (shaded) but differ in length. In the lower panel, different peptides glutamine (Q), or asparagine (N)] in position 6 and a hydrophobic
cleftin binding to the human MHC class Il allele HLA-DRS are shown. residue [for example, tyrosine (Y), leucine (L), phenylalanine (F)] in
10 acid Anchor residues are shown as green circles. The lengths of these position 9.
can be a particular MHC class II variant (Fig. 4.23). Nevertheless, by comparing the
sequences of known binding peptides it is usually possible to detect patterns
’r vari- of amino acids that permit binding to different MHC class II variants, and to
ifficult model how the amino acids of this peptide sequence motif will interact with
o bind the amino acids of 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 limit to the length of peptides that could bind to
MHC class I molecules. An example of this is the protein known as invariant

pep 0 MHC class II molecules. In most cases, long pep to
MH molecules are trimmed by peptidases to alength o 17
ami

4-17 The crystal structures of several peptide:MHC:T-cell receptor
complexes show a similar orientation of the T-cell receptor
over the peptide:MHC complex.
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1s the bound peptide. Panel b: the outline of the T-cell receptor’s antigen-binding site (thick
black line) 1s superimposed over the top surface of the peptide:MHC complex (the Peptide
1s shaded dull yellow). The T-cell receptor lies at a somewhat diagonal angle across the
peptide:MHC complex, with the o. and B CDR3 loops of the T-cell receptor (3a, 3B, yelioy,
and green, respectively) contacting t the peptide. The a-chain CDR1 and CDRy
loops (1a, 2a, light and dark purple, contact the MHC helices at the aming
terminus of the bound peptide, whereas the B-chain CDR1 and CDR2 loops (1, 2B, light
and dark blue, respectively) make contact with the helices at the carboxy terminus of the
bound peptide. Courtesy of .A. Wilson.

central amino acids of the peptide. The T-cell receptor is threaded

a valley between the two high points on the two surrounding o helices
form the walls of the peptide-binding cleft. This can be seen in Fig. 4.25,
shows a view from the end of the peptide-binding groove of a

class ILT-cell receptor complex. Comparison of various peptide: MHC
receptor complexes shows that the axis of the TCR as it binds the surface of
MHC molecule is rotated somewhat relative to the peptide-binding groove
the MHC molecule (see Fig. 4.24b). In this orientation, the V, domain
contact primarily with the amino-terminal half of the bound peptide,

the Vg domain contacts primarily the carboxy-terminal half. Both
also interact with the o helices of the MHC class molecule (see Fig.
The T-cell receptor contacts are not symmetrically distributed over the
molecule: whereas the V,, CDR1 and CDR2 loops are in close contact with
helices of the peptide:MHC complex around the amino terminus of the
peptide, the B-chain CDR1 and CDR2 loops, which interact with the

at the carboxy terminus of the bound peptide, have variable contributions
the binding.

Comparison of the three-dimensional structure of an unliganded T-cell
tor and the same T-cell receptor complexed to its peptide:MHC ligand
that the binding results in some degree of conformational change, or

fit, particularly within the V, CDR3 loop. Subtle variations at amino acids
contact the T-cell receptor can have strikingly different effects on the

tion of an otherwise identical peptide:MHC ligand by the same T cell. The
ibility in the CDR3 loop demonstrated by these two structures helps to
how the T-cell receptor can adopt conformations that recognize related,
different, peptide ligands.

The specificity of T-cell recognition involves both the peptide and its

ing MHC molecule. Kinetic analysis of T-cell receptor binding to peptide:
ligands suggests that the interactions with MHC molecules might

nate at the start of the contact, but that subsequent interactions with
peptide as well as the MHC molecule dictate the final outcome—binding
dissociation. As with antibody-antigen interactions, only a few amino

at the interface might provide the essential contacts that determine the
ificity and strength of binding. Simply changing a leucine to isoleucine in
peptide, for example, is sufficient to alter a T-cell response from strong

to no response at all. Mutations of single residues in the presenting MHC mo"
ecules can have the same effect. This dual specificity for T-cell recognition
antigen underlies the MHC restriction of T-cell responses, a phenomenon
was observed long before the peptide-binding properties of MHC

were known. Another consequence of this dual specificity is a need for
receptors to exhibit some inherent specificity for MHC molecules in order
be able to interact appropriately with the antigen-presenting surface of
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4-18 The CD4 and CD8 cell-surface proteins of T cells directly ¢
1rough contact MHC molecules and are required to make an
Ei:,}:ia}: effective response to antigen.
o4
j_‘}}/IHC As we introduced in Section 1-21, T cells fall into two major classes distin- - F By
oy quished ion of the cell-surface CD4 and CD8. CD8 is {
2 of the expresse T cells, while CD4 is e by T cells whose func-
Yove of tion is to activate other cells. CD4 and CD8 were known as markers for these N ¢
}rln akes functional sets for some time before it became clear that the distinction was
Ert?as based on the ability of T cells to recognize different classes of MHC molecules.
¢ 4821ns We now know that CD8 recognizes MHC class I molecules and CD4 recog- oy 8
R M}?g: nizes MHC class 11. During antigen recognition, CD4 or CD8 (depending on :
J'th th the type of T cell) associates with the T-cell receptor on the T-cell surface and !
Loung binds to invarjant sites on the MHC portion of the composite peptide: MHC MHC-I -
) ligand, away from the peptide-binding site. This binding contributes to the
'mplex overall effectiveness of the T-cell response, and so CD4 and CD8 are called
tons to co-receptors.
CD4 is a single-chain protein composed of four Ig-like domains (Fig. 4.26).
recep The first two domains (D1 and D2) are packed tightly together to form a rigid
shows Fig. 4.26 The structures of the CD4 and
duced CD8 co-receptor molecules. The CD4
ds that molecule contains four Ig-like domains,
-cogni- CD4 CD4 shown in schematic form in panel a and as
1e flex- a riobon diagram from the crystal structure
xplain b in panel b. The amino-terminal domain, D+,
-d but 1 is similar in structure to an immunoglobulin
o cD8 V domain. The second domain, Do, although
related to an immunoglobulin domain, is
cesent- b GD8 different from both V and C domains .and
> MHC z N has been termed a G2 domain. The first two
& X . domains of CD4 form a rigid rodlike structure
:domi- that is linked to the two carboxy-terminal
ith the domains by a flexible link. The binding site
ling or D, ~ for MHC class Il molecules involves mainly
) acids the Dy domain. The CD8 molecule is a
3 spec heterodimer of an a and a B chain coyalently
.J' the J linked by a disulfide bond. An alternative
o D, form of CD8 exists as a homodimer of a
killing chains. The heterodimer is depicted in panel
c mol- a, whereas the ribbon diagram in panel b is
tion of of the homodimer. CD8a and CD8P chains
m that have very similar structures, each having a
ecules single domain resembling an immunoglobulin
€ ) V domain and a stretch of polypeptide
:T-ce chain, believed to be in a relatively extended
rder 10 b conformation, that anchors the V-like domain
£ MHC to the cell membrane.
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Fig. 4.27 The binding sites for CD4

and CD8 on MHC class Il and class |
molecules lie in the Ig-like domains.
The binding sites for CD4 and CD8 on

the MHC class Il and class | molecules,
respectively, lie in the Ig-like domains
nearest to the membrane and distant from
the peptide-binding cleft. The binding

of CD4 to an MHC class Il molecule is
shown as a ribbon structure in panel a and
schematically in panel c. The o chain of the
MHC class Il molecule is shown in pink,
and the B chain in white, while CD4 is in
gold. Only the D+ and Dy domains of the
CD4 molecule are shown in panel a. The
binding site for CD4 lies at the base of the
B2 domain of an MHG class Il molecule, in
the hydrophobic crevice between the P2
and vy domains. The binding of CD8ap

to an MHC class | molecule is shown in
panel b and schematically in panel d. The
class | heavy chain and fo-microglobulin are
shown in white and pink, respectively, and
the two chains of the CD8 dimer are shown
in light (CD8B) and dark (CD8a) purple. The
binding site for CD8 on the MHC class |
molecule lies in a similar position to that of
CD4 in the MHC class Il molecule, but CD8
binding also involves the base of the a4 and
o domains, and thus the binding of CD8
to MHC class | is not completely equivalent
1o the binding of CD4 to MHC class Il.
Structures derived from PDB 35438 (CD4/
MHC class 1l) and PDB 3DMM (CD8up/
MHC class I). Courtesy of K.C. Garcia.

structure demonstrates that the CD4 molecule and the T-cell receptor can bipg
simultaneously to the same peptide:MHC class II complex. CD4 enhancg
sensitivity to antigen, as the T cell is about 100-fold more sensitive to the ang.
gen when CD4 nt. The enhancement process results from the ability
the intracellula n of CD4 to bind to a cytoplasmic tyrosine kinase calleq
Lck. As we will discuss in detail Chapter 7, bringing Lck into proximity wig,
the T-cell receptor complex helps activate the signaling cascade induced by
antigen recognition.

The structure of CD8 s quite different. It is a disulfide-linked dimer of two differ.
ent chains, called a and B, each containing a single Ig-like domain linked to the
membrane by a segment of extended polypeptide (see Fig. 4.26). This segmen;

MHC class Il MHC class |

ch4 cD8
a b

D, cb4 cD8

D3

MHC class Il MHC class |
D
‘ By o a o
B a )
D P2 b2 03 B,-micro-
globulin

¢ d
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meg Fig. 4.28 CD4 and the T-cell receptor
—_— bind to distinct regions of the MHC
d n class Il molecule. A ribbon diagram
S tg is shown from a crystal structure of a
of the TcR complete o:p TCR:peptide-MHC:CD4
where of ternary complex. The a and B chains of
T-Cel] the T-cell receptor (TCR) are blue and red,
. Thig respectively. The MHC class Il molecule is
1 bind green, with the bound peptide shown in
anc gray. CD4 is shown in orange. Structure
ootes derived from PDB 3TOE. Courtesy of
> anti. K.C. Garcia.
ility of
called
y with
:ed by
differ-
to the
Jment
CD4
TCRB
MHC
) class I
} TCRa
is extensively glycosylated, which is thought to maintain it in an extended con-
formation and protect it from cleavage by proteases. CD8o. chains can form MHC class |
o
CcD8p
p2m
CD8a

Fig. 4.29 CD8 binds to a site on MHC
class | molecules that is distant from
where the T-cell receptor binds. The
relative binding positions of both the T-cell
receptor and CD8 molecules can be seen
in this hypothetical reconstruction of their

o- interaction with MHC class | (o chain in

n dark green and 2-microglobulin in light
green). The a and B chains of the T-cell
receptor are shown in brown and purple,
respectively. The CD8af} heterodimer
is shown bound to the MHC class | 0.3
domain. The CD8 a chain is in blue, and
the CD8P chain is in red. Courtesy of Chris
Nelson and David Fremont.
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MHC MHC
Tissue class | class II
Lymphoid tissues
T cells ++4 +*
B cells +++  +++
Macrophages +++ o+
Dendritic cells +++
Epithelial cells of thymus + +++
Other nucleated cells
Neutrophils o+
Hepatocytes +
Kidney +
Brain + —_t

Nonnucleated cells

Red blood cells

Fig. 4.30 The expression of MHC
molecules differs among tissues.
MHC class | molecules are expressed

on all nucleated cells, although they are
most highly expressed in hematopoietic
cells. MHC class Il 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 |l
molecules, whereas in mice all T cells

are MHC class ll-negative. Tin the brain,
most cell types are MHC class Il-negative,
but microglia, which are related to
macrophages, are MHC class Il-positive.

4-19 The two classes of MHC molecules are expressed
differentially on cells.

MHC class I, and thus the interior of red blood cells is a site in which an infe,,
tion can go undetected by cytotoxic T cells. Because red blood cells canpgy
support viral replication, this is of no great consequence for viral infection, by
it might be the absence of MHC class I that allows the Plasmodium parasite
that cause malaria to live in this privileged site.

In contrast, a major function of the CD4 T cells that recognize MHC class ||
molecules is to activate other effector cells of the immune system. Thyg,
MHC class II molecules are normally found on dendritic cells, B lymphs.
cytes, and macrophages—antigen-presenting cells that participate in immung
responses—but not on other tissue cells (see Fig. 4.30). The peptides presenteq
by MHC class I molecules expressed by dendritic cells can function to activate
naive CD4 T cells. When previously activated CD4 T cells recognize peptides
bound to MHC class II molecules on B cells, the T cells secrete cytokines that
can influence the isotype of antibody that those B cells will choose to produce,
Upon recognizing peptides bound to MHC class Il molecules on macrophages,
CD4 T cells activate these cells, again in part through cytokines, to destroy the
pathogens in their vesicles.

The expression of both MHC class I and MHC class II molecules is regulated
by cytokines, in particular, interferons, released in the course of an immune
response. Interferon-o (IFN-o;) and IFN-B increase the expression of MHC
class I molecules on all types of cells, whereas IFN-y increases the expression
ofboth MHC class I and MHC class Il molecules, and can induce the expression
of MHC class II molecules on certain cell types that do not normally express
them. o enhance the antigen-presenting function of MHC class
I mole ing the expression of key components of the intracellular
machinery that enables peptides to be loaded onto the MHC molecules.

4-20 A distinct subset of T cells bears an alternative receptor made
up of y and 8 chains.

Sections 8-11 and 8-12.
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For these reasons, the term ‘transitional immunity’ has been proposed to
clarify the role of y:8 T cells, since the function of these cells seems to be some-
place between innate and adaptive responses.

The crystallographic structure of a y:5 T-cell receptor reveals that, as expected,
it is similar in shape to a:p T-cell receptors. Figure 4.31 shows a crystal struc-
ture of a y:8 T-cell receptor complex bound to one of the nonclassical MHC
class I molecules mentioned above, called T22. This structure shows that the
overall orientation of the y:8 T-cell receptor with the MHC molecule is strik-
ingly different from that of an o:f T-cell receptor, in that it interacts primarily
with one end of the T22 molecule. However, the CDR3 regions of the y:5 T-cell
receptor still play a critical role in recognition, similar to that of antibodies and
of o:p T-cell receptors. Further, the CDR3 of the y:5 T-cell receptor is longer
than either of these other two antigen receptors, and this could have impli-
cations toward the type of ligand that the y:5 T-cell receptor recognizes, as
there is enormous combinatorial diversity from the CDR3 within the y:5 T-cell
receptor repertoire. We will return to discuss further the ligands and the devel-
opment of y:3 T cells in Chapters 6 and 8.

Summary.
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TCRy

TCRS

p2m 22

Fig. 4.31 Structures of y:8 T-cell
receptor bound to the nonclassical
MHC class | molecule T22. The y:3 T-cell
receptor has a similar overall structure

to the a:p T-cell receptor and the Fab
fragment of an immunoglobulin. The Cg
domain is more like an immunoglobulin
domain than is the corresponding Cqy
domain of the a:f3 T-cell receptor. In this
structure, the overall orientation of the

v:8 T-cell receptor with respect to the
nonclassical MHC molecule T22 is very
different from the orientation of an a:p T-cell
receptor with either MHC class | or class I
molecules. Rather than lying directly over
the peptide-binding groove, the y:3 T-cell
receptor is engaged with one end much
more than the other; this is consistent with
a lack of peptide contact and absence of
MHC-restricted recognition.



Chapter 4: Antigen Recognition by B-cell and T-cell Receptors

and with polymorphic features of the MHC molecule that displays it, anq
dual specificity underlies the MHC restriction of T-cell responses. A
type of T-cell receptor, composed of a y and a § chain, is structurally similay
the o:p T-cell receptor, but t binds to different ligands, including

ligands, nonpolymorphic nonclassical MHC molecules, and certain
receptor is thought not to be MHC-restricted and is found on a minority
ulation of lymphoid and intraepithelial T cells, the y:3 T cells.

Summary to Chapter 4.

B cells and T cells use different, but structurally similar, molecules to
nize antigen. The antigen-recognition molecules of B cells are immunoglo
lins, and are made both as a membrane-bound receptor for antigen, the
receptor, and as secreted antibodies that bind antigens and elicit
effector functions. The antigen-recognition molecules of T cells, in

are made only as cell-surface receptors and so elicit only cellular effector
tions. Immunoglobulins and T-cell receptors are highly variable

with the variability concentrated in that part of the molecule—the variable
region—that binds to antigen. Immunoglobulins bind a wide variety of
cally different antigens, whereas the major type of T-cell receptor, the o:p
receptor, predominantly recognizes peptide fragments of foreign
bound to MHC molecules, which are ubiquitous on cell surfaces.

Binding of antigen by immunoglobulins has chiefly been studied with
bodies. The binding of antibody to its antigen is highly specific, and is
mined by the shape and physicochemical properties of the antigen-

site. Located at the other end of the antibody from the antigen-binding site
the constant, or Fc, region, which influences the types of effector function
antibody can elicit. There are five main functional classes of antibodies,
encoded by a different type of constant region. As we will see in Chapter
these interact with different components of the immune system to incite
inflammatory response and eliminate the antigen.

T-cell receptors differ in several respects from the B-cell

Oneisthe absence of a secreted form of T-cell receptor, reflecting the
differences between T cells and B cells. B cells deal with pathogens and
protein products circulating within the body; secretion of = soluble
recognition molecule enables the B cell to actin the clearance of antigen
tively throughout the extracellular spaces of the body. T cells, in contrast,
specialized for active surveillance of pathogens, and T-cell recognition
not involve a soluble, secreted receptor. Some, such as CD8 T cells, are able
detect intracellular infections and are able to kill infected cells that bear
eign antigenic peptides on their surface. Others, such as CD4 T cells,
with cells of the immune system that have taken up foreign antigen and
displaying it on the cell surface.

T-cell receptors also recognize a composite ligand made up of the foreign
tide bound to a self MHC molecule, and not intact antigen. This means
T cells can interact only with  body cell displaying the antigen, not with
intact pathogen or protein. Each T-cell receptor is specific for a particular
bination of peptide and a self MHC molecule. MHC molecules are

by a family of highly polymorphic genes. Expression of multiple variant
molecules, each with a different peptide-binding repertoire, helps to
that T cells from an individual will be able to recognize at least some
generated from nearly every pathogen.
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Questions.
ically cleaved by
4.1 avidity to the cognate
pepsin.
5 Short Answer: How is CD4 and CD8 co-receptor binding
& to MHC important for T-cell receptor signaling?
43 Short Answer: Why and how is it advantageous to have
" peterozygosity in the MHC locus?
44 Matching: Match the term to the best description:

A. Antigenic determinant  i. The structure recognized
by an antibody (that is,
the epitope)

B. Conformational/ ii. Regions of the V region

discontinuous epitope that have signiicant
sequence variation

C. Continuous/linear iii. An epitope composed

epitope of a single segment of a
polypeptide chain

D. Hypervariable region iv. An epitope composed of
amino acids from different
parts of a polypeptide
chain brought together by
protein folding

4.5 Fill-in-the-Blanks: Most vertebrates, including humans
and mice, produce antibodies composed of

and chains. These bear regions that

recognize the antigen and regions that dictate the

antibody class and isotype. Camelids and cartilaginous
fish, however, produce and
respectively, which are forming the
basis for single-chain antibody production for clinical
applications.
4.6 Multiple Choice: Which of the following statements is not

true?

A. T-cell receptor o and B chains pair together, but the o
chain can be switched out for a y or a & chain.

B. Electrostatic interactions (for example, a salt bridge)
occur between charged amino acids.

C. Hydrophobic interactions occur between two
hydrophcbic surfaces and exclude water.

D. Antibodies often have many aromatic amino acids such
as tyrosine in their antigen-binding sites.

E. MHC restriction is the phenomenon where T cells will

fecognize a unique set of peptides bound to a particular
MHC molecule.

4.7

4.8

4.9

4.10

Questions

Multiple Choice: Which of the following is the most
abundant immunoglobulin class in healthy adult humans
and mice?

A. IgA
B. IgD
C.IgE
D. IgG
E. IgM

Multiple Choice: Which of the following describes the
structure of an immunoglobulin fold?

A. Two antiparallel B sheets with an a-helical linker and a
disulfide bond link

B. Two B strands linked by a disulfide bond
C. Four a helices linked by two disulfide bonds
D. Seven antiparallel o helices in series

E. One B sandwich of two {3 sheets folded together and
linked by a disulfide bond

Multiple Choice: Antibodies have flexibility at various
points in the molecule, particularly the hinge region
between the Fc and Fab portion and, to some extent,
the junction between the V and C regions. Which of the
following properties of an antibody are not affected by its
flexibility?

A. Binding to small antigens (haptens)

B. Avidity to antigen

C. Affinity to antigen

D. Interaction with antibody-binding proteins
E. Binding to distantly spaced antigens

Multiple Choice: Which region of the antigen receptor of
B cells and T cells is most critical in antigen recognition
and specificity?

A.FR1

B. CDR1

C. FR2

D. CDR2

E. FR3

F. CDR3

G. FR4
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7 Lymphocyte Receptor Signaling
g TheDevelopment of B.and T Lymphooytes

Lymphocyte Receptor
Signaling

T and B lymphocytes are cells of the adaptive immune system, each of which IN THIS CHAPTER

expresses a unique antigen receptor. These cells circulate between the blood, General principles of signal
the lymph, and, most importantly, the secondary lymphoid organs, where they transduction and propagation.
survey antigen-presenting cells for their specific antigen. Once that antigen is

encountered, signals from the antigen receptor activate several downstream Antigen receptor signaling and
pathways that convert quiescent naive lymphocytes into metabolically active ~ [ymphocyte activation.

cells that are reorganizing their actin cytoskeleton, activating transcription fac- Co-stimulatory and inhibitory
tors, and synthesizing a wide range of new proteins. As a result of these events, receptors modulate antigen
naive T and B cells undergo rapid cell division and differentiate into armed receptor signaling in T and B
effector cells, thus expanding lymphocyte populations during an immune lymphocytes.

response and equipping these cells with the machinery to combat infections.

We begin by discussing some general principles of intracellular signaling, and
then outline the pathways activated when a naive lymphocyte encounters its
Specific antigen. Next, we briefly discuss the co-stimulatory signaling that is
hecessary to activate naive T cells and, in most cases, naive B cells. In the last
Part of the chapter we focus on inhibitory receptors, and their roles in down-
Tegulating signaling pathways in T and B cells.

;G_:eneral principles of signal transduction
and propagation.

il:::il;ls part ofthe chapter we review briefly some general principles of receptor

s 0 and signal transduction that are common to many of the pathways dis-

HI5sed here. All cell-surface receptors that have a signaling function either are

o smembrane proteins themselves or form parts of protein complexes that
| dl.lc.ethe exterior anc.l interior of the cell. Different classes of receptors trans-

oy Extracellular signals in a variety of ways. A common theme among the

or. Ptors covered in this chapter is that ligand binding results in the activation
N intracellular enzymatic activity.
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Chapter 7: Lymphocyte Receptor Signaling

7-1 Transmembrane receptors convert extracellular signals intg
intracellular biochemical events.

The enzymes most commonly associated with receptor activation are
proteinkinases. Thislarge group of enzymes catalyzes the covalent

of a phosphate group to aprotein, reversible process called

For receptors that use protein kinases, the binding of ligand to the

part of the receptor allows the receptor-associated protein kinase to
‘active’—that is, to phosphorylate its intracellular substrate—and thyg
propagate the signal. As we shall see, receptor-associated kinases can
activated in various ways, such as by undergoing modifications to the
itself that alter its intrinsic catalytic efficiency or by changes in su
localization that increase access to its biochemical substrates.

In animals, protein kinases phosphorylate proteins on three amino
tyrosine, serine, or threonine. Most of the enzyme-linked receptors we

in detail in this chapter activate tyrosine protein kinases. Tyrosine kinases
specific for tyrosine residues, whereas serine/threonine kinases

serine and threonine residues; less common are dual-specificity kinases
phosphorylate both tyrosine and serine/threonine residues in their
Protein tyrosine phosphorylation is much less common than
phosphorylation in general, and is employed mainly in signaling

One large group of receptors—the so-called receptor tyrosine

carry  kinase activity within the cytoplasmic region of the receptor
(Fig. 7 1, top panel) This group contains receptors for many growth
lymphocyte receptors of this type include Kit and FLT3, which are

on developing lymphocytes in addition to other hematopoietic

cells and are discussed in Chapter 8. The receptor for transforming
factor-p (TGF-B), an important regulatory cytokine produced by many cells,
a receptor serine/threonine kinase.

Even more important to the function of mature lymphocytes are receptors
have no intrinsic enzymatic activity themselves but associate with
tyrosine kinases. The antigen receptors on B lymphocytes and T

are of this type, as are the receptors for some types of cytokines. Ligand
ing to the extracellular domain of such receptors causes particular amino
residues in their cytoplasmic domains to become phosphorylated by
cytoplasmic tyrosine kinases (see Fig. 7 1, bottom panel). These

kinases either can be constitutively associated with the cytoplasmic

of the receptors, as with many cytokine receptors, or may become

with the receptors when they bind their ligands, as is the case for the
receptors.

For many cytokine receptors, ligand binding causes dimerization or

of individual receptor molecules, bringing the associated kinases together
enabling them to phosphorylate the cytoplasmic tail of adjacent

thus initiating an intracellular signal. In the case of the lymphocyte
receptors, association with cytoplasmic tyrosine kinases occurs after
binding but is unlikely to be due to  simple clustering mechanism.

the actions

kinases into

complex process that we will describe later.

Signaling is usually not a simple ‘on or off’ switch. Depending on the

of the receptor for the ligand, the abundance of the ligand, the

of intracellular signaling components, and a complex network of
and negative-feedback pathways, receptor activation and downstrearm
naling occur when minimum threshold determined by all of these

is exceeded. These features are often merged into the simple term
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General principles of signal transduction and propagation

The activated kinases
phosphorylate

Ligand binding dimerizes the
receptor, activating the kinases,
which phosphorylate each other

receptors, the
is an intrinsic
receptor

kinase
domain

Ligand binding dimerizes the
receptor, activating the
associated kinases, which
phosphorylate each other

The activated kinases
phosphorylate
downstream substrates

another class of receptors,
is noncovalently
with the receptor

kinase

strength. It is important to keep in mind that variations in signal strength will
determine the magnitude of cellular responses—some will be all-or-nothing,
whereas others will increase as the strength of signaling increases.
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Fig. 7.1 Enzyme-associated receptors
of the immune system can use intrinsic
or associated protein kinases to signal.
These receptors activate a protein kinase
on the cytoplasmic side of the membrane
to convey the information that a ligand
has bound to their extracellular portion.
Receptor tyrosine kinases (top panels)
contain the kinase activity as part of the
receptor itself. Ligand binding results in
clustering of the receptor, activation of
catalytic activity, and the consequent
phosphorylation (denoted by red dots) of
the receptor tails and other substrates,
transmitting the signal onward. Receptors
that lack intrinsic kinase activity associate
with nonreceptor kinases (bottom panels).
Receptor dimerization or clustering after
ligand binding activates the associated
enzyme. In all receptors of these types
encountered in this chapter, the enzyme is
a tyrosine kinase.



Chapter 7: Lymphocyte Receptor Signaling

Fig. 7.2 Signaling proteins interact with
each other and with lipid signaling
molecules via modular protein
domains. A few of the most common
protein domains used by immune-system
signaling proteins are listed, together with
some proteins that contain them and

the general class of ligand bound by the
interaction domain. The right-hand column
lists specific examples of a protein motif
(in single-letter amino acid code) or, for the
phosphoinositide-binding domains, the

pa

All

no

7-2 Intracellular signal propagation is mediated by large
multiprotein signaling complexes.

character of the signal it generates. These components may be shared by ge,.
eral receptor pathways, or they may be exclusive to one receptor pathway,
allowing distinct signaling pathways to be built up from a relatively
number of components. The assembly of multisubunit signaling

involves specific interactions of a number of distinct types of proteiy,
interaction domains, or protein-interaction modules, carried by the sig.
naling proteins. Figure 7.2 gives few examples of such domains.
proteins in general contain at least one such protein-interaction domain,
many contain multiple domains. These protein modules cooperate with eacy
other, for example, to organize signaling proteins into the correct

lar localizations, to enable specific binding between protein partners, and t,
modify enzymatic activity.

For the pathways considered in this chapter, the most important mechanisy
underlying the formation of signaling complexes is the phosphorylation of pro.
tein tyrosine residues. Phosphotyrosines are binding sites for a number of pro.
tein-interaction domains, including the SH2 (Src homology 2) domain (see
Fig. 7.2). SH2 domains, built from approximately 100 amino acids, are pres.
ent in many intracellular signaling proteins, where they are frequently linked
to other types of enzymatic or other functional domains. SH2 domains rec-
ognize the phosphorylated tyrosine (pY) and, typically, the amino acid three
positions away (pYXXZ, where X is any amino acid and Z is a specific amino
acid); they bind in a sequence-specific fashion, with different SH2 domains
preferring different combinations of amino acids. In this way, the unique SH2
domain of a signaling molecule can act as a 'key’ that allows inducible and
specific association with a protein containing the appropriate pY-containing
amino acid sequence.

Tyrosine kinase-asso receptors can assemble multiprotein signaling
complexes by using s called scaffolds and adaptors. Scaffolds and
adaptors lack enzymatic activity, and they function by recruiting other pro-
teins into a signaling complex so that interactions among these proteins can
take place.

Lck, ZAP-70, Fyn, Src, Grb2

SH2 PLC-y, STAT, Cbl, Btk, Itk, phosphotyrosine PYXXZ
SHIP, Vav, SAP, PI3K
Lck, Fyn, Src, Grb2, Bk, .

SH3 Itk, Tec, Fyb, Nck, Gads proline PXXP
PH Tec, PLC-y, Akt, Bk, Itk, Sos phosphoinositides PIP3
PX P4QP"™ pa7P"™ pLD phosphoinositides PI(3)P
PDZ CARMA1 C termini of proteins IESDV, VETDV

y - diacylglycero! (DAG)
C1 RasGRP, PKC-6 membrane lipid phorbol ester

polyubiquitin polyubiquitinated RIP,

NZF TAB2 (K63-linked) TRAF-6, or NEMO
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Hitiate
TNine
iby
vay,
Fig. 7.3 Assembly of signaling
complexes is mediated by scaffold and
adaptor proteins. Assembly of signaling
complexes is an important aspect of
signal transduction. This is often achieved
through scaffold and adaptor proteins. In
general, scaffolds have numerous sites
of phosphorylation that function to bring
) Membrane many different signaling proteins together
Bring together localization (top panel). Scaffolds may also function to
1ds e"zé'm]esi r:?gs . promote membrane localization, to bring
Ehosphorylatlon. enzymes into close proximity with their
1er ependent recruitment } )
. Promote (inducible and reversible) substrates, and to induce conformational
s conformational changes in proteins that regulate their
changes functions. An adaptor protein functions

to bring two different proteins together
(bottom panel). When erythropoietin (Epo)
binds to its receptor, associated tyrosine
kinases phosphorylate (red dots) sites on
the Epo receptor cytoplasmic domain,
generating binding sites for the SH2 domain
Epo of an adaptor protein. The adaptor protein

recEggtor (green) shown here contains two SH3
domains in addition to an SH2 domain.
With the SH3 domains it can, for example,
bind proline-rich sites on an intracellular
signaling molecule (yellow).
kinage

Grb2 SHo
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A

GDP:Ras

3z =

active Ras

GDP:Ras

Fig. 7.4 Small G proteins are switched
from inactive to active states by
guanine-nucleotide exchange factors
(GEFs) and the binding of GTP. Ras is

a small GTP-binding protein with intrinsic
GTPase activity. In its resting state, Ras

is bound to GDP. Receptor signaling
activates guanine-nucleotide exchange
factors (GEFs), such as Sos, which can
bind to small G proteins such as Ras and
increase the rate of exchange of GDP for
GTP (center panels). The GTP-bound form
of Ras can then bind to a large number of
effectors, recruiting them to the membrane.
Over time, the intrinsic GTPase activity of
Ras will result in the hydrolysis of GTP to
GDP. GTPase-activating proteins (GAPs)
can accelerate the hydrolysis of GTP to

GDP, thus shutting off the signal more
rapidly.

7-3 Small G proteins act as molecular switches in many differg,.
signaling pathways.

Monomeric GTP-binding proteins known as small G proteins o _

GTPases are important in the signaling pathways leading from many ...

kinase-associated receptors. The small GTPases are distinct from th, ]0.
heterotrimeric G proteins associated with G-protein-coupled recep tﬂrs:
as the chemokine receptors discussed in Chapter 3. The supmfami}y of :
GTPases comprises more than 100 different proteins, and many are i,
in lymphocyte signaling. One of these, Ras, is involved in many Pathwayg _|
ing to cell proliferation. Other small GTPases include Rac, Rho, anq Cd
which control changes in the actin cytoskeleton caused by signals Tecejy
through the T-cell receptor or B-cell receptor. We will describe their acy
more detail in Section 7-19.

o1

Small GTPases exist in two states, depending on whether they are boungy
GTP or to GDP. The GDP-bound form is inactive but is converted iy
active form by exchange of the GDP for GTP. This reaction is mediated
teins known as guanine-nucleotide exchange factors, or GEFs, which cq
the GTPase to release GDP and to bind the more abundant GTP (Fig. 7.4)
which is recruited to signaling pathways by the adaptor Grb2 (see Sectio,
is one of the GEFs for Ras. The binding of GTP induces a conformational chg
in the small GTPase that enables it to bind to and induce effector activity ing
variety of target proteins. Thus, GTP binding functions as an on/off switch fo
small GTPases. ]

.

This GTP-bound form does not remain permanently active but is eventuglj
converted into the inactive GDP-bound form by the intrinsic GTPase a
ity in the G protein, which removes a phosphate group from the bound
Regulatory cofactors known as GTPase-activating proteins (GAPs) accele
the conversion of GTP to GDP, thus rapidly downregulating the activity of th
small GTPase. Because of GAP activity, small GTPases are usually presentil
the inactive GDP-bound state and are activated only transiently in responsef
a signal from an activated receptor. RAS is frequently mutated in cancer ¢
and the mutated Ras protein is thought to be a significant contributor to
cancerous state. The importance of GAPs in signaling regulation is indica
by the fact that some mutations in Ras found in cancer act by preventing G
from enhancing the intrinsic GTPase activity of Ras, thus prolonging the dur
tion for which Ras exists in the active GTP-bound state.

GEFs are the key to G-protein activation and are recruited to the site of rece?
tor activation at the cell membrane by binding to adaptor proteins or tol
metabolites produced by receptor activation. Once recruited, they are ableld
activate Ras or other small G proteins, which are localized to the inner $4%
face of the plasma membrane via fatty acids that are attached to the G pro
post-translationally. Thus, G proteins act as molecular switches, beco
switched on when a cell-surface receptor is activated and then being switch
off. Each G protein has its own specific GEFs and GAPs, which help to co
specificity on the pathway.

7-4  Signaling proteins are recruited to the membrane by a variefy.
of mechanisms.

We have seen how receptors can recruit intracellular signaling proteins t¢
plasma membrane through tyrosine phosphorylation of the receptor itS¢%
of an associated scaffold, followed by recruitment of SH2-domain-contai” ’;‘
signaling proteins or adaptors, such as Grb2 (Fig. 7.5). A second mechanism
membrane recruitment of signaling proteins is via binding to small GTP#7
such as Ras, following their activation. As described in Section 7-3, 8 ,.i
GTPases are constitutively bound to the cytoplasmic surface of the pl&®=
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General principles of

signal transduction and propagation

0 sites on Recognition of activated Pl 3-kinase phosphorylates PIP, o -
! protein small G proteins to generate PP, z Binding to membrane lipids
a
LAT
« «
PLC-y —> PH
domain
Ras
(inactive) (active)
PI3-
Gro2 kinase Akt Itk
d by exchange Fig. 7.5 Signaling proteins can be

S such as Sos,
p 7.5).

Another way in which receptors can recruit signaling molecules to the plasma
membrane is by the local production of modified membrane lipids. These

duced ion 0s-
tol by as ich
asare ign 0s-

phatidylinositol is a carbohydrate ring that can be phosphorylated at one or
more positions to generate a wide variety of derivatives. The ones that we will
focus on in this chapter are phosphatidylinositol 4,5-bisphosphate (PIP,) and
phosphatidylinositol 3,4,5-trisphosphate (PIP,), the latter of which is gener-
ated from PIP, by the enzyme phosphatidylinositol 3-kinase (PI 3-kinase)
(see Fig. 7.5). PI 3-kinase is often recruited by binding of the SH2 domain
of its regulatory subunit to phosphotyrosines in a receptor tail, bringing its
catalytic subunit into proximity with inositol phospholipid substrates in the
membrane. In this way, membrane phosphoinositides such as PIP, are rapidly
produced after receptor activation. This, combined with their short life span,
makes them ideal signaling molecules. PIP; is recognized specifically by pro-
teins con a pleckstrin homology (PH) domain or, less aPX
domain ( 7.2), and one of its functions is to recruit suc o the
membrane and in some cases contribute to enzyme activation.

7-5  Post-translational modifications of proteins can both activate
and inhibit signaling responses.

recruited to the membrane in a variety
of ways. Recruitment of signaling proteins
to the plasma membrane is important in
signal propagation because this is where
receptors are usually located. Left panel:
tyrosine phosphorylation of membrane-
associated proteins, such as the scaffold
LAT, recruits phosphotyrosine-binding
proteins. This can also protect the scaffold
from dephosphorylation by tyrosine
phosphatases, which inhibit signaling.
Second panel: small G proteins such as
Ras can associate with the membrane by
having lipid modifications (shown in red).
When activated, they can bind a variety

of signaling proteins. Right two panels:
modifications to the membrane itself that
result from receptor activation can recruit
signaling proteins. In this example the
membrane lipid PIP; has been produced in
the inner leaflet of the plasma membrane by
the phosphorylation of PIP, by PI 3-kinase.
PIP; is recognized by the PH domains

of signaling proteins such as the protein
kinases Akt and Itk.
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Fig. 7.6 Signaling must be turned off
as well as turned on. The inability to
terminate a signaling pathway can result
in serious diseases such as autoimmunity
or cancer. As a significant proportion

of signaling events depend on protein
phosphorylation, protein phosphatases,
such as SHP, have an important part in
shutting down signaling pathways (left
panel). Another common mechanism for
terminating signaling is regulated protein
degradation (center and right panels).
Phosphorylated proteins recruit ubiquitin
ligases, such as Chl, that add the small
protein ubiquitin to proteins, thus targeting
them for degradation. Cytoplasmic
proteins are targeted for destruction in the
proteasome by the addition of polyubiquitin
chains, linked through lysine 48 (K48)

of ubiquitin (center panel). Membrane
receptors that become ubiquitinated by
individual ubiquitin molecules or di-ubiquitin
are internalized and transported to the
lysosome for destruction (right panel).

SHP
proteasome

First, an E1 ubiquitin-activating enzyme promotes attachment of

an E2 ubiquitin-conjugating enzyme. The ubiquitin is then transferred to
protein substrate by an enzyme known as an E3 ubiquitin ligase.
ligases can continue to add ubiquitin molecules to form
Importantly, different ubiquitin ligases add the carboxy terminus of
ubiquitin molecule to different lysine residues of the conjugated
typically either lysine 48 (K48) or lysine 63 (K63). These different
polyubiquitin produce divergent outcomes for signaling pathways.

When polyubiquitin chains are formed using K48 linkages, the outcome
target the protein for degradation by the proteasome (see Fig 7.6). An
tant ubiquitin ligase of this kind in lymphocytes is Cbl, which selects
gets via its SH2 domain. Cbl can thus bind to specific

targets, causing them to become ubiquitinated via K48 linkages.
recognize this form of polyubiquitin then target the ubiquitinated
degradative pathways via the proteasome. Membrane proteins such as
tors can be tagged by single ubiquitin molecules or by di-ubiquitin.
not recognized by the proteasome, but instead, are recognized by
ubiquitin-binding proteins that target proteins for degradation in
(see Fig. 7.6). Thus, ubiquitination of proteins can inhibit signaling.
phosphatases, where the mechanism of inhibition is reversible,
ubiquitin-mediated protein degradation is a more permanent means of
nating signaling.

Ubiquitination can also be used to activate signaling pathways. We have

(see Fig. 3.15)

7-6 The activation of some receptors generates
second messengers.

In many cases, intracellular signaling involves the activation of

produce small-molecule biochemical mediators known as second
gers (Fig. 77 These mediators can diffuse throughout the cell,
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Antigen receptor signaling and lymphocyte activation

Calcium rapidly diffuses
throughout the cell and
induces conformational
changes in calmodulin

Signaling results in the
release of the second

n by kinase
ades messenger calcium

ificatio
Ampli Cascad

Raf calmodulin - @
receptor
® effector

% @® protein

® Ca>
IP ®
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signal to activate a variety of target proteins. The e on of sec-
ond messengers also serves the dual purpose of rations of

them sufficient to activate the next stage of the pathway and of amplifying the
cascade. The second messengers generated ors that signal
ne kinases include calcium ions (Ca®*) and of membrane
lipids and their soluble derivatives. Although some of these lipid messengers
are confined to membranes, they can move within them. A second messenger
binding to its target protein typically induces a conformational change that
allows the protein to be activated.

Summary.

Cell-surface receptors serve as the front line of a cell’s interaction with its
environment; they sense extracellular events and convert them into bio-
chemical signals for the cell. As most receptors sit in the plasma membrane,

Ant

acti ceptor signaling and lymphocyte
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Fig. 7.7 Signaling pathways amplify
the initial signal. Amplification of the
initial signal is an important element of
most signal transduction pathways.

One means of amplification is a kinase
cascade (left panel), in which protein
kinases successively phosphorylate and
activate each other. In this example, taken
from a commonly used kinase cascade
(see Fig. 7.19), activation of the kinase

Raf results in the phosphorylation and
activation of a second kinase, Mek, that
phosphorylates yet another kinase, Erk.

As each kinase can phosphorylate many
different substrate molecules, the signal is
ampilified at each step, resulting in a huge
amplification of the initial signal. Another
method of signal ampilification is the
generation of second messengers (center
and right panels). In this example, signaling
results in the release of the second
messenger calcium (Ca2*) from intracellular
stores into the cytosol or its influx from the
extracellular environment. Ca?* release from
the endoplasmic reticulum (ER) is shown
here. The sharp increase in free Ca2* in the
cytoplasm can potentially activate many
downstream signaling molecules, such as
the calcium-binding protein calmodulin.
Calcium binding induces a conformational
change in calmodulin, which allows it to
bind to and regulate a variety of effector
proteins.
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TCR
recognition
CcD3 cD3
e —t—
[TAMs

[

signaling
4

Fig. 7.8 The T-cell receptor complex

is made up of variable antigen-
recognition proteins and invariant
signaling proteins. Upper panel: the
functional T-cell receptor (TCR) complex is
composed of the antigen-binding TCRa:p
heterodimer associated with six signaling
chains: two &, one §, and one y collectively
called CD3, and a homodimer of ¢. Cell-
surface expression of the antigen-binding
chains requires assembly of TCRa:p with
the signaling subunits. Each CD3 chain
has one immunoreceptor tyrosine-based
activation motif (ITAM), shown as a yellow
segment, whereas each ¢ chain has three.
The transmembrane regions of each chain
have unusual acidic or basic residues as
shown. Lower panel: the transmembrane
regions of the various TCR subunits are
represented in cross-section. It is thought
that one of the positive charges, from a
lysine (K) of the o chain, interacts with

the two negative charges of aspartic acid
(D) of the CD38:¢ dimer, while the other
positive charge, of arginine (R), interacts
with aspartic acids of the { homodimer.
The posttive arginine (K) charge of the B
chain interacts with the negative charges
of aspartic acid and glutamic acid (E) in the
CD3y:¢ dimer.

in the B-cell receptor, and the TCRa and TCRp chains in the T-ce]]
These variable chains have exquisite specificity for antigen, allowing each
phocyte to detect the presence of one type of pathogen. However,
antigen to the antigen receptor is not sufficient for a lymphocyte to

the information that antigen receptor engagement has occurred alsg
be transduced into the intracellular compartment of the

the fully functional antigen receptor complex must include

can transduce signal across the plasma membrane. For the
receptor and

ant accessory

Assembly with these accessory proteins is also essential for transport
receptor to the cell surface. In this part of the chapter we describe the
ture of the antigen receptor complexes on T cells and B cells, and the
pathways that lead from them.

7-7 Antigen receptors consist of variable antigen-binding
associated with invariant chains that carry out the signaling
function of the receptor.

In T cells, the highly variable TCRa:p heterodimer (see Chapter 5) is not
ficient on its own to make up a complete cell-surface antigen receptor.
cells were transfected with cDNAs encoding the TCRa and TCR chains,
heterodimers formed were degraded and did not appear on the cell
This implied that other molecules are required for the T-cell receptor
expressed on the cell surface. In the T-cell receptor, the other required
cules are the CD3y, CD35, and CD3¢ chains, which together form the
complex; and the { chain, which is present as a disulfide-linked
mer (Fig. 7.8). The CD3 proteins have an extracellular

domain, whereas the { chain contains only a short extracellular
Throughout the remainder of the chapter, we will use the term T-cell

to refer to the entire T-cell receptor complex, including these associated
aling subunits.

Although the exact stoichiometry of the complete T-cell receptor is not
itively established, it is thought that the receptor o chain interacts with
CD36:CD3edimer and one { dimer, while thereceptor  chain
CD3y:CD3¢ dimer (see Fig. 7.8). These interactions are mediated by
charge interactions between basic and acidic intramembrane amino
the receptor subunits. There are two positive charges in the TCRa
brane region and one in the TCRB transmembrane domain. Negative
in the CD3 and { transmembrane domains interact with the positive
aand B Assembly of CD3and ( dimer with the o:p heterodimer

o and p dimer during its production in the endoplasmic reticulum and
the complex to be transported to the plasma membrane. These
ensure that all T-cell receptors present on the plasma membrane are
assembled.

Signaling from the T-cell receptor is initiated by tyrosine

(see Section 7-11 below).

Each ITAM contains two tyrosine residues that become
specific protein tyrosine kinases when the receptor binds its ligand,
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Antigen receptor signaling and lymphocyte activation

oinhibited conformation of ZAP-70 Phosphorylation of the ITAM recruits ZAP-70,
i

Aul which Is then activated by phosphorylation
extrace|‘“|ar Receptor E
SH2 domain kinase ®
SH2 domain domain
ITAM — 9-12
ZAP-70

cytop asm

cient in recruiting signaling proteins that contain two tandem SH2 domains
When both tyrosines of the ITAM are phosphorylated, tandem SH2
ontaining proteins such as Syk or ZAP-70 are recruited. This leads
to the phosphorylation of Syk or ZAP-70, an essential step in the activation of
these kinases, as will be discussed further below (see Section 7-10).

The antigen-binding immunoglobulin on the B-cell surface is also associated
with invariant protein chains that mediate signaling. These two polypeptides,
called Iga and IgP, are required for transport of the receptor to the surface and
for B-cell receptor signaling (Fig. 7.10). Iga and IgP are single-chain proteins
composed of an extracellular immunoglobulin-like domain connected by a
transmembrane domain to a cytoplasmic tail. They form a disulfide-linked
heterodimer that becomes associated with immunoglobulin heavy chains and
enables their transport to the cell surface. The Igo:1gP dimer associates with the
B-cell receptor through hydrophilic rather than charge interactions between
their transmembrane regions. The complete B-cell receptor is thought to be a
complex of six chains—two identical light chains, two identical heavy chains,
and one associated heterodimer of Iga and Igp. Like CD3 and the { chains of
the T-cell receptor, Iga and Igp have ITAMs, but just one each, and these are
essential for the ability of the B-cell receptor to signal.

7-8 Antigen recognition by the T-cell receptor and its co-receptors
transduces a signal across the plasma membrane to initiate
signaling.
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Fig. 7.9 ITAMs recruit signaling proteins
that have tandem SH2 domains. The
ITAMs of the T-cell receptor (TCR) and
B-cell receptor (BCR) contain tyrosine
residues within the motif ... YXX[L/I]

Xe-o YXX[L/].. . The spacing between

the tyrosines is important in binding to
tandem SH2-containing proteins such

as Syk and ZAP-70. Left panel: prior to
TCR or BCR stimulation, these kinases
are in an inactive conformation, known

as the autoinhibited conformation. The
autoinhibited conformation is stabilized

by interactions between the tandem

SH2 domain-kinase domain linker region
and the kinase domain that hold the
enzyme in a catalytically inactive state.
Right panel: after phosphorylation of both
tyrosines within one ITAM (here depicted
as two tyrosines separated by 9-12 amino
acids), the tandem SH2 domains of Syk
or ZAP-70 can dock cooperatively to both
phosphotyrosines, as shown here for
ZAP-70 By being recruited into the active
signaling complex, ZAP-70 can itself be
phosphorylated, so that it becomes an
active kinase that can then phosphorylate
its substrates. This final step of ZAP-70
activation requires phosphorylation on
two tyrosines in the linker region between
the tandem SH2 domains and the kinase
domain, together with phosphorylation of
a tyrosine in the catalytic site of the kinase
domain.

B-cell receptor complex

recognition
light
heavy chain
lgp Iga
ITAM
.
signaling
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= L 7?.:1‘] cell can become activated by fewer than 50 antigenic peptide:MHC oyl

f_u . i ﬂ%% 111,5 MG, displayed by an antigen-presenting cell, anq effector CD8 cytotoxic T cellg

—_— be even more sensitive. B cells become activated when about 20 B-¢g)| toosd
antigen-presenting cell tors are engaged. These estimates based on in vitro studies may not Cep:

L . gag! y be Pleps,

for cells in vivo, but it is clear that the antigen receptors on T cells anq g ¢

confer remarkable sensitivity to antigen. Cellg
MHC For a peptide:MHC complex to activate T cells, it must bind directly ¢ «
gl T-cell receptor (Fig. 7.11, upper panel, and see Fig. 4.22). However, it ey ¢

unclear precisely how this extracellular recognition event is trangp;
across the T-cell membrane to initiate signaling. Questions remain ag ¢, A
stoichiometry and physical arrangement of T-cell receptors and peptide;
complexes required to initiate the signaling cascade. We will discuss thig a!_.
'I of active research only briefly before moving on to explain well—understq

intracellular events that occur after antigen recognition. ;

TCR

o

One suggestion is that signaling is initiated by T-cell receptor dimerizajy,
through formation of ‘pseudo-dimeric’ peptide:MHC complexes contaipj; .
U u one antigen peptide: MHC molecule and one self peptide:MHC molecule g ‘

the surface of the antigen-presenting cell. This model relies on a weak jngg S

action occurring between the T-cell receptor and self peptide:MHC gy,
plexes, stabilized by the CD4 or CD8 co-receptor interactions with the sjf
peptide:MHC complexes, but it would explain signaling induced by low deg.
sities of antigenic peptides. An additional possibility is that the antigenic peg
tide:MHC complex induces a conformational change in the T-cell receptay
or its associated CD3 and ¢ chains, that promotes receptor phasphorylation;
however, direct structural evidence supporting this model is still lacking,

It has also been suggested that signaling might involve receptor oligomeriza.
tion, or clustering, as antibodies that bind to and cross-link T-cell receptors
can activate T cells. Since antigenic peptides are vastly outnumbered by o
peptides displayed on the surface of the antigen-presenting cell, it is unlike
that physiologic amounts of antigen induce conventional oligomerization:
observed with antibodies. However, assemblies of small numbers of T-cell:
ZAP-70 e ZAP-70 receptors called microclusters have been observed in the zone of contatt
between the T cell and the antigen-presenting cell. These microclusters for
rapidly following TCR stimulation, and quickly merge with microclusters ¢o
taining downstream signaling components, such as scaffolds and adaptors;
Fig. 7.11 Engagement of co-receptors Current evidence indicates that signaling is initiated in these microclustets:
with the T-cell receptor enhances One popular model proposes that signal initiation takes place when inhibiton
phosphorylation of the ITAMs. Upper . : = of

signaling proteins are excluded from these complexes. A key component ¢

anel: for simplicity, we show the CD4 ) ) ) . ) . . amitte S
So-receptor eggaging the same MHC this model is that prior to TCR signaling, activating and inhibitory enzymes?

molecule as the T-cell receptor (TCR), in a balanced equilibrium; the initiation of signaling occurs when this equilibs
although signaling within receptor rium is perturbed in favor of the activating modifications.

microclusters may differ from this

arrangement. When T-cell receptors and i - . b
co-receptors are brought together by 7-9 Antigen recognition by the T-cell receptor and its co-receptors

binding to peptide:MHC complexes on leads to phosphorylation of ITAMs by Src-family kinases,

the surface of an antigen-presenting cell, generating the first intracellular signal in a signaling cascade:

recruitment of the co-receptor-associated |
iness Leksad=iRliepho gt The first intracellular signal generated after the T cell has detected its P

of ITAMs in CD3y, §, and ¢, and in the o . . ) . .
¢ chains. Lower;;anel: the tyrosine kinase cific antigen is the phosphorylation of both tyrosines in the ITAMs of the

ZAP-70 binds to phosphorylated ITAMs T-cell receptor. This signal is initiated with the help of the CD4 and cp8 e
through its SH2 domains, enabling ZAP-70 receptors, which bind to MHC class ITmolecules and class [ molecules, reSP’fc
fo be phosphorylated and activated by tively, via their extracellular domains (see Section 4-18), and associate W' 0
Lek. ZAP-70 then phosphorylates other nonreceptor kinases via their intracellular domains. The Src-family kinasé >~

intracellular si i R . .
" signaling molecules. is constitutively associated with the cytoplasmic domains of CD4 and 2%

and is thought to be the kinase primarily responsible for phosphorylatio? 2
the ITAMs of the T-cell receptor (see Fig. 7.11). Evidence suggests that bind! o
of the co-receptor to the peptide:MHC complex that binds the T-cell recep'™
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Y31 Y319

SH2  SH2 kinase

Fig. 7.13 Structure of the autoinhibited
ZAP-70 kinase. The structure of the
inactive autoinhibited conformation of
ZAP-70 is shown with the protein domains
color-coded according to the domain

map shown at the bottom; the dashed

red line indicates a region of the protein
that was not detected in the structural
analysis. Prior to T-cell receptor stimulation,
the ZAP-70 kinase is in this inactive
conformation, based on interactions
between the tandem SH2 domain-kinase
domain linker region (thick red line) and the
kinase domain. This interaction stabilizes
ZAP-70 in a catalytically inactive state,
referred to as the autoinhibited form of
ZAP-70, by locking the kinase domain in
an inactive conformation. Following T-cell
receptor stimulation, Lck phosphorylates
two tyrosine residues in this linker region,
Y315 and Y319, shown in yellow. Lck also
phosphorylates a tyrosine residue in the
catalytic (kinase) domain. When Y315 and
Y319 are phosphorylated, the linker region
no longer binds to the kinase domain,
allowing the phosphorylated kinase domain
to adopt an active conformation. Courtesy
of Arthur Weiss.

NK cells
Mast cells
NK cells Basophils
FeyRII(CD16)  NKG2C,D,E
FeyRV (CD94) FeeRl
o
B
yorg DAP12 ¥

7-10 Phosphorylated ITAMs recruit and activate the tyrosine
ZAP-70.

associated protein), which carries the activation signal onward. ZAp.7
two tandem SH2 domains that can be simultaneously engaged by the
phosphorylated tyrosines in an ITAM (see Fig. 79 The affinity of the
phorylated YXXL sequence for a single SH2 domain is low; binding of
SH2 domains to the ITAM is significantly stronger and confers sp
ZAP-70 binding. Thus, when Lck has sufficiently phosphorylated an

the T-cell receptor, ZAP-70 binds to it. Once bound, ZAP-70 is

by Lck at three tyrosine residues, two in the linker region between the
dem SH2 domains and the kinase domain, and a third residue in the
domain. Together these phosphorylations activate ZAP-70 by
autoinhibited form of inactive ZAP-70, allowing the ZAP-70 kinase

to adopt the active conformation (Fig. 7.18). ZAP-70 can also be
autophosphorylation.

7-11 ITAMs are also found in other receptors on leukocytes that
signal for cell activation.

The signaling subunits of the T-cell receptor and the B-cell receptor each
tain ITAMs, which are essential for T-cell receptor and B-cell receptor
aling. Phosphorylation of both tyrosines in the ITTAM functions to
tyrosine kinase with tandem SH2 domains—ZAP-70 in the case of T cells,
closely related kinase, Syk, in B cells. Other immune-system receptors also
ITAM containing accessory chains to transduce activating signals (Fig.
One example is FeyRIIT (CD16); this is a receptor for IgG that triggers
body-dependent cell mediated cytotoxicity (ADCC by NK cells,
consider in Chapter 11 CD16 is also found on macrophages and

where it facilitates the uptake and destruction of antibody-bound

To signal, FcyRIII must associate either with the { chain found also in the
receptor or with another member of the same protein family known as
Fcy chain. The Fcy chain is also the signaling component of another Fc
tor—the Fce receptor I (FceRI) on mast cells. As we discuss in Chapter 14,
receptor binds IgE antibodies, and on cross-linking by allergens, it triggers
degranulation of mast cells. Last, many activating receptors on NK cells
associated with DAP12, another ITAM-containing protein (see Section
Each of these additional ITAM-containing signaling chains becomes
phosphorylated following stimulation of its associated receptor, leading fo
recruitment of a tyrosine kinase, either Syk or ZAP-70. With the

Fig. 7.14 Other receptors that pair with ITAM-containing chains can deliver

mediated cytotoxicity (ADCC) Activating receptors on NK cells, such as NKG2C,
and NKG2E, also associate with [TAM-containing signaling chains. The Fce receptor
is found on mast cells and basophils. The  subunit binds to IgE antibodies with very
affinity. The B subunit s a four-spanning transmembrane protein When antigen

binds to the IgE, the mast cell Is triggered to release granules containing inflammatory
mediators The y chain associated with the Fc receptors, and the DAP12 chain that
associates with the NK killer-activating receptors, also contain one ITAM per chain
present as homodimers.

MS& D Exhibit 1039, Page 101 of 166



kinase

e ph()s,

Orylateq
the tap.
“atalyti,
ting the
domajp
7ated by

hat

ich con-
or sign-
‘ecruit a
Is,anda
also use
g. 7.14),
2r$ anti-
hich we
trophils,
‘hogens.
1e T-cell
n as the
c recep-
- 14, this
«gers the
cells are
m 3-26).
tyrosiné
1g to the

ption of

e8s0ry

ound

s the

cell-

KG2D,

r (FCER')
high

zequeﬂ“y

and aré

Antigen receptor signaling and lymphocyte activation

742 Activated ZAP-70 phosphorylates scaffold proteins and
promotes PI 3-kinase activation.

protein Gads; this three-protein co ed toas Gads:SLP-76
complex, plays a central role in T-c . This is d by the pro-
found TCR signaling and T-cell development defects seen in mice lacking any

Activated ZAP-70 phosphorylates
LAT and SLP-76, initiating four
signaling modules

SLP-
ZAP-70 LAT

Akt activation leads to

PLG-y activation leads
increased cellular

to transcription factor

Metabolic activity activation cytoskeletal reorganization
PP,
PH
domain PLC-y
Akt Vav
Gads

MS& D Exhibit 1039, Page 102 of 166

MOVIE 7.1

Fig. 7.15 ZAP-70 phosphorylates LAT
and SLP-76, initiating four downstream
signaling modules. Activated ZAP-70
phosphorylates the scaffold proteins LAT
and SLP-76 and recruits them to the
activated T-cell receptor (TCR) complex. An
adaptor protein, Gads, holds the tyrosine-
phosphorylated LAT and SLP-76 together.
The multiple binding sites on these scaffold
proteins recruit several additional adaptors
and enzymes that initiate four essential
downstream signaling modules. One key
component required for several of these
modules is the activation of Pl 3-kinase,
which phosphorylates PIP, in the plasma
membrane to generate PIP;. These four
modules include the activation of the serine/
threonine kinase Akt, which promotes
enhanced cellutar metabolic activity;

the activation of PLC-y, which leads to
transcription factor activation; the activation
of Vav, which induces actin polymerization
and cytoskeletal reorganization; and

the recruitment of ADAP, an adaptor
protein that promotes enhanced integrin
adhesiveness and clustering.

Vav activation leads to
actin polymerization and

to enhanced integrin
adhesiveness and clustering

ADAP



r

e

T Cell Signaling Defects %

Fig. 7.16 The recruitment of
phospholipase C-y by LAT and SLP-76,
and its phosphorylation and activation
by the protein kinase ltk, are crucial
steps in T-cell activation. ZAP-70
phosphorylates the scaffold proteins LAT
and SLP-786, which are brought together
to form a complex at the activated T-cell
receptor by the adaptor protein Gads. This
complex also promotes the activation of

Pl 3-kinase, leading to the production of
PIP; (formed by the phosphorylation of
PIP, by PI 3-kinase). Phospholipase C-y
(PLC-y) is recruited to the membrane by
its PH domain binding to PIP; and then
binds to phosphorylated sites in LAT and
to the proline-rich domain of SLP-76. To be
activated, PLC-y must be phosphorylated
by the Tec-family kinase Itk. Itk is recruited
to the membrane by interaction of its PH
domain with PIP;, and by interactions

with phosphorylated SLP-76. Once
phosphorylated by Itk, phospholipase C-y
is active.

| ! m Chapter 7: Lymphocyte Receptor Signaling

one of these components, and in humans lacking ZAP-70. A secong ..

tial event that occurs rapidly following ZAP-70 activation is the I'ECrmF S,
and activation of the enzyme PI 3-kinase (see Section 7.4); while the det g,
mechanism linking PI 3-kinase activation to T-cell receptor sLimuEatiOni

well understood, current evidence suggests a role for the small GTPase Rs
this case, Ras may be activated by recruitment of the Ras-GEF Sos 1, L ﬁ{f I
Sos binding to the small adaptor protein Grb2, forming a second ﬂlree_pm_ :
complex containing LAT and Sos, bridged by Grb2. !

Following formation of the LAT:Gads:SLP-76 complex and the a¢
of PI 3-kinase, the T-cell receptor signaling pathway branches intq
downstream modules, each of which induces cellular changes that

i,l'i"
Sey,
ute to optimal T-cell activation (see Figure 7.15). Each module ig irﬁg D
by the recruitment of a key intermediate to the active signaling comple
either via binding to the LAT:Gads:SLP-76 complex, to the PIP, gener.
by PI 3-kinase, or to both. In brief, these modules lead to the activatig
phospholipase C-y (PLC-y), which affects transcription; the activation gf
serine/threonine kinase Akt, which affects metabolism, among other thjy
the recruitment of the adaptor protein ADAP, which upregulates cell adheg
and the activation of the protein Vav, which initiates actin polymerizatigy
Each of these modules will be described in detail in the sections below.,

7-13 Activated PLC-y generates the second messengers
diacylglycerol and inositol trisphosphate that lead to
transcription factor activation.

One important module of T-cell receptor signaling is the activation of fe
enzyme phospholipase C-y (PLC-y). First, PLC-y is brought to the innerf
of the plasma membrane by the binding of its PH domain to the PIP, thaths
been formed by the phosphorylation of PIP, by PI 3-kinase; it then bindsis
phosphorylated LAT and SLP-76. The actions of PLC-y produce two secg
messengers that activate three distinct terminal branches of the T-cell receptt
pathway leading to transcription factor activation. ]

Due to this crucial role in T-cell activation, PLC-y activation is contro'lle
several different levels. Recruitment to the membrane, while necessary, i
sufficient to activate PLC-y. PLC-y activation requires phosphorylation byll
a member of the Tec family of cytoplasmic tyrosine kinases. Like PLC-}, 1%
kinases contain PH, SH2, and SH3 domains and are recruited to the plasi
membrane by interactions via these domains; specifically, the PH dom#
interacts with PIP, on the inner face of the membrane (Fig. 7.16), and the o

LAT and SLP-76

Activated ZAP-70 phosphorylates LAT:Gads:SLP-76 complex and PIP;
accumulate at the plasma membrane

LAT:Gads:SLP-76 and PIP, PL-y is activated by
recruit PLC-y and itk phosphorylation by 5T
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Antigen receptor signaling and lymphocyte activation

The activation of PLC-y marks an important step in T-cell activation, because
after this point the PLC-y signaling module splits into three distinct branches—
the stimulation of Ca** entry, the activation of Ras, and the activation of pro-
tein kinase C-0 (PKC-0)—each of which ends in the activation of a different
transcription factor. These signaling pathways are utilized by many cell types,
in addition to lymphocytes. Their importance in T-cell activation is shown by
the observation that treatment of T cells with phorbol myristate acetate (an
analog of DAG) and ionomycin (a pore-forming drug that allows extracellu-
lar calcium to flow into the cell) can reconstitute many of the effects of T-cell
receptor stimulation. Additionally, deficiencies in several of these signaling
components, including Lck, Zap-70, Itk, CD45, Carmal, and ORAI1, have been
found to be mutated in cases of severe combined immunodeficiency (SCID).

7-14  Ca?* entry activates the transcription factor NFAT.

® ®
2:
Pt DAG
@
® 1P,
ORAN STIM1
®
® @
®  |Jumen of
) ® endoplasmic
cytosol ® reticulum

STIM1 aggregation

extracellular @
fluid @

®
®
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® STIM1

Aggregated STIM1 binds to and opens
ORAI1 channels in the plasma membrane,
allowing entry of extracellular calcium.
DAG remains in the membrane and
recruits PKC-0 and RasGRP

e e ©® &
e ® o ©
o ¥ o
® RasGRP
® ™ PKC-6
®
®
® e
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Fig. 7.18 The transcription factor NFAT
is regulated by calcium signaling.

Left panel: NFAT is maintained in the
cytoplasm by phosphorylation on serine
and threonine residues. Center panel: after
antigen receptor stimulation, calcium enters

Phosphorylation on serine and
threonine residues keeps
NFAT in the cytoplasm of

unstimulated cells

Calcium entry activates the
serine/threonine phosphatase
calcineurin which

dephosphorylates NFAT activates gene

the cytosol, first from the endoplasmic
reticulum (not shown; see Fig. 7.17) and
later from the extracellular space (shown).
After entering the cytosol, calcium binds
to calmodulin, and the Ca2*:calmodulin
complex binds to the serine/threonine
phosphatase calcineurin, activating it to
dephosphorylate NFAT. Right panel: once
dephosphorylated, NFAT moves into

the nucleus, where it binds to promoter
elements and activates the transcription of
various genes.

MOVIE 7.2

open Open

2:
closed Ca™

caicineurin

NFAT calmodutin

signals, NFAT is kept in the cytosol of resting T cells by phosphorylation
serine/threonine residues. This phosphorylation is mediated by

nine kinases, including glycogen synthase kinase 3 (GSK3) and casein
(CK2) When phosphorylated, the nuclear localization sequence of NFAT
not recognized by nuclear transporters, and NFAT is unable to enter intg
nucleus (Fig. 7.18).

The cytoplasmic Ca®* resulting from T-cell receptor signaling binds to
induces a conformational change in a protein called calmodulin, which
then able to bind to and activate a wide range of different target

In T cells, an important target of calmodulin is calcineurin, a protein
phatase that acts on NFAT. Dephosphorylation of NFAT by calcineurin

the nuclear localization sequence to be recognized by nuclear transporters,
and NFAT enters the nucleus (see Fig. 7.18). There it participates in

on many of the genes crucial for T-cell activation, such as the gene for
cytokine interleukin-2 (IL-2).

The importance of NFAT in T-cell activation is illustrated by the effects

selective inhibitors of calcineurin called cyclosporin A (CsA) and tacrolimus
(also known as FK506). CsA forms a complex with the protein cyclophilin4,
and this complex inhibits calcineurin. Tacrolimus binds a different protein,
FK-binding protein (FKBP), making a complex that similarly inhibits calcineu
rin. By inhibiting calcineurin, these drugs prevent the formation of active

7-15 Ras activation stimulates the mitogen-activated protein
(MAPK) relay and induces expression of the transcription
factor AP-1.

A second branch of the PLC-y signali
GTPase Ras. This can occur by variou
for Ras activation in T cells is via the
in the plasma membrane and activate
protein RasGRP, which is a guanine-
cally activates Ras. RasGRP contains
domain that binds to DAG. This inter
near active signaling complexes (Fig.
ing the exchange of GDP for GTP. Ra
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Antigen receptor signaling and lymphocyte activation.

":‘-i;" initially inactive. TCR signaling produces
5 R

\G, which recruits
asGRP to the membrane where it : Ras

Ras activates Raf, which
phosphorylates Mek, which
phosphorylates Erk

Activated Erk enters the nucleus
and activates transcription factors
such as Elk-1

Raf

active Ras

inactive Ras

‘ RasGRP

Mek
Erk

transcription factor

\

; i ! nucleus

signaling pathway by the guanine-exchange factor Sos, which is recruited by
the adaptor protein Grb2 (see Sections 7-2 and 7-3), which has itself been
recruited by binding to phosphorylated LAT and SLP-76.

Activated Ras then triggers a three-kinase relay that ends in the activation of
2 serine/threonine kinase known as a mitogen-activated protein kinase or
MAP kinase (MAPK) (see Fig. 7.19). In the case of antigen receptor signaling,
the first member of the relay is a MAPK kinase kinase (MAP3K) called Raf.
Rafis a serine/threonine kinase that phosphorylates the next member of the
series, a MAPK kinase (MAP2K) called MEK1. MEK1 is a dual-specificity pro-
tein kinase that phosphorylates a tyrosine and a threonine residue on the last
member of the relay, a MAPK which in T cells and B cells is Erk (extracellular
signal-related kinase).

Signaling by MAPK cascades is facilitated by specialized scaffold proteins that
bind to all three kinases in a particular MAPK relay, thereby accelerating their
interactions. The scaffold protein kinase suppressor of Ras (KSR) functions
in the Raf/MEK1/Erk pathway. During T-cell receptor signaling, KSR associ-
ates with Raf, MEK1, and Erk and localizes itself and its cargo to the mem-
brane. In that location, activated Ras can engage with the Raf bound to KSR
and trigger the kinase relay (see Fig. 7.19).

An important function of MAPKS is to phosphorylate and activate transcrip-
tlpn factors that can then induce new gene expression. Erk acts indirectly to
generate the transcription factor AP-1, which is a heterodimer composed
Df-.one monomer each from the Fos and Jun families of transcription factors
(Fig. 7.20). Active Erk phosphorylates the transcription factor Elk-1, which

Activation of the MAP kinase JNK allows it
to enter the nucleus and phosphorylate c-Jun,
which activates the Jun-Fos dimer
for transcription

cytoplasm

- c'ﬁs ‘ c-llin
o’

AP-1 ! m

nucleus AP-1site  Cyclin D1
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Fig. 7.19 DAG activates MAPK
cascades, leading to transcription
factor activation. All MAPK cascades
are initiated by the activation of small

G proteins, such as Ras in this example.
Ras is switched from an inactive state (first
panel) to an active state (second panel)

by a guanine-nucleotide exchange factor
(GEF), RasGRP, which is recruited to the
membrane by DAG. Ras activates the first
enzyme of the cascade, a protein kinase
called Raf, a MAPK kinase kinase (MAP3K)
(third panel). Raf phosphorylates Mek, a
MAP2K, which in turn phosphorylates and
activates Erk, a MAPK. The scaffold protein
KSR associates with Raf, Mek, and Erk

to facilitate their efficient interactions (not
shown). Phosphorylation and activation of
Erk releases it from the complex so that

it can diffuse within the cell and enter the
nucleus (fourth panel). Phosphorylation of
transcription factors by Erk results in new
gene transcription.

Fig. 7.20 The transcription factor

AP-1 is formed as a result of the Ras/
MAPK signaling pathway. Left panel:
phosphorylation of the MAPK Erk activated
as a result of the Ras-MAPK cascade
allows Erk to enter the nucleus, where it
phosphorylates the transcription factor
Elk-1. Elk-1, along with serum response
factor (SRF), binds to the serum response
element (SRE) in the promoter of the gene
(FOS) for the transcription factor c-Fos,
stimulating its transcription. Right panel:
the protein kinase PKC-6 can induce the
phosphorylation of another MAPK called
Jun kinase (JNK). This enables JNK to
enter the nucleus and phosphorylate the
transaription factor c-Jun, which forms

a dimer with c-Fos. The phosphorylated
c-Jun/Fos dimer is an active AP-1
transcription factor that binds to AP-1 sites
and promotes transcription of many target
genes.
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DAG recruits PKC-0 to the

membrane where it

phosphorylates CARMA1

CARMA1 PKC-8

MALT1

BCL1O

Phosphorylated CARMA1
creates a scaffold with
BCL10 and MALT1

TRAF-6

7-16 Protein kinase C activates the transcription factors NFxB
and AP-1.

NFAT and AP-1, making PKC-6 activation an important component of T-cg
activation.

PKC-0 has a C1 domain and is recruited to the membrane when DAG is gen.
erated by activated PLC-y (see Fig. 7.17). In this location, the kinase actjy.
ity of PKC-0 initiates a series of steps that results in the activation of NFxg
(Fig. 7.21). PKC-6 phosphorylates the large membrane-localized scaffold pro.
tein CARMAL1, causing it to oligomerize and form a multisubunit complex with
other proteins. This complex recruits and activates TRAF-6, the same protein
that we encountered in Chapter 3 in its role in activating NF«B in the TLR sig-
naling pathway (see Fig. 3.13).

NF«B is the general name for a member of a family of homo- and heterodi-
meric transcription factors made up of the Rel family of proteins. The most
common NFxB activated in lymphocytes is a heterodimer of p50:p65Rel.

TAK1, recruited by TAB1/2,
phosphorylates IKK-B, Degradation of ixB
which phosphorylates 1xB, NF«B, which
inducing IxB ubiquitination  transcription in the
and degradation

TRAF-6 is recruited and
makes a polyubiquitin
scaffold onEislself and on

L
TAB1/2 “ degraded
‘& B
TAK1 kB
NF«B
KK ubiquitin

Fig. 7.21 Activation of the transcription factor NFkB by antigen  the IxB kinase (IKK) complex [IKKo:IKKB:IKKy (NEMO)]. IKK

BC
esc
itin

cru
ina
RA

phosphorylates IkB, stimulating its ubiquitination, which targets kB
for degradation by the proteasome. This releases NFxB to enter the

re nucleu nsc f in
NEMO Ba i that
e results ext r with

a skin disease known as ectodermal dysplasia.
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Antigen receptor signaling and lymphocyte activation

7-17 Pl 3-kinase activation upregulates cellular metabolic pathways
via the serine/threonine kinase Akt.

way plays a central role in this response via the recruitment and activation
of the second important signaling module, inijtiated by the serine/threonine
kinase Akt (also known as protein kinase B). Akt, via its PH domain, binds to
PIP, in the membrane, which is generated by PI 3-kinase (Fig. 7.22; see also
Fig. 7.5). In that location, Akt is phosphorylated by PDXI, and once acti-
vated, phosphorylates a variety of downstream proteins. One of its effects is
to promote cell survival by inhibiting cell death via multiple mechanisms.
A major mechanism is the phosphorylation of the pro-apoptotic protein
Bad. When phosphorylated, Bad can no longer bind to and inhibit the anti-
apoptotic (pro-survival) protein Bcl-2 (see Fig. 7.22). Another effect of acti-
vated Akt is to regulate the expression of homing and adhesion receptors that
orchestrate the migratory properties of activated T cells (discussed in detail in
Chapters 9 and 11). Activated Akt also functions to stimulate the cell’s metab-
olism by increasing the utilization of glucose; this is mediated by increasing
the activity of glycolytic enzymes and by inducing the upregulation of nutrient
transporters on the T-cell membrane.

Fig. 7.22 The serine/threonine kinase
Akt is activated by TCR signaling and
promotes cell survival and enhanced
metabolic activity via mTOR. Panel one:
T-cell receptor (TCR) signaling activates

PI 3-kinase (not shown), generating PIP; in
the plasma membrane; PIP, recruits and
activates the kinase PDK1. Akt, a second
serine/threonine kinase, binds to PIP, via
its PH domain, and is phosphorylated and
activated by PDK1. Panel two: active Akt
phosphorylates the pro-apoptotic protein
Bad, which is binding to and inhibiting

the anti-apoptotic protein Bcl-2 at the
mitochondrial membrane. Panel three:
phosphorylated Bad binds to 14-3-3,
releasing Bcl-2 to promote cell survival.
Panel four: a second function of active Akt
is to phosphorylate the TSC1/2 complex, a
GAP for the small GTPase Rheb. Panel five:
When TSC1/2 is phosphorylated, it
releases the inactive Rheb protein, leading
to Rheb activation. Active Rheb binds to
and activates mTOR (mammalian target of
rapamycin). Once activated, mTOR acts on
multiple pathways that lead to increased
lipid production, ribosome biosynthesis,
mRNA synthesis, and protein translation.

Active Akt phosphorylates " Up:n relle‘a%eb d Active Akt phosphorylates Phosphorylated TSC1/2
Bad, releasing Bad from - dg fi%—gn;;o:vin;B oo the TSC1/2 complex,a GAP releases Rheb, ?lgiwill_lgn
. 5 "
activate Akt Bal-2 to promote cell survival for the small GTPase, Rheb  active Rheb to bind m
P Bad __\
Bcl-2 agﬁ\elg mTOR
J A °° inactive
o o) Inner
P © i i Rheb » .
" o) mgr.ﬁ;]r%rr]]%”al 4 lipid producitlon .
o + ribosome biosynthesis
m tochor?grtigi + mRNA synthesis
Membrang matrix © 4 protein translation

MS& D Exhibit 1039, Page 108 of 166



Chapter 7: Lymphocyte Receptor Signaling

Fig. 7.23 Recruitment of ADAP to the
LAT:Gads:SLP-76 complex activates
integrin adhesion and aggregation.
Left panel: prior to T-cell receptor (TCR)
signaling, the integrin LFA-1 is present
on the T-cell membrane in a low-affinity
conformation that binds weakly to ICAM-1
on antigen-presenting-cells. Middle panel:
following TCR signaling, the adaptor protein
ADAP is recruited to the LAT:Gads:SLP-76
complex by an interaction between
tyrosine-phosphorylated ADAP and the
SH2 domain of SLP-76. ADAP then recruits
p-

ive

nformationa

a
' in LFA-1 that leads
high-affinity

0 ICAM-1.

7-18 T-cell receptor signaling leads to enhanced integrin-mediated
cell adhesion.

the APC or target cell, is formed within minutes of T-cell receptor recognition
of MHC/peptide ligands. One important component of this is increased adhe.
siveness of the T-cell integrin LFA-1. On nonstimulated T cells, LFA-1 resides
in a low-affinity state and is well dispersed on the T-cell membrane, resulting
in weak binding to its ligand, ICAM-1. Following T-cell receptor stimulation,
LFA-1 molecules aggregate at the synapse, and also undergo a conformational
change that converts each LFA-1 molecule into a high-affinity binding part-
ner for ICAM-1. Together, these changes lead to enhanced adhesion between
the T cell and the APC, and to stabilization of this cell-cell interaction. These
effects on LFA-1 are induced by the recruitment of the adaptor protein ADAP1to
the LAT:Gads:SLP-76 scaffold complex (Fig. 7.23). In turn, ADAP recruits two
additional proteins, SKAP55 and RIAM. The ADAP:SKAP55:RIAM complex
binds to the small GTPase Rapl, activating Rap1 at the site of T-cell receptor
signaling. GTP-bound Rap1 then promotes LFA-1 aggregation and the confor-
mational change that converts LFA-1 into a high-affinity binding partner for
ICAM-1. The importance of this pathway is underscored by the finding that
ADAP-deficient T cells show impaired proliferation and cytokine production
following T-cell receptor stimulation.

Following TCR stimulation, ADAP recruits SKAP and RIAM, Activated Rap1 induces
ADAP is recruited to the activating the small aggregation and :
LAT:Gads:SLP-76 complex GTPase Rapt the high-affinity binding
LFA-1 LAA-T
low-affinity state high-affinity state
GTP
active
LAT ( Rap1
SLP-76
R AM
Gad inactive
ADAP ads Rap1 ADAP
SKAP
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Antigen receptor signaling and lymphocyte activation

¢ m
rnglr:g} Vav activates the small GTPase  Activated WASp recruits WIP
a C‘iVate Cdcd2, vi\(hu:h hlwngg to and and Arpzlla, Iea_dm_g to actin
, ) activates WASp polymerization
1eb acg.
38 Myl
esseﬂtia]
1 » »
LAT
Gads inactive o ohive
‘diateq Cded2  cdoga
; Arp2/3
. active WASp WP -actin
ahan, ced inac!
the next
10N ang
Immune
une Syn- 7-19 T-cell receptor signaling induces cytoskeletal reorganization
tact.\/\flth by activating the small GTPase Cdc42.
Ognition
i a(%he- The fourth TCR signaling module, also involved in the formation of a stable
L resu.ies immune synapse, leads to reorganization of the actin cytoskeleton. Without
‘esulFlng this process, integrin aggregation would not occur, interactions between the
1uIapon’ T celland the APC would not stabilize, and in fact, T-cell activation would com-
national pletely fail. A major component of this T-cell receptor signal is transduced by
ng part- Vav, a GEF that activates Rho-family GTPases, including Cdc42. Like PLC-y and
between Itk, Vav is recruited to the site of receptor activation by interactions of the Vav
n. These PH domain with PIP, and of the Vav SH2 domain with the LAT:Gads:SLP-76
APAP to scaffold complex (Fig. 7.24). When Cdc42 is activated by Vav, the GTP-bound
uits two Cdc42 induces a conformational change in the protein WASp (Wiskott-
somplex Aldrich syndrome protein), which is also recruited to the LAT:Gads:SLP-76
receptor scaffold complex by binding to the small adaptor protein Nck. This active form
: confor- of WASp binds to WIP, and together, these proteins recruit Arp2/3, leading
r.tner for to actin polymerization. The importance of this pathway is underscored by
ling t'hat the fact that defects in WASp are the basis for the immunodeficiency disease
rduction Wiskott-Aldrich syndrome. Due to the widespread expression of WASp; indi-
viduals suffering from this disease have impairments in multiple immune cell
types, all of which depend on WASp-dependent actin ion for their
functions. One major defect in this disease is in T ¢ nt antibody
ses
version
ling
w1
7ty state

720 The logic of B-cell receptor signaling is similar to that of T-cell
receptor signaling, but some of the signaling components are
specific to B cells.

Fig. 7.24 Recruitment of Vav to the
LAT:Gads:SLP-76 complex induces
activation of Cdc42, leading to actin
polymerization. Left panel: Vav, a
guanine-nucleoctide exchange factor (GEF)
for the small GTPase Cdc42, is recruited
to the activated T-cell receptor (TCR)
complex by binding via its PH domain

to PIPg in the membrane and by binding

to phosphorylated SLP-76. The small
adaptor protein Nck binds to an adjacent
phosphorylated tyrosine on SLP-76 and
recruits the inactive form of the protein
WASP. Middle panel: Vav activates Cdc42,
which binds to and activates WASp. Right
panel: active WASp binds to WIP, recruiting
Arp2/3 and inducing actin polymerization.
The importance of this pathway is illustrated
by the discovery of WASPp as the protein
encoded by the gene responsible for the
human immunodeficiency disease Wiskott—
Aldrich syndrome.

Wiskott-Aldrich
Syndrome
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T cell

TCR
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Fig. 7.25 The immune synapse provides a structure for images of the TCR/peptide:MHC (red) and the LFA-1/ICAM-1 (

re
directed secretion of T-cell cytokines. \When the T-cell receptors proteins 30 minutes after the initiation of signaling show a centrg; >
(TCRs) on a T cell recognize peptide:MHC on an antigen-presenting accumulation of the TCR/peptide:MHC complexes and a peripherg
cell, a process of receptor reorganization takes place on the ring of the LFA-1/ICAM-1 complexes. These structures have been
plasma membranes of the two interacting cells. Left panel: when called the central supermolecular activation complex (CSMAC, red)
a CD4+ T cell recognizes its peptide:MHC ligand on a B cell, the and the peripheral supermolecular activation complex (pSMAC,
immune synapse functions to direct T-cell-secreted cytokines onto green). The combined structure is known as the immune synapse,
the B-cell surface at the site of closest contact between the plasma Photograph courtesy of Y. Kaizuka.

membranes of the two cells. Right panel: confocal microscopy

resting receptors via a low-affinity interaction with unphosphorylated ITAMs
Phosphorylation of ITAMs on B-cell in Iga and IgB. After the receptors have bound a multivalent antigen, which
receptor tails by Src-family kinases cross-links them, the receptor-associated kinases are activated and phos:
phorylate the tyrosine residues in the ITAMs. B cells do not express ZAP-70;
instead, a closely related tyrosine kinase, Syk, containing two SH2 domains, is-
recruited to the phosphorylated ITAM. In contrast to ZAP-70, which requires
additional Lck phosphorylation for activation, Syk is activated simply by its
binding to the phosphorylated site.

antigen

For B cells, the co-receptor and co-stimulatory receptor functions are com-
bined into one accessory receptor that is a complex of cell-surface pro-
LL, teins—CD19, CD21, and CD81—often referred to as the B-cell co-receptor

- - (Fig. 7.27). As with T cells, antigen-dependent signaling from the B-cell
tt receptor is enhanced if the B-cell co-receptor is simultaneously bound by its

J ligand and clusters with the antigen receptor. CD21 (also known as comple-

> ment receptor 2, CR2) is a receptor for the C3dg fragment of complement. This

BIK, Fyn, o Lyn means that antigens such as bacterial pathogens on which C3dg is bound (see
— = Fig. 7.27) can cross-link the B-cell receptor with the CD21:CD19:CD81 com-

plex. This induces phosphorylation of the cytoplasmic tail of CD19 by B-cell
receptor-associated tyrosine kinases, which in turn leads to the binding of
additional Src-family kinases, the augmentation of signaling through the B-cell
receptor itself, and the recruitment of PI 3-kinase (see Section 7-4). PI 3-kinasé

Syk binds to doui:ly phosphorylated
[TAMs and is activated on binding

Fig. 7.26 Src-family kinases are associated with B-cell receptors and phosphorylate
the tyrosines in ITAMs to create binding sites for Syk and Syk activation via
transphosphorylation. The membrane-bound Src-family kinases Fyn, Blk, and Lyn
associate with the B-cell antigen receptor by binding to ITAMSs, either (as shown in the figure
through their amino-terminal domains or by binding a single phosphorylated tyrosine through
their SH2 domains. After ligand binding and receptor clustering, the associated kinases I
phosphorylate tyrosines in the ITAMs on the cytoplasmic tails of Ige. and IgB. Subsequently,
Syk binds to the phosphorylated ITAMs of the Igp chain. Because there are at least two
receptor complexes in each cluster, Syk molecules become bound in close proximity and
can activate each other by transphosphorylation, thus initiating further signaling.
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‘Syk is recruited to Ige/lg, is phosphorylated by
the Src-family kinase, and in turn phosphorylates
SLP-65. PI3K is recruited to CD19 and generates
PIP; in the plasma membrane

pathogen
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antigen
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initiates an additional signaling pathway leading from the B-cell receptor (see
Fig. 7.27). Thus, the B-cell co-receptor serves to strengthen the signal resulting
from antigen recognition. The role of the third component of the B-cell recep-
tor complex, CD81 (TAPA-1), is as yet unknown.

\re com-
ace pro-
eceptor
e B-cell
nd by its
comple-
ent. This
und (see
81 com-
Iy B-cell

Once activated, Syk phosphorylates the scaffold protein SLP-65 (also known
as BLNK). Like LAT and SLP-76 in T cells, SLP-65 functions as a composite
of these two proteins, providing multiple sites for tyrosine phosphorylation
and recruiting a variety of SH2-containing proteins, including enzymes and
adaptor proteins, to form several distinct multiprotein signaling complexes
o t?]at can act in concert. As in T cells, a key signaling protein is the phospho-
ading 1 -1ll_lase PLC-y, which is activated with the aid of the B cell-specific Tec kinase
he B-C3 3 Bruton's tyrosine kinase (Btk) and hydrolyzes PIP, to form DAG and IP, (see
3-kinas 118 7.27). As discussed for the T-cell receptor, signaling by calcium and DAG
(ead.s to the activation of downstream transcription factors. A deficiency in Btk
._a\:glch 1 encoded by a gene on the X chromosome) prevents the development
& fl-l_ncuoning of B cells, resulting in the disease X-linked agammaglobu-
€Mia, which is characterized by a lack of antibodies. Besides Btk, mutations
aE;lLer sig1a!ing molecules in B cells, including receptor chains and SLP-65,
?] . een linked to B-cell immunodeficiencies (see Chapter 8).

e throud fe\feral other downstream pathways described for TCR signaling are also
1968 4red with BCR signaling, and are dependent on the adaptor protein SLP-65.
quent °S¢ include the Vav-dependent induction of actin polymerization by Cdc42
»twod m WASP' and the recruitment and activation of small GTPases that pro-
s o€ integrin adhesion (see Fig. 7.27). In the case of B-cell recognition of

late =
yhory in

A.ﬂtigem receptor signaling and lymphocyte activation. “

Fig. 7.27 B-cell antigen receptor plus
co-receptor engagement activate
downstream signaling modules leading
to activation of Akt, PLC-y, and WASp.
B-cell receptor (BCR) signaling is greatly
enhanced when the antigen is tagged

by complement fragments, engaging the
B-cell co-receptor together with the B-cell
antigen receptor. Cleavage of the antigen-
bound complement component C3 to
C3dg (see Fig. 2.30) allows the tagged
antigen to bind to the cell-surface protein
CD21 (complement receptor 2, CR2),

a component of the B-cell co-receptor
complex, which also includes CD19 and
CD81 (TAPA-1). Cross-linking and clustering
of the co-receptor with the antigen receptor
result in the phosphorylation of tyrosine
residues in the ITAM sequences of the
cytoplasmic domains of the BCR signaling
subunits, Ige. and IgB. The Src-family kinase
also phosphorylates tyrosine residues in
the cytoplasmic domain of CD19. The
phosphorylated ITAMs in Iga and Igp recruit
and activate the tyrosine kinase Syk, which
functions similarly to ZAP-70in T cells.

The phosphorylated tail of CD19 recruits

Pl 3-kinase, leading to PIP; generation

in the plasma membrane. Activated Syk
phosphorylates the membrane-associated
scaffold protein SLP-65, which associates
with the plasma membrane by binding
CIN8S5. PIP, recruits PDK1 and Akt,
leading to Akt activation. Phosphorylated
SLP-65 and PIP; recruit the Tec-family
tyrosine kinase Btk and PLC-y, leading

to Btk phosphorylation and activation of
PLC~y. Phosphorylated SLP-65 and PIP;,
also recruit Vav, Nck, and inactive WASP.
Vav activates small GTPases that activate
WASD, leading to actin polymerization; the
activated GTPases also induce integrin
aggregation and conversion of LFA-1 to the
high-affinity binding state.

== X-linked _
% Agammaglobulinemia
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TCR migM

€d Y e
1gB lge:

Tyrosine kinases
Adaptors and scaffold proteins
Phospholipases and lipid kinases

GTPases, serine/threonine kinases,
and phosphatases

Transcription cytoskeletal
changes, adhesion, metabolism

Fig. 7.28 Summary of antigen receptor
signaling pathways. As outlined in this
section, the signal transduction pathways
downstream of the T-cell and B-cell
receptors occur in an orchestrated series
of stages involving many categories of
proteins that produce widespread changes
inthe cells The first detectable events
following antigen receptor stimulation are
the activation of tyrosine kinases. Following
this, adaptor proteins and scaffolds are
modified, recruiting phospholipases and
lipid kinases to the activated receptor

com

amp ng
mult e

metabolism, all of which contribute to
T- and B-cell activation.

B-cell SO es
B cells lls, on
PI 3-ki lea bra

inositide P1(3,4,5)P; at the site of the activated B-cell receptor. This response i
augmented by combined signaling through the B-cell receptor plus the B-cg])
co-receptor complex of CD19/CD21/CD81. P1(3,4,5)P, recruits Akt, whicp
is then phosphorylated and activated, leading to downstream activation of
mTOR, as well as additional Aki-dependent pathways promoting cell survivy|
and proliferation (see Fig. 7.27).

Summary.

The antigen receptors on the surface of lymphocytes are multiprotein com-
plexes in which the antigen-binding chains interact with additional proteing
that are responsible for signaling from the receptor. These protein chains carry
tyrosine-containing signaling motifs known as ITAMs. Signaling chains con-
taining ITAM motifs are widely used by activating receptors in many immune
cell types in addition to lymphocytes. In lymphocytes, activation of the recep-
tors by antigen results in a series of biochemical events that are broadly out-
lined in Fig. 7.28. This signaling cascade is initiated by the phosphorylation
of the ITAMs by Src-family kinases. The phosphorylated ITAM then recruits
another tyrosine kinase, ZAP-70 in T cells and Syk in B cells. Activation of
ZAP-70 or Syk results in the phosphorylation of scaffolds called LAT and
SLP-76 in T cells, and SLP-65 in B cells, and in the activation of PI 3-kinase.
Multiple signaling proteins are recruited and activated by these phospho-
rylated scaffolds, including phospholipase C-y, ADAP, and Vav, whereas Akt
is recruited and activated by the action of PI 3-kinase generating PIP, at the
plasma membrane. PLC-y generates inositol trisphosphate (IP,) and diacyl-
glycerol (DAG). IP, has an important role in inducing changes in intracellu-
lar calcium concentrations, and DAG is involved in activating protein kinase
C-0 and the small G protein Ras. In T cells, these pathways ultimately resultin
the activation of three transcription factors, namely, AP-1, NFAT, and NF«B;
together, these transcription factors induce transcription of the cytokine
IL-2, which is essential for the proliferation and further differentiation of the
activated lymphocyte. In addition to transcription factor activation, antigen
receptor signaling in both T cells and B cells leads to enhanced cell survival,
metabolic activity, adhesiveness, and cytoskeletal reorganization. Signaling
by antigen receptors is facilitated by co-receptors that become engaged as a
result of receptor-antigen binding. These co-receptors are the MHC-binding
CD4 and CD8 transmembrane proteins in T cells and the complement
binding B-cell co-receptor complex containing CD19 in B cells.

Co-stimulatory and inhibitory receptors
modulate antigen receptor signaling in
T and B lymphocytes.

initi
cyte
e th
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rylation naive T cell to transmit a signal that is reqt}lred, along mth antlgen stlmulatlon,
recruits for T-cell activation—this signal is sometimes called ‘signal 2. We discuss thfa
ation of immunological consequences of this requirement for co-stimulation in detail
AT and in Chapter 9.
-kinase, The best understood of these co-stimulatory receptors is the cell-surface pro-
10spho- tein CD28. CD28 is present on the surface of all naive T cells and binds the
;eas Ald co-stimulatory ligands B7.1 (CD80) and B7.2 (CD86), which are expressed
s at the mainly on specialized antigen-presenting cells such as dendritic cells.

diacyl- To become activated, the naive lymphocyte must engage both antigen and
racellu- a co-stimulatory ligand on the same antigen-presenting cell. CD28 signaling
1 kinase aids antigen-dependent T-cell activation mainly by promoting T-cell prolifer-
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inding nduces | | pip. its PDK1 , o]
B7.1 and B7.2 are CD28 ligands B7 binding induces CD28 AKL l;fomw':: ana:': PIP; also recruits Itk
expressed on specialized APCS phosphorylation, activating ; g - allowing it to

Pl 3-kinase to produce PIP; Pho:&';‘?marktand phosphorylate PLC-y

PP,

AB@D iz«

SH2  kinase AL g | I
domain domain |
inactive  active |
Cdc42  Cdc42 il
Fig. 7.29 The T-cell co-stimulatory 7-22 Maximal activation of PLC-y, which is important for
protein CD28 transduces signals that transcription factor activation, requires a co-stimulatory signal
enhance antigen receptor signaling induced by cD28

pathways. The ligands for CD28,
namely B7.1 and B7.2, are expressed
only on specialized antigen-presenting
cells (APCs) such as dendritic cells (first

One important function of co-stimulatory signaling through CD28 is to pro-
mote the maximal activation of PLC-y via the local production of PIP,, This

panel). Engagement of CD28 induces its recruits Itk by its PH domain, enhancing Itk phosphorylation by Lck. Activated
tyrosine phosphorylation, which activates Itk is then recruited to the phosphorylated LAT:Gads:SLP-76 complex by its
Pl 3-kinase (PI3K), with subsequent SH2 and SH3 domains binding to SLP-76, where it phosphorylates and acti-
production of PIP; that recruits several vates PLC-y (see Fig. 7.16). Activated PLC-y cleaves PIP, to produce the two
enzymes via their PH domains, thus second messengers DAG and IP,, ultimately leading to the activation of tran-

Bringigitiyem tagsthen withiteir Slibstates scription factors NFAT, AP-1, and NF«B. Thus, the full activation of PLC-y lead-

in the membrane. The protein kinase . ' - R . .
Akt, which becomes phosphorylated ing to transcription factor activation requires signals emanating from both the

21 F =G Wit = B e WO s UL U ORI 00 = AR ~~ ML 7 YN VY > W = S ] o S e Mo = —

by phosphoinositide-dependent protein T-cell receptor and CD28.

Kingse: TEDRS ot Stedland In T cells, one of the major functions of NFAT, AP-1, and NF«B is to act together
enhances cell survival and upregulates cell . . . LR ?
metabolism (see Fig. 7.22). Recruitment of to stimulate expression of the gene for the cytokine IL-2, which is essential for
the kinase Itk to the membrane is critical for promoting T-cell proliferation and differentiation into effector cells. The pro-
the full activation of PLC-y (see Fig. 7.16). moter for the IL-2 gene contains multiple regulatory elements that must be
PIP; also recruits Vav, leading to Cdc42 bound by transcription factors to initiate IL2 expression. Some control sites are
activation and inducing actin polymerization already bound by transcription factors, such as Octl, that are produced consti-
(see Fig. 7.24). tutively in lymphocytes, but this is not sufficient to switch on IZ-2. Only when

AP-1, NFAT, and NF«B are all activated and are bound to their control sites in
the IL-2 promoter is the gene expressed. NFAT and AP-1 bind to the promoter
cooperatively and with higher affinity by forming a heterotrimer of NFAT, Jun,
and Fos. In addition, CD28 co-stimulation further enhances IL-2 transcription
by increasing NF«B activation. Thus, the IL-2 promoter integrates signals from
both the T-cell receptor and CD28 signaling pathways to ensure that IL-2 I8
produced only in appropriate circumstances (Fig. 7.30). Together with the
CD28-induced phosphorylation of NF-90 leading to increased IL-2 mRNA sté&- i
bility, CD28 co-stimulation leads to substantially increased production of IL-2 a2
by activated T cells. T

7-23 TNF receptor superfamily members augment T-cell and B-cell d
activation. )

- te

While naive T- and B-cell activation requires signaling through the ant =

gen receptors on these cells, T-cell receptor or B-cell receptor signaling
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Fig. 7.30 Simplified scheme depicting
multiple signaling pathways that
PLC-y cD28 converge on the /L-2 promoter.
AP-1, NFAT, and NFxB binding to the
promoter of the /L-2 gene integrate multiple
IP,/Ca2* signaling pathways emanating from the
T-cell receptor (TCR) and CD28 into a single
output, the production of the cytokine
DAG/RasGRP IL-2. The MAPK pathway activates AP-1;
calcium activates NFAT; and protein kinase
C activates NFkB. All three pathways are
DAG/PKC-6 required to stimulate /L-2 transcription.
Activation of the gene requires both the
binding of NFAT and AP-1 1o a specific
NFEAT AP-1 Qct NF«B AP-1 AP-1  NFAT promoter element, and the additional
binding of AP-1 on its own to another
site. Oct1 is a transcription factor that is
required for /L-2 transcription. Unlike the

P IL-2 gene other transcription factors, it is constitutively
) bound to the promoter and is therefore
ve not regulated by T-cell receptor or CD28
42 signaling.
the cells T cells,
nd, as di ove (see
ry signal the CD2 For naiv

the additional activation signal can be contributed by direct interactions
between the pathogen and an innate pattern recognition receptor (PRR), such

l)s to prq- as a TLR, on the B cell. However, for more effective B-cell activation leading

IP:‘." This to the production of all classes of antibodies and to the formation of mem-

Actlvat?d ory B cells, additional B-cell activation signals are contributed by CD4 T cells.

lex by IFS One component of this is the production of T-cell cytokines, which bind to and

frtls acti- stimulate their receptors on the B-cell surface (see Chapter 10). The second

['1 ofetrte:? and more essential component provided by the CD4 T cells is the stimulation

Coy lead- of CD40 on the B cell by the CD40 ligand expressed on the T cell. The impor-

both the tance of the CD40-CD40-ligand interaction for B-cell responses to protein
antigens is highlighted by the discovery that a severe immunodeficiency dis- CD40 Ligand Deficiency
ease resulting from impaired antibody responses is caused by the absence of

-together CDA40 ligand expression on a patient’s CD4 T cells.

?[hméarl’fgf CD40 is a member of the large TNF receptor superfamily, which consists of

st be more than 20 members. While some members of this family, such as Fas (see

] sitesare Chapter 11), are specialized to induce cell death, the majority of TNF recep-
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Fig. 7.31 The TNF receptor superfamily of the six known TRAFs also function as E3 ubiquitin ligases. This activity con- (
member CD40 is an important co- tributes to the ability of most TNF receptor superfamily members to activate B
stimulatory molacule on B cells. Several the NF«B pathway, using a pathway distinct from the one initiated by antigen i
members of the TNF receptor superfamily H lati d off £ dt th ical NFxB path 2
are expressed on T cells and B cells. A key receptor stimulation and often referre to as the non-canonical NF«B path- al
function of these receptors is the activation way (see Fig. 7.31). In contrast, the precise biochemical mechanism by which fi
of NF«B, which occurs by a pathway TNF receptors and TRAFs induce PI 3-kinase activation is not yet known. ¢
distinct from the one initiated by antigen ) B . . ;
receptor stimulation and is often referred CD'40 Is constitutively expressed on B f:ells and functions during B-ce!l‘acn- d
to as the non-canonical NFkB pathway. vation in response to antigen recognition by the B-cell receptor. Additional t
TNF receptor superfamily members also TNF receptor superfamily members are also expressed on B cells, and each c
activate Pl 3-kinase signaling pathways. of them is important in B-cell survival at a particular stage of B-cell matura- th
One important TNF receptor superfamily tion, including B cells that have differentiated into antibody-secreting cells or T
s abSRonSICSls iU, Rl io memory cells. Similarly, TNF receptor superfamily members are expressed
stimulation, TRAF molecules, which are T cell f which lated following T-cell activati These 31
ubiquiti ligases, are associated with on T cells, many of which are upregulated following T-cell activation. 8
CIAP, another ubiquitin ligase, and the molecules, such as 0X40, 4-1BB, CD30, and CD27, contribute important sur- | d
NF«B-inducing kinase NIK. Under these vival signals and function to enhance cellular metabolism at later stages of the
steady-state conditions, TRAF binding T-cell response to infection (see Chapter 11). 7
promotes ubiquitination and degradation of
NIK. When CD40 is stimulated by binding
to CD40L, this complex is recruited to 7-24  Inhibitory receptors on lymphocytes downregulate immune
the intracellular domain of CD40. TRAF2 responses by interfering with co-stimulatory signaling S
catalyzes KB3-linked ubiquitination of pathways. tl
CIAP, leading to clAP-mediated K48-linked \ )
ubiquitination of TRAF3. This leads to i
TRAF3 degradation, releasing NIK, and CD28 belongs to a family of structurally related receptors that are expressed 3
allowing NIK to phosphorylate and activate by lymphocytes and bind B7-family ligands. Some, such as the receptor ICOS_/ ;
IkB kinase a (IKKa). IKK« phosphorylates which is discussed in Chapter 9, act as activating receptors, but others inhibit ;
F{‘e :\'FKB precursor protein p100, inducing signaling by the antigen receptors, can stimulate apoptosis, and are impo!-
th;iaé:%ittz fr‘;g’tt:‘?oam";: P52 subunit, tant in regulating the immune response. Inhibitory receptors related to CD26
transcription factor. GDciEJT stﬁni?;l‘;gnNoFfKB and expressed by T cells include CTLA-4 (CD152) and PD-1 (prograrnmed
CD40 also activates Pl 3-kinase, which death-1), while the B and T lymphocyte attenuator (BTLA) is expressed'b)(
leads to the activation of Akt by PDK1, both T cells and B cells. Of these, CTLA-4 seems to be the most important: micé 8
lacking CTLA-4 die at a young age from an uncontrolled proliferation of T cells i
in multiple organs, whereas loss of PD-1 or BTLA causes less marked changé$ i
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Co-stimulatory and inhibitory receptors modulate antigen receptor signaling in T and B lymphocytes.

allows for extended cross-linkages that confer high avidity to the interaction
(see Fig.

phosphat

this is no

activates inhibitory signaling pathways. Instead, its actions may result in part
from blocking the binding of CD28 to B7, thereby reducing CD28-dependent
co-stimulation.

CTLA-4-expressing T cells can also exert an inhibitory effect on the activa-
tion of other T cells. How they do this is not yet clear, but it might result from
CTLA-4 binding to B7 molecules on antigen-presenting cells, in effect stealing
the ligand for CD28 required by the other T cells. Direct actions of CTLA-4 on
T cells have not been excluded, however. Notably, the regulatory T cells that
are needed to suppress autoimmunity express high levels of CTLA-4 on their
surface, and they require CTLA-4 to function normally. Regulatory cells are
described in detail in Chapter 9.

7-25 Inhibitory receptors on lymphocytes downregulate immune
responses by recruiting protein or lipid phosphatases.

A distinct binding
orientation allows one
cb2s es dimer of CTLA-4 to
just on dimes  bind two different B7

of B7 dimers, providing for
high-avidity clustering

One dimer of

y

CD28 CTLA-4

Fig. 7.32 CTLA-4 has a higher affinity
than CD28 for B7 and engages it in

a multivalent orientation. CD28 and
CTLA-4 are both expressed as dimers

on the cell surface and both bind to two
ligands of B7.1, which is a dimer, and B7.2,
which is not. However, the orientations of
the B7 binding of CD28 and of CTLA-4
differ in a way that contributes to the
inhibitory action of CTLA-4. One dimer of
CD28 engages just one dimer of B7.1.
But one dimer of CTLA-4 binds in such a
way that two different dimers of B7.1 are
engaged at once, allowing these molecules
to cluster into complexes of high avidity.
This, and the higher affinity of CTLA-4 for
B7 molecules, may give it an advantage in
competing for available B7 molecules on
an antigen-presenting cell, providing one
mechanism by which it could block the
co-stimulation of T cells.
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B cells, T cells, and NK cells express
receptors that contain immunoreceptor
tyrosine-based inhibitory motifs

PIR-B  FcyRIB-1 CD22

Fig. 7.33 Some lymphocyte cell-surface
receptors contain motifs involved in
downregulating activation. Several
receptors that transduce signals that inhibit
lymphocyte or NK-cell activation contain
one or more [TIMs (immunoreceptor
tyrosine-based inhibitory motifs) in their
cytoplasmic tails (red rectangles). ITIMs
bind to various phosphatases that, when
activated, inhibit signals derived from ITAM-
containing receptors.

BTLA, KIR2DL KIR3DL
PD-1

immature dendritic cells. When BTLA and HVEM are co-expressed on the

1, BTLA utilizes m that further inhibits lymphocyte

n. In this confi B to HVEM and prevents HVEM
from binding to alternative partners that would stimulate NFxB-dependent
pro-survival signaling pathways downstream of HVEM. Alternatively, when
BTLA and HVEM are expressed on different cells, the interaction of these two
receptors functions to stimulate the positive pro-survival signal in the HVEM-
expressing cell.

Other receptors on B cells and T cells also contain ITIMs and can inhibit cell
activation when ligated along with the antigen receptors. One example is the
receptor FcyRIIB-1 on B cells, which binds the Fc region of IgG antibodies. As
aresult, antigens present as immune complexes containing IgG antibodies are
poor at activating naive B cells, due to the co-engagement of the B-cell recep-
tor with this inhibitory Fc receptor. The ITIM in FcyRIIB-1 recruits SHIP intoa
complex with the B-cell receptor to block the actions of PI 3-kinase (Fig. 7.34).
Another inhibitory receptor on B cells is CD22, a transmembrane protein that
recognizes sialic acid-modified glycoproteins commonly found on mamma-
lian cells but rarely on microbial pathogen surfaces. CD22 contains an ITIM
that interacts with SHP, a phosphatase that can dephosphorylate adaptors
such as SLP-65 that associate with CD22, thereby inhibiting signaling from the
B-cell receptor.

The ITIM motif is also an important motif in signaling by receptors on NK cells
that inhibit the killer activity of these cells (see Section 3-26). These inhibitory
receptors recognize MHC class I molecules and transmit signals that inhibit
the release of the NK cell’s cytotoxic granules when the NK cell recognizes
healthy uninfected cell. In NK cells, ITIM-containing receptors play an impor-
tant role in setting the threshold for NK cell activation by balancing positivé
signals from ITAM-containing receptors.

Summary.
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Co-stimulatory and inhibitory receptors modulate antigen receptor signaling in T and B lymphocytes

|18 binding to an immune complex SHIP dephosphorylates PIP;, leading
cgruits the inositol phosphatase, SHIP to the release of Vav, Btk and PLC-y
re
1gG
antigen
BCR
FeyRIIB-1
)
PIP;  SHIP Sre-family
_/ tyrosine kinase
system in naive T cells is provided by the CD28 family of co-stim o-
teins, which bind members of the B7 family of proteins. Activating of

the CD28 family provide co-stimulatory signals that amplify the signal from the
T-cell receptor and are important in ensuring the activation of naive T cells by
the appropriate target cell. In B cells, these secondary signals are provided by
members of the TNF receptor superfamily, such as CD40. Inhibitory members
of the CD28 and other receptor families function to attenuate or completely
block signaling by activating receptors. The regulated expression of activating
and inhibitory receptors and their ligands generates a sophisticated level of
control of immune responses that is only beginning to be understood.

Summary to Chapter 7.
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Fig. 7.34 The ITIM-containing Fc
receptor inhibits B-cell receptor
signaling by recruiting the inositol
phosphatase SHIP. When the B-cell
receptor binds an antigen that is already
present in immune complexes with IgG,
the ITIM-containing Fc receptor FcyRIIB

is engaged at the same time as the B-cell
receptor. The Src-family kinase present at
the B-cell receptor (BCR) phosphorylates
the ITIM motif of FoyRIIB, which then
recruits the SH2 domain-containing inositol
phosphatase SHIP. SHIP dephosphorylates
PIP;in the plasma membrane, generating
PIP,. PH domain-containing enzymes, such
as Vav, Btk, and PLC-y, depend on their
PH domain binding to PIP; for their stable
recruitment to the activated B-cell receptor
complex. The loss of PIP, terminates the
recruitment of these enzymes and inhibits
B-cell receptor signaling.



Chapter 7: Lymphocyte Receptor Signaling

Questions

7.1

7.2

7.3

7.4

7.5

True or False: Antigen receptors bear intrinsic kinase
activity that allows for phosphorylation of cytoplasmic
proteins and subsequent downstream signaling events.

Matching: Indicate whether the following receptors are
receptor tyrosine kinases (RTKs), are receptor serine/
threonine kinases (RSTKs), or have no intrinsic enzymatic
activity (null).

A. Kit
B. __ B-cell receptor
C. FLT3

D. ___ TGF-B receptor

Short Answer: How can scaffolds and adaptors modulate
signaling responses if they have no intrinsic enzymatic
activity?

Multiple Choice: Which of the following alterations would
result in increased activity of Ras (one or more may apply):
A. A mutation in Ras that enhances its GTPase activity

B. Overexpression of GEFs

C. Depletion of GTP in the cytoplasm

D. Overexpression of GAPs

E. A mutation in Ras that renders it unsusceptible to the
activities of GAPs

Matching: Order (by numbering 1-5) the downstream

signaling events that occur immediately after T-cell receptor

engagement:

LAT and SLP-76, scaffold proteins linked by Gads,
are phosphorylated

ZAP-70, a tandem SH2 domain containing kinase,
binds to [TAMs

Recruitment and activation of SH2, PH, and PX
domain-containing proteins

Pl 3-kinase is activated and produces PIP,
- Phosphorylation of ITAMs by Lck, a Src-family kinase

Fill-in-the-Blanks: For each of the following sentences,
fill in the blanks with the best word selected from the list
below. Each word should be used only once.

PH/PX PLC-y
SH2 ADAP

Vav Pl 3-kinase

LAT:Gads:SLP-76 Akt

Antigen receptor signaling leads to many downstream
events that branch out into many signaling pathways
or medules. These can be activated by the scaffold
complex , the generation of PIP; from PIP,
by the enzyme or both. Phosphorylated
tyrosine residues on the scaffold recruit proteins containing
domains, while PIP, recruits proteins
domains. These four modules
are the activation of (1) , which cleaves PIP,
to produce DAG and IP3, (2) , which binds to
PIP; and activates the mTOR pathway by phosphorylating
and inactivating the TSC complex, (3)
an adaptor that recruits SKAP55 and RIAM, and (4)

a GEF that leads to activation of WASp. These
pathways ultimately lead to increased transcription of key
genes, increased cellular metabolism, increased cellular
adhesion, and actin polymerization, respectively.

containing

7.7 Matching: Match the small G protein (GTPase) to its

function.
A. Ras i.

B. Cdc42 ii.
(Rho family)

C. Rap1

WASp; actin polymerization

mTOR; cellular metabolism

iii. LFA-1 aggregation;
cellular adhesion

iv. MAPK pathway;
cellular proliferation

D. Rheb
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Multiple Choice: Which of the follow statements is false?
A. K83 polyubiquitination leads to downstream cellular

signaling.
B. K48 polyubiquitination leads to degradation by the

7.8

gH2 domain.
D. Mono- or di-ubiquitination of surface receptors leads to
degradation by the proteasome.

Matching: Match the human disease with the gene that is

7.9 !
defective:
A, Xlinked i. ORAIN
agammaglobulinemia
B. Wiscott-Aldrich ii. NEMO
syndrome
C. Severe combined jii. Btk

immunodeficiency

D. X-linked hypohidrotic iv. WASp
ectodermal dysplasia and
immunodeficiency

7.10 Fill-in-the-Blanks: Name the corresponding receptor or
signaling component in its respective T/B cell counterpart:

T cell B cell
CD3e:CD35:(CD3y)2:(CD3Y), A.

B. CD21:CD19:CD81
CD28 C.

D. Fyn, Blk, Lyn

E. Syk
LAT:Gads:SLP-76 F.
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16 protein kinase C activates the transcription factors NF«B and AP-1.
7-

77 Pl 3-kinase activation upregulates cellular metabolic pathways via
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Natural immune responses are normally directed at antigens borne by patho-
genic 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 understanding of the
‘immune response. The deliberate induction of an immune response is known
‘as immunization. Experimental immunizations are routinely carried out by
injecting the test antigen into the animal or human subject. The route, dose,
and form in which antigen is administered can profoundly affect whether
aresponse occurs and the type of response that is produced. The induction
of protective immune responses against common microbial pathogens in

Huang, Y,
. The effi-
ed protein

1d expres-

dlling humans is often called vaccination, although this term originally referred to
the induction of immune responses against smallpox by immunizing with the
rpes sin- Cross-reactive virus, vaccinia.
o 1o determine whether an immune response has occurred and to follow its
Moo Course, the immunized individual is monitored for the appearance of immune
n, ., and ®actans. Imimune responses to most antigens include soluble factors, such
immunity. 3 cytokines and specific antibodies, and cellular responses, such as the
8eneration of specific effector T cells. Monitoring the cytokine and antibody |
\dritic-cell "esponses usually involves the analysis of relatively crude preparations of anti- !
Serum (plural: antisera). Serum is the fluid phase of clotted blood, which, if
 Dermatol. \aken from an individual immunized against a particular antigen, is called anti-
Serum. To study immune responses mediated by T cells, blood lymphoceytes or
los, V- a"‘f ¢ells from lymphoid organs such as the spleen are tested; T-cell responses are
’:‘;’;’_‘;ﬁ More commonly studied in experimental animals than in humans. |
pishmant? f"_’l_ltiSEra generated by immunization with even the simplest antigen will con-
.. Many different antibody molecules that bind to the immunogen in slightly |
nerapy f0r differep, ways. In addition, antisera contain many antibodies that do not bind

dall to the immunizing antigen, because they were present in the individual

Prior to immunization. These nonspecific antibodies often lead to technical
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Antibody bound

Binding
to free
carrier

Ant gen

tial to elicit specific antibodies; however, not all antigens are

Certain properties of antigens that favor the initiation of an adaptive immype
response have been defined by studying antibody responses t e
natural proteins such as hen egg-white lysozyme, to synthetic po e
antigens, and to small organic molecules of simple structure. The study of
antibody responses to small organic molecules, such as phenyl arsonates and
nitrophenyls, was essential in defining early immunological principles. These
molecules 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 20th century. He found that
animals immunized with a hapten-carrier conjugate produced three distinct
sets of antibodies (Fig. A.1). One set comprised hapten-specific 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 conjugate of hapten
and carrier used for immunization. Landsteiner’s studies focused primarily

Antiserum on the response to as these small molecules could be
synthe any closely r . He observed that antibodies raised
against a particular hapten bind that hapten but, in general, fail to bind even
very closely related chemical structure
antibodies has played an important p
binding by antibody molecules. Anti
medically because they mediate all
compounds that elicit antibody resp

o (see Section 14-10).
Binding Binding to
to hapten on
unrefated conjugate
carrier
= Ant gen = Ant gen

antibodies as a result of the additional binding of conjugate-specific antibody.
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jes or T cells against a given antigen. Antigens injected or transfused directly
into the bloodstream tend to induce immune unresponsiveness or tolerance
unless they bind to host cells or are in the form of aggregates that are readily
taken up by antigen-presenting cells.

administered in immunogenic form els

This ‘split tolerance’ may be important i

because the local response prevents

while the inhibition of systemic immu

IgE antibodies, which are the cause of such allergies (see Chapter 14).

The immune response to an antigen is also influenced by the dose of

ly ogenic n n
St aptive S te
ui he anti_ a re
as An adjuvant is any substance that enhances the immuno-
ge tances mixed with it. Commonly used adjuvants are listed
in
1st,
ich
ac-
on

be made particulate by emulsification
e colloidal particles of immune stim-
nd more important, adjuvants contain

ant
ells.
sla
gen
cal inflammatory responses induced
of the adjuvants commonly used in
for use in humans.
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Primary immunization with different
doses of antigen

Primary response

Antibody response (arbitrary units)
=)

110" 10 10* 10* 165 108 107 108
Antigen dose

Secondary with
single antigen dose of 103 units

Secondary response

05

low-zone tolerance
high-zone tolerance

/
~

Antibody response (arbitrary units)

110" 102 10° 10¢ 10° 10° 107 10°
Antigen dose given in primary immunization

Fig. A.2 The dose of antigen used in an
initial immunization affects the primary
and the secondary antibody response.
The typical antigen dose-response curve
shown here illustrates both the influence
of dose on 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 102 arbitrary mass units. Very
low doses of antigen do not cause an
immune response at all. Slightly higher
doses seem 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 until an optimum response is
reached; this response persists across a
broad range of doses. Very high do;es of
antigen also inhibit immune responsiveness
to a subsequent challenge, a phenomenon
known as high-zone tolerance
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Fig. A.3 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
and dendritic cells, aiding in the induction
of the immune response. ISCOMs 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 antiviral response.
Vaccines designed to elicit responses to
purified proteins often include compounds
that stimulate pattern recognition receptors,
such as Toll-like receptors (TLRs), NOD-
like receptors (NLRs), or C-type lectin
receptors.

Adjuvant name

Incomplete Freund's
adjuvant

Complete Freund's
adjuvant

Freund's adjuvant
with MDP

Alum
(aluminum hydroxide)

Alum plus
Bordetella pertussis

Immune stimulatory
complexes (ISCOMs)

TLR agonists

NOD-like receptor
(NLR) agonists

C-type lectin receptor
agonists

Adjuvants that enhance immune responses

Composition

Oil-in-water emuision

Oil-in-water emulsion with dead
mycobacteria that stimulate
C-type lectin receptors

Oil-in-water emulsion with
muramyl dipeptide (MDP), a
constituent of mycobacteria that
stimulates NOD-like receptors

Aluminum hydroxide gel

Aluminum hydroxide gel
with killed B. pertussis

Matrix of Quil A
containing viral proteins

Lipopolysaccharide, flagellin,
lipopeptides, ds-RNA,
unmethylated DNA

Muramy dipeptide (bacterial
cell wall constituent)

Mycobacterial cell wall
component
trehalose-6,6'-dimycolate

Mechanism of action

Delayed release of antigen;
enhanced uptake by
macrophages

Delayed release of antigen;
enhanced uptake by
macrophages; induction of
co-stimulators in macrophages

Similar to complete
Freund’s adjuvant

Delayed release of antigen;
enhanced macrophage uptake

Delayed release of antigen;
enhanced uptake by
macrophages; induction

of co-stimulators

Delivers antigen to cytosol;
allows induction of cytotoxic
T cells

Inflammatory cytokine production,
induction of co-stimulators, enhanced
antigen presentation to T cells

Inflammatory cytokine production,

induction of co-stimulators, enhanced
antigen presentation to T cells

Inflammatory cytokine production

A-2  Antibody responses.

ing antibodies. Circulating antibody is usually measured by collecting blood,
allowing it to clot, and then isolating the serum from the clotted blood. The

testing is often called serology.
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antibody response also determines the biological functions these antibodies
can perform and the sites in which antibody will be found. Finally, the strength
of binding of the antibody to its antigen in 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.
pinding strength is important: the higher the affinity of the antibody for its
antigen, the less antibody is required to eliminate the antigen, because anti-
podies with higher affinity will bind at lower antigen concentrations. All these
parame humoral immune response help to determine the capacity
of thatr protect the host from infection.

A-3  Affinity chromatography.

The specificity of antigen:antibody binding interactions can be exploited for
the purification of a specific antigen from a complex mixture, or alternatively,
for the purification of specific antibodies from antiserum containing a mixture
of different antibodies. The technique employed is called affinity chromato-
graphy (Fig. A.4). For purification of an antigen, antigen-specific antibodies
are bound, often covalently, to small, chemically reactive beads, which are
loaded into a column. The antigen mixture is allowed to pass over the beads.
The specific antigen binds; all the other components in the mixture can then
be washed away. The specific antigen is then eluted, typically by lowering the
pH to 2.5 or raising it to greater than 11. Antibodies bind stably under physio-
logical conditions of salt concentration, temperature, and pH, but the binding
isreversible because the bonds are noncovalent. Affinity chromatography can
also be used to purify antibodies from complex antisera by using beads coated
with specific antigen. The technique is known as affinity chromatography
because it separates molecules on the basis of their affinity for one another.

A-4 Radioimmunoassay (RIA), enzyme-linked immunosorbent
assay (ELISA), and competitive inhibition assay.

nostics, for example, in detecting cases of infection with the human immuno-
deficiency virus (HIV), which is the cause of AIDS. For both of these methods,

Apnen

Antibody to antigen A bound to beads

Add a mixture of molecules

Wash away unbound molecules

b mixture
o©  depleted of
©® antigen A

® e

Elute specifically bound molecules

4
R puﬂﬂed
. antigen A

Fig. A.4 Affinity chromatography uses
antigen-antibody binding to purify
antigens or antibodies. To purify a
specific antigen from a complex mixture
of molecules, a monoctonal 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.

(not shown).
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Add anti-A antibody
covalently linked to enzyme

sample 2
(antigen B)

sample 1
(antigen A)

Wash away unbound antibody

Enzyme makes colored
product from added
colorless substrate

o ©O
O
o 00 o

Measure absorbance of light
by colored product

Fig. A.5 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 that prevent
nonspecific binding, 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.6 and A.25.

A modification of ELISA known as a capture or sandwich ELISA (or more
generally as an antigen-capture assay) is commonly used to detect secreteq
products 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
from that recognized by the immobilized first antibody is then used to detect
the bound antigen.

Another variant of the antigen-capture assay, often referred to as a multiplex
assay, has been developed to allow quantitation of multiple antigens in a sin-
gle sample. This technique is often utilized to examine the levels of multiple
cytokines in clinical serum samples, or in sera from experimental animals,
cases in which it is not feasible to assess each cytokine of interest individually.
For this type of assay, small microspheres are differentially Jabeled with fluo-
re nbedis based on their distinct emiss

M ed with orescent dye are conjugated

rescence associated with each differentially labeled microsphere.

MS& D Exhibit 1039, Page 130 of 166



T COHdL
Ntihgg
leasul-ed
:d el
Ubstrafe
e can be
l'DVidin
!E!!'mgre'
referre
led angj.
nd layel',
dplateg,
WO mg]-
o each
> carrieq
0 a soly-
antigen
2asured,

Or more
secreted
ached to
hese are
arface of
ns in the
“€epitope
‘0 detect

ultiplex
in a sin-
multiple
animals,
vidually.
ith fluo-
spectra.
antibod-
yheres—
d to the
1second
y is con-
;cence is
rms this
t of fluo-

t, atleast
order t0
separaf-
fraction
ally, this
5lid sup-
, leaving
atigen 18
o it. The
in eveIY

rtigen O

don q
;arouﬂ

Anti-A antibody bound 100+
1 1 Percent
contro!
binding
50
<= =
Add Add labeled standard
labeled antigen A + curve
antigen A unlabeled antigen
0_
Amount of competitor added
—
@,
. Compete with
@
@® @
@ ® @ ®
= =
Wash away unhound antigen Known Mixture containing
concentration low concentration
of antigen A of antigen A
—
Vv vV
[ 1
& 8, & @
® @ & O
e ®,
= =
/ standard curve less inhibition
Count bound Iabel curve 1 curve 2

this problem, one of which is to use a competitive inhibition assay, as shown
in Fig. A.6. In this type of assay, the presence and amount of a particular anti-
gen in an unknown sample are determined by the antigen’s ability to com-
pete with a labeled reference antigen for binding to an antibody attached to a
plastic well. A standard curve is first constructed by adding various amounts
of a known, unlabeled standard preparation; the assay can then measure the
amount of antigen in unknown samples by comparison with the standard. The
tompetitive binding assay can also be used for measuring antibody in a sam-
ble 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-5 Hemagglutination and blood typing.

T_he direct measurement of antibody binding to antigen is used in most quan-
litative serological assays. However, some important assays are based on the

:abi]ity of antibody binding to alter the physical state of the antigen to which

€ antibody binds. 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
Iglutinate. The same principle applies to the reactions used in blood typ-

.‘“8. only here the target antigens are on the surface of red blood cells and the

UMping reaction caused by antibodies against them is called hemagglutina-
lion (from the Greek haima, blood).
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Fig: A.6 Competitive inhibition assay
for antigen in unknown samples.

A fixed amount of unlabeled antibody is
attached to a set of welis, 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.

755
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Fig. A.7 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 against 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 antibodies, whereas
type AB individuals have neither. The

R-GleNAc —G:':I
Fuc

R-GlcNAG —Glal ~GalNAc
Fuc

R—G cNAc
R-GloNAc —Gal —Gal
Fuc R—-GloNAG Gy
—GlcNAg -
Gal - gal
Fue

pattern of agglutination of the red blood —_—

cells of a transfusion donor or recipient 0

with anti-A and anti-B antibodies reveals g ) no agglutination agglutination agglutination agglutination
L \ Anti-A and anti-B

the individual's ABO blood group. Before antibodies

transfusion, the serum of the recipient is

also tested for antibodies that agglutinate A _ o o

the red blood cells of the donor, and vice no agglutination no agglutination agglutination agglutination

Anti-B antibodies

&}B

Anti-A antibodies

versa, a procedure called a cross-match,
which may detect potentially harmful
antibodies against other blood groups that

are not part of the ABO system. no agglutination

no agglutination agglutination

AB

No antibodies
to Aor B

no agglutination no agglutination no agglutination no agglutination

Hemagglutination is used to determine the ABO blood group of blood donors
and 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.7). These blood-group antigens are arrayed in
many copies on the surface of the red blood cell, causing the cells to aggluti-
nate when cross-linked by antibodies. Because hemagglutination involves the
cross-linking of blood cells by the simultaneous binding of antibody molecules
to identical antigens on different cells, this reaction also demonstrates that
each antibody molecule must have at least two identical antigen-binding sites.

A-6 Coombs tests and the detection of rhesus

incompatibility.
unogl t
se of e
odies p

the liver, causing a hemolytic anemia in the fetus and newborn infant.
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getects antibody bound to the surface of the fetal red blood cells. An indirect
Coombs test is used to detect nonagglutinating anti-Rh antibody in maternal
serum: the serum is first incubated with Rh-positive red blood cells, which
pind the anti-Rh antibody, after which the antibody-coated cells are washed
to remove unbound immunoglobulin and are then agglutinated with anti-
immunoglobulin antibody (see Fig. A.8). The indirect Coombs test allows Rh
incompatibilities that might lead to hemolytic disease of the newborn to be
detected, and this knowledge allows the disease to be prevented (see Section
15-10). The Coombs test is also commonly used to detect antibodies against
drugs that bind to red blood cells and cause hemolytic anemia.

A-7 Monoclonal antibodies.

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 antibodies
thatbind to different epitopes on the immunizing antigen, but even antibodies
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
itis 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 binding of antibodies
ofvarious 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 produced in
only limited volumes, and thus it is impossible to use the identical serologi-
cal reagent in a long or complex series of experiments or clinical tests. Finally,

More recently, by genetic engineering,
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Direct Indirect
Coombs test Coombs test

Rh- mother pregnant with Rh+ chjlg

Rh* Rh™
Washed red
blood cells coated with M::fur,':,al
maternal antibody
q
I

Add Rh* red cells
and wash out
unbound antibody

Add rahbit Add rabbit
anti-human antibedy  anti-human antibody

Agglutination

Fig. A.8 The Coombs direct and
indirect anti-globulin tests for
antibody against red blood cell
antigens. An Rh~ mother of an Rh* fetus
can become immunized to fetal red blood
cells that enter the maternal circulation

at the time of delivery. In a subsequent
pregnancy with an Rh* fetus, IgG anti-

Rh antibodies can cross the placenta

and damage the fetal red blood cells. In
contrast to anti-Rh antibodies, maternal
anti-ABO antibodies are of the IgM isotype
and cannot cross the placenta, and so

do not cause harm. Anti-Rh antibodies
don red blood cells, but
their he fetal red blood cell
surface can be shown by washing away
unbound immunoglobulin and then adding
antibody against 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
has bound, the red blood cells are treated
as in the direct Coombs test.
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Spleen cells Myeloma cells
producing antibody (immortal) lacking
from mouse antibody secretion
immunized with and the enzyme
antigen A HGPRT

& OQ@

Mix and fuse with PEG

Transfer to HAT medium

Immortal hybridomas proliferate;

mortal spleen cells and unfused HGPRT-
myeloma cells die

N
Select hybridoma that makes
antibody specific for antigen A

©

Clone selected hybridoma

©00000
ARAERE

The production of monoclonal antibodies. M mmunized with antigen A

n an intravenous booster immunization 3 days be y are Killed, in order to
produce a large population of spleen cells secreting specific antibody. Spleen cells die

w days in culture. To produce a continuous source of y they are fused Wwith

myeloma cells by using polyethylene glycol (PEG) to 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 lack the enzyme hypoxanthine:guaning
phosphoribosyl transferase (HGPRT); without this enzyme, unfused myeloma cells are
sensitive to the hypoxanthine-amino idine (HAT) medium, which is used elect
hybrid cells. The HGPRT gene contri e spleen cell allows hybrid cells to ve
in the HAT medium, and only hybrid cells can grow continuously in culture, because of the
malignant potential contributed by the myeloma cells combined with the finite life-span
of unfused spleen cells. Unfused myeloma cells and unfused spleen cells therefore die in
the HAT medium, as shown here by cells with dark, irregular nuclei. Individual hybridomas
are obtained by single cell dilution and then screened for antibody production, and single
clones that make antibody of the desired specificity can be isolated and grown. The cloneg
hybridoma celis 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.

normal antibody molecules. Thus, much rly of antibody
structure came from studies on myeloma Th showed that
monoclonal antibodies could be obtained from immortalized plasma cells.
However, the antigen specificity of most myeloma proteins was unknown,
which limited their usefulness as objects of study or as immunological tools.

This problem was solved by Georges Kéhler and César Milstein, who devised
a technique for producing a homogeneous population of antibodies of known
antigenic specificity. They did this by fusing spleen cells from an immunized
mouse to cells of a mouse myeloma to produce hybrid cells that both prolifer-
ated indefinitely and secreted antibody specific for the antigen used to immu-
nize the spleen cell donor. The spleen cell provides the ability to make specific
antibody, while the myeloma cell provides the ability to grow indefinitely in
culture and secrete immunoglobulin continuously. By using a myeloma cell
partner that produces no antibody proteins itself, the antibody produced by the
hybrid cells comes only from the immune spleen cell partner. After fusion, the
hybrid cells are selected using drugs that kill the myeloma parental cell, while
the unfused parental spleen cells have a limited life-span and soon die, so that
only hybrid myeloma cell lines, or hybridomas, survive. Those hybridomas
producing antibody of the desired specificity are then identified and cloned

genic mice (see Section A-34) carrying human antibody genes.

A-&  Phage display libraries for antibody V-region production-
for like
tige ry,
cod a ba e
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A . . Cloning a random population i i
opulation of genes Constru i : . " "
Ies:t::'deinz gntibody va!rliable V region ::itthusao:amm:h?ge of variable regions gives rise to se'ﬁe‘;'i':f: sb;” slt::egie;éred
_ regions coat protein a mixture of bacteriophages— binding to antigen
Jith a phage display library
Vi
dect
e
e
1
1S antibody protein
1ed
3 Fig. A.10 The production of antibodies by genetic engineering. then bound to a surface coated with antigen. The unbound phages
short primers to consensus sequences in heavy- and light-chain are washed away; the bound phages are recovered, multiplied
variable (V) regions of immunoglobulin genes are used to generate a in bacteria, and again bound to antigen. After a few cycles, only
ibrary of heavy- and light-chain V-region DNAs by PCR, with spleen specific high-affinity antigen-binding phages are left. These can be
DNA as the starting material. These heavy- and light-chain V-region used like antibody molecules, or their V genes can be recovered and
sody genes are cloned randomly into ﬁlamentous phages §uch thgt each engineered into antibody genes to groduce genetically engineered
phage expresses one heavy-chain and one light-chain V region as antibody molecules (not shown). This technology may replace the
that a surface fusion protein with antibody-like properties. The resulting hybridoma technology for producing monoclonal antibodies, and has
ells. phage display library is multiplied in bacteria, and the phages are the advantage that humans can be used as the source of DNA.
wn,
s,
ised containing such gene fusions are used to infect bacteria, and the resulting
own phage particles have coats that express the antibody-like fusion protein, with
ized the antigen-binding domain displayed on the outside of the bacteriophages.
ifer- A collection of recombinant phages, each displaying a different antigen-
mu- binding domain on the surface, is known as a phage display library. In much
cific the same way that antibodies specific for a particular antigen can be isolated
ly in from a complex mixture by affinity chromatography (see Section A-3), phages
cell expressing antigen-binding domains specific for a particular antigen can be
rthe isolated by selecting the phages in the library for binding to that antigen. The
, the phage particles that bind are recovered and used to infect fresh bacteria. Each
thile phage isolated in this way will produce a monoclonal antigen-binding particle
that analogous to a monoclonal antibody (Fig. A.10). The genes encoding the
mas antigen-binding site, which are unique to each phage, can then be recovered
med from the phage DNA and used to construct genes for a complete antibody
oma molecule by joining them to parts of immunoglobulin genes that encode the
ules invariant parts of an antibody. When these reconstructed antibody genes are
and introduced into a suitable host-cell line, such as the non-antibody-producing
logy myeloma cells used for hybridomas, the transfected cells can secrete
nti- antibodies with all the desirable characteristics of monoclonal antibodies
lsgd Produced from hybridomas.
3,90
and
Jave A-9  Generation of human monoclonal antibodies from
dies vaccinated individuals.
ion
.t;?iy In some cases, human monoclonal antibodies can be made by cloning the
ans- ed heavy- e sequences from plasma cells
fro ated in the expression of cell-surface
mo human
the Is who
n lw Is are so
and the antibody heavy- and light-chain variable-region sequences are cloned
eIlT: Om each cell by PCR. These sequences are then inserted into constructs that
ar Tecreate the avy- and light-chain genes, and the paired
1ges heavy- and introduced into an immortalized human
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Excitation and emission wavelengths of tbody
some commonly used fluorochromes cellg
Excitation ~ Emission
Probe (nm) (nm)
A-10 Microscopy and imaging using fluorescent dyes.
R-phycoerythrin i
(PE) 480; 565 578 nd
Fluorescein 495 519 pr
ds.
in
PerCP 490 675
en rthea
an scent
Texas Red 589 615
or the te
. immunofluorescence microscopy. As in all serological techniques, the angj.
Rhodamine 550 573 . . ] s . 1
body binds stably to its antigen, allowing unbound antib removed by
thorough washing. Because antibodies against proteins the surface
Fig. A.11 Excitation and emission features of the native, folded the native structure of the protein being
wavelengths for common sought usually needs to be d, either by using only the most gentle
fluorochromes. chemical fixation techniques or by using frozen tissue sections that are fixeq

only after the antibody reaction has been performed. Some antibodies, how-
ever, bind proteins even if they are denatured, and such antibodies will bind
specifically even to protein in fixed tissue sections.

The fluorescent dye can be covalently attached directly to the specific anti-
body; however, the bound antibody is more commonly detected by fluo-
rescently labeled anti-immunoglobulin, a technique known as indirect
immunofluorescence. 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 commonly used fluorochromes
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.11). By using selective filters, only
the light coming from the fluorochrome used is detected in the fluorescence
microscope (Fig. A.12). Although Albert Coons first devised this technique to

light  emitted light

Fig. A.12 Immunofluorescence microscopy. Antibodies labeled with a fluorescent qye
such as fluorescein (green triangle) are used to reveal the presence of their corresponding .
antigens in celis or tissues. The stained cells are examined using a microscope that expose

0 anc

Is ant e
c an

;ad the insulin B cells of the islets of Langerhans aré

d by ack on self ee Chapter 15). Photograph courtesy of

ena illi.
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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.12).

The development of the confocal fluorescent microscope, which uses
computer-aided techniques to produce ultrathin optical sections of a cell or
tissue, gives very high resolution (sub-micrometer) fluorescence microscopy
without the need for elaborate sample preparation. The light source for
excitation (a laser) is focused onto a particular plane in the specimen, and the
emitted light is refocused through a ‘pinhole’ so that only light from the desired
plane reaches the detector, thus out-o s from above
or below the plane. This gives a s age th fluorescence
microscopy, and a three-dimensional picture can be built up from successive
optical sections taken along the ‘vertical’ axis. Confocal microscopy can be
used on fixed cells stained with fluorescently tagged antibodies or on living cells
expressing proteins tagged with naturally fluorescent proteins. The first of these
fluorescent proteins to come into wide use was green fluorescent protein (GFP),
isolated from the jellyfish Aequorea victoria. The list of fluorescent proteins in
routine use now includes those emitting red, blue, cyan, or yellow fluorescence.
By using cells transfected with genes encoding different fusion proteins, it has
been possible to visualize the redistribution of T-cell receptors, co-receptors,
adhesion molecules, and other signaling molecules, such as CD45, that takes
place when a T cell makes contact with a target cell (see Fig. 9.37).

Confocal microscopy, however, can penetrate only around 80 pm into a tissue,
and at the wavelengths typically used for excitation, the source light will soon
bleach the fluorescent label and damage the specimen. This means that the
technique is not suitable for imaging a live specimen over a period of time suffi-
cient, for example, to track the movements of cells in a tissue. The more recently
developed technique of two-photon scanning fluorescence microscopy
overcomes some of these limitations. In this technology, ultrashort pulses of
laser light of much longer wavelength (and thus with photons of lower energy)
are used for excitation, and two of these lower-energy photons arriving nearly
simultaneously are required to excite the fluorophore. Excitation will therefore
occurin only a very small region at the focus of the microscope, where the beam
of light is most intense, and so fluorescence emission will be restricted to the

collected than in confocal m and because single
Within the tissue cannot caus nce and consequen
crometers) is possible. Like con-
duces thin optical sections from
up.
Totrack the movements of molecules or cells over time, confocal or two-photon
se video imaging using sensitive
pse two-photon fluorescence imaging
g the movements of individual T cells
teins in intact lymphoid organs and
ter 10).

A-17 Immunoelectron microscopy.
acellular location of structures or par-
tron microscopy, a technique known
dies against the required antigen are
lied to ultrathin sections, which are
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A-12 Immunohistochemistry.

coupled enzymes, the difference in detection being primarily that in
histochemistry the colored products are insoluble and precipitate at
where they are formed. Horseradish peroxidase and alkaline

the two enzymes most commonly used in these applications.
peroxidase oxidizes the substrate diaminobenzidine to produce a
cipitate, while alkaline phosphatase can produce red or blue dyes

on the substrates used; a common substrate is 5-bromo-4-chloro
phosphate plus nitroblue tetrazolium (BCIP/NBT), which gives rise to
blue or purple stain. As with immunofluorescence, the native structure
protein being sought usually needs to be preserved so that it will be

by the antibody. Tissues are fixed by the most gentle chemical fixation
niques, or frozen tissue sections are used that are fixed only after the
reaction has been performed.

A-13 Immunoprecipitation and co-immunoprecipitation.

To raise antibodies against membrane proteins and other cellular
that are difficult to purify, mice are often immunized with whole cells or
cell extracts. Antibodies against the individual molecules are then
by using these immunized mice to produce hybridomas making
antibodies (see Section A-7) that bind to the cell type used for

To characterize the molecules identified by the antibodies, cells of the
type are labeled with radioisotopes and dissolved in nonionic

disrupt cell membranes but do not interfere with antigen-antibody
tions. This allows the labeled protein to be isolated by binding to
body in a reaction known as immunoprecipitation. The antibody is
attached to a solid support, such as the beads that are used in affinity

biotin with very high affinity.
Once the labeled proteins have been isolated by the antibody,
characterized in several ways. The most common is

trophoresis (PAGE) of the proteins after they have been
body in the strong ionic detergent sodium dodecyl sulfate (SDS), @

they
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Fig. A.13 Cellular proteins reacting with an antibody can be
characterized by immunoprecipitation of labeled cell lysates.
All actively synthesized cellular proteins can be labeled metabolically
by incubating cells with radioactive amino acids (shown here for
methionine; °S-Met), or one can label just the cell-surface proteins
by using radioactive iodine in a form that cannot cross the cell
membrane 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

SDS-PAGE

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 autoradiography using X-ray
film. This technique of SDS-PAGE can be used to determine the
molecular weight and subunit composition of a protein. Patterns of
protein bands observed with metabolic labeling are usually more
complex than those revealed by radioiodination, owing to the
presence of precursor forms of the protein (right panel). The mature
form of a surface protein can be identified as being the same size as
that detected by surface iodination or biotinylation (not shown).

is eluted in the detergent sodium dodecyl sulfate (SDS), which

generally abbreviated as SDS-PAGE. SDS binds relatively homogeneously
to proteins, conferring a charge that allows the electrophoretic field to drive
protein migration through the gel. The rate of migration is controlled mainly
by protein size (see Fig. A.13). Proteins of differing charges can be separated
using isoelectric focusing (see Section A-7). This technique can be combined
with SDS-PAGE in a procedure known as two-dimensional gel electropho-
resis. 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 sepa-
rate the proteins by molecular weight (Fig. A.14). Two-dimensional gel elec-
trophoresis is a powerful technique that allows many hundreds of proteins in
acomplex mixture to be distinguished from one another.

Immunoprecipitation and the related technique of immunoblotting (see
Section A-14) are useful for determining the molecular weight and isoelec-
tric 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.

C_O-immunoprecipitation is an extension of the immunoprecipitation tech-
nique and is used to determine whether a given protein interacts physically

Fig. A.14 Two-dimensional gel electrophoresis of MHC class I molecules. Proteins
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A-14 Immunoblotting (Western blotting).

separated proteins are then transferred from the gel to a stable support sych,
as a nitrocellulose membrane. Specific proteins are detected by treatmep;
with antibodies able to react with SDS-solubilized proteins (mainly thoge
that react with denatured s ; the bound antibodies are revealed by
anti-immunoglobulin antib led with an enzyme. The term Westerp
blotting as a synonym for immunoblotting arose because the comparable
technique for detecting specific DNA sequences is known as Southern blotting,
after Edwin 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 against specific proteins, for example, to detect antibodies against
different constituents of HIV (Fig. A.15).

A-15 Use of antibodies in the isolation and characterization of
multiprotein complexes by mass spectrometry.

Many of the proteins that function in immune cells are components of multi-
protein complexes. This is the case for cell-surface receptors, such as the T-cell
and B-cell antigen receptors and most cytokine receptors, as well as intracel-
lular proteins involved in signal transduction, gene expression, and cell death.
Antibodies that bind to one member of such a complex can be used to identify
the other members of the complex by a process of co-immunoprecipitation
followed by Western blotting or mass spectrometry.

A mass spectrometer can provide extremely precise measurements of the
masses of constituents in a preparation of molecules. To identify unknown
proteins in a sample, such as that acquired by co-immunoprecipitation,

Fig. A.15 Western blotting is used to identify antibodies against the humaq
immunodeficiency virus (HIV) in serum from infected individuals. The virus i
dissociated into its constituent proteins by treatment with the detergent SDS, and it

the antigen when it is denatured.
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_ Analysis of the detected ions is

:%:}Eﬁas a spectrum, allowing

‘comparison with the database and
~ identification of the protein

electromagnetic
— y BT deflection =
= e .ionlzauorn‘_ E g% ’
— § ‘acceleration gé
el B 2
used P > o - : T> ﬁx J"> miz
tvoids I : W sample ﬂv
topes, & ------- : database search
d the e  detection |
2 Size. protein digestion and |
“such amplification protein identification
Iment
those Fig- A.16 Characterization of multiprotein complexes by mass on differences in their mass to charge (m/z) ratio by subjecting
ed by spectromgtry. Fqllowipg immgr)oprecipitation of a multiprotein 'them unger high vacl:uum‘to a magnetic field. A Qetgctor col\gots
stern complex using arjtv\bodles spgcmc for one component of the . mformatlon on the 5|gpal intensity for gach peptide ion and displays
complex, the individual proteins are separated by gel electrophoresis.  the information as a histogram. This histogram, usually referred to
'r?ble An individual band representing one protein is isolated and digested as a spectrum, is compared with a database containing potential
itting, with a protease such as trypsin. The digested protein sample is cleavage sites for the proteolytic enzyme used in all known protein
Name injected into the mass spectrometer, which ionizes the peptides, sequences, allowing for identification (ID) of the protein in the sample.
" size- transfers them to the gas phase, and then separates them based
earch
1ce of ratio of each ion, and a detector collects information on the signal intensity
jainst for each ion and displays the data as a histogram (Fig. A.16). This histogram,
usually referred to as a spectrum, can be compared with a database containing
potential cleavage sites (for the proteolytic enzyme used) in all known protein
n of sequences. Due to the precision of these measurements, and the information
derived from multiple peptides comprising the initial protein, the spectrum
can often be unambiguously assigned to a unique protein in the database.
nulti- - Modern multidimensional mass spectrometers (MS/MS) allow peptide ions to
T-cell be sequenced as well as analyzed by their mass. In these instruments, peptide
racel- ions separated in one sector are fragmented in a second sector by collision with
leath. other molecules (often an inert gas such as N,), with the resultant fragments
entify separated in a third section (Fig. A.17). Fragmentation occurs primarily in the
-ation I
~ Fragmentation occurs in the peptide backbone and generates a
»f the - mixture of fragments, each differing by one amino acid residue
nown i : = . - — —
ation, MS1 spectra MS2 spectra
two- MS2 spectra
ins in T
vith a 1y 1[v[RIEfafkfs[sofplv P T Ny o1k
stides YRIIKSSDPVPT “RI"GSDPQ
luced RIIKSSDPVPT T sA
»m to IIKSSDPVPT I”
wcting 1kssppPvPT || | |||
(m/z)
|
Fig. A.17 Determining the amino acid sequence of a peptide by  a mixture of fragments is generated in which the fragments each
Multidimensional mass spectrometry (MS/MS). Multidimensional  differ by one amino acid residue. The resultant fragments are then
Mass spectrometers (MS/MS) consist of two mass spectrometers separated in the second mass spectrometer, the final sector. The
yind to nked in tandem but with an interceding middle sector that fragments  sequence of the peptide can be read directly from the second mass
ulin, ons, In the first sector, the first mass spectrometer separates spectrum. The order of amino acid residues in the peptide can be
will Peptide ions, as shown in Fig. A.16. Each peptide ion from this first deduced because of the exquisite precision of the measurements o fl
uring Separation is then fragmented in the middle sector of the apparatus each ion together with knowledge of the exact mass of each possible
iize ¥ collision with other molecules (often an inert gas such as N,). amino acid residue.
Since fragmentation occurs primarily in the peptide backbone,
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Fig. A.18 Peripheral blood mononuclear
cells can be isolated from whole blood

M ifugation.
d (left panel)
H e™ and

centrifuged. Red blood cells and
polymorphonuclear leukocytes or

gra nser and travel through
the M, while mononuclear
cel

wit an
be

A-16 Isolation of peripheral blood lymphocytes by density-
gradient fractionation.

The first step in studying lymphocytes is to isolate them so that their behgy.
ior can in vitro. phocytes can be isolated mos
from p od by d fugation over a step gradient
ing of a mixture of the carbohydrate polymer Ficoll-Hypaque™ and the denge

iodine-containing metri Astep smade by prepar.
ing a solution of F ue at e dens g/liter for humap
cells) and placing a layer of this solution at the bottom of a centrifuge tube,
A f heparinized blood mixed prevents ¢
is layered on top of the Ficol Following

ugation for about 30 minutes, the components of the blood have separated
based on their densities. The upper layer contains the blood plasma and plate-
lets, which remain in the top layer during the short centrifugation. Red blood
cells and granulocytes have a higher density than the Ficoll-Hypaque solution
and collect at the bottom of the tube. The resulting population, called periph-
eral blood mononuclear cells (PBMCs), collects at the interface between the
blood and the Ficoll-Hypaque layers and consists mainly of lymphocytes and
monocytes (Fig. A.18). Although this population is readily accessible, it is not
necessarily representative of the lymphoid system, because only recirculating
lymphocytes can be isolated from blood.

The ‘normal’ ranges in the numbers of the different types of white blood cells
in blood, along with the normal ranges in concentrations of the various anti-
body classes, are given in Fig. A.19.

A-17 Isolation of lymphocytes from tissues other than blood.

In experimental animals, and occasionally in humans, lymphocytes are iso-
lated from lymphoid organs, such as spleen, thymus, bone marrow, lymph
nodes, or mucosal-associated lymphoid tissues—in humans, most com-
monly the palatine tonsils (see Fig. 12.6). A specialized population of lympho-
cytes resides in surface epithelia; these cells are isolated by fractionating the

©
diluted eriphera
blood o gm%
mononuclear
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Evaluation of the cellular components of the human immune system

B cells T cells Phagocytes
Normal Monocytes 0.15-0.6
numbers Total 1.0-2.5 Polymorphonuclear leukocytes:
(x109 Approximately 0.3 CD4 0.5-1.6 Neutrophils 3.00-5.5
per liter CD8 0.3-0.9 Eosinophils 0.05-0.25
of blood) Basophils 0.02
Measurement Serum lg Ie_vels Skin
of function Specific antibody test
invivo levels
Induced T-cell proliferation Phagocytosis
Measu;ement antibody production in response to Nitroblue tetrazolium uptake
‘?f fqtnc ion in response to phytohemagglutinin Intracellular killing
in vitro pokeweed mitogen or to tetanus toxoid of bacteria
Evaluation of the humoral components of the human immune system
Immunoglobulins Complement
Component lgG IgM IgA IgE
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Normal levels 6001400 mgedi™  40-345 mgedi 60-380 mgedi 0-200 Ueml 125-300 [Usmi~!

epithelial layer after its detachment from the basement membrane. Finally,
in 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
arthritis, an inflammatory response in joints, lymphocytes are isolated from
the fluid aspirated from the inflamed joint space.

Laser-capture microdissection is a technique used to isolate specific popu-
lations of cells from an intact tissue sample or histological specimen after vis-
ualizing the cells by light microscopy. The cells of interest can be ‘captured’ by
placing a polymer over the sample on the microscope slide, and using an infra-
red laser to melt the polymer onto the sample in discrete locations. Once com-
pleted, the polymer-cell composite can be lifted and DNA, RNA, or proteins
can be isolated from the dissected cells (Fig. A.20). A variant of this approach
makes use of an ultraviolet (UV) laser, rather than infrared. In this case, the
UV laser acts as a molecular cutting tool, and can be used to cut away or even
ablate the unwanted portions of the tissue, leaving intact the area of interest.

A-18 Flow cytometry and FACS analysis.

An immensely powerful tool for defining and enumerating populations of
immune cells 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 that

fied noclonal antibodies cell-surface or intracel-

eins cells within a mixed tion are first labeled by

on

ind

late
Proteins can be prepared from the dissected cells
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Fig. A.19 The major cellular and
humoral components of human
blood. Human blood contains B cells,
T cells, and myeloid cells, as well as
high concentrations of antibodies and
complement proteins.
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tubes. In this way, specific subpopulations of cells, distinguished by the bing.-
ing 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 flow
are usually displayed in the form of a one-dimensional histogram
ence intensity versus cell numbers. If two or more antibodies are

used, each coupled to a different fluorescent dye, then the data are usually

Fig. A.21 Flow cytometers allow individual cells 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, as well as emissions
from the different fluorescent dyes. This information is analyzed by computer (CPU). By
examining a large number of cells, the proportion of cells with a specific set of characteristics
can be determined and levels of expression of various molecules on these cells can be
measured. The lower part of the figure shows how these data can be represented, the
example in this case being the expression of two surface immunoglobulins, IgM and IgD,
on a sample of B cells from a mouse spleen. The two immunoglobulins have been labeled
with different-colored dyes. When the expression of just one type of molecule is to be
analyzed (IlgM or IgD), the data are usually displayed as a histogram, as in the left-hand
panels. Histograms display the distribution of cells expressing a single measured parameter
(for example, size, granularity, fluorescence intensity). When two or more paramaters are
measured for each cell (IgM and IgD), various types of two-dimensional plots can be used
to display the data, as shown in the right-hand panel. All four plots represent the same
data, and in each case, the horizontal axis represents intensity of IgM fluorescence, and the
vertical axis the intensity of IgD fluorescence. Two-color vide more information than '
histograms; they allow recognition, for example, of cells bright’ for both colorls, “dull
e,

szo not

left)

well for

identifying cells that lie outside the main groups, but tends to saturate in areas containing

also shows outlying cells as dots.
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in the form of a two-dimensional scatter diagram or as a contour
gram, where the fluorescence of one dye-labeled antibody is plotted
inst that of a second, with the result that a population of cells labeled
with one antibody can be further subdivided by its labeling with the second
anﬁbgdy (see Fig. A.21). By examining large numbers of cells, flow cytometry
can give quantitative data on the percentage of cells bearing different
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Heterogeneous population of lymphocytes is
mixed with antibodies coupled to
paramagnetic particles or beads and
poured over an iron wool mesh

An alternative to FACS is a technology based on detecting heavy-metq]

[¢ to odies labeled
a es nalyz called
es flu with ter. As

analyzed, the quantity of each heavy metal associated with that cell, anq
thus the abundance of the target of each antibody, is measured. In total, thig

techn 100 di
metal rrently
FACS. d by th

process required for the mass spectrometry analysis, so the CyTOF cannot
function as a cell sorter.

When a magnetic field is applied, the
coupled cells stick to the iron wool;

unlabeled cells are washed out A-19 Lymphocyte isolation using antibody-coated magnetic
beads.
My Although FACS is superb for isolating small numbers of cells in pure form,

mechanical means of separating cells are preferable when large numbers of
lymphocytes must be prepared quickly. 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 are run
through a column containing material that attracts the paramagnetic beads

b 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.22). The retained cells are recovered by
removing the column from the magnetic field. In this case, the bound cells are
positively selected for expression of the particular cell-surface molecule, while
the unbound cells are negatively selected for its absence.

The magnetic field is removed,

leasing the coupled cell i .
releasing fhe coupled cells A-20 lsolation of homogeneous T-cell lines.

is of sp cells n
fmono es. Th d
tinct w lines, d

antigen recognized by the antibody.
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10 assess the antigen specificity of the T-cell hybrid.

T-cell hybrids are excellent tools for the analysis of T-cell specificity, because
they grow readily in suspension culture. However, they cannot be used to
analyze the regulation of specific T-cell proliferation in response to antigen
pecause they are continually dividing. T-cell hybrids also cannot be trans-
ferred 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, called T-cell lines, whose growth is dependent on periodic restimula-
tion with specific antigen and, frequently, on the addition of T-cell growth fac-
tors (Fig. A.23). T-cell clones also require periodic restimulation with antigen
and are more tedious to grow than T-cell hybrids, but because their growth
depends on specific antigen recognition, they maintain antigen specificity,
which is often lost in T-cell hybrids. Cloned T-cell lines can be used for studies
of effector function both in vitro and in vivo. In addition, the proliferation of T
cells, a critical aspect of clonal selection, can be characterized only in cloned
T-cell lines, where such growth is dependent on antigen recognition. Thus,
both types of monoclonal T-cell lines, T-cell hybrids and antigen-dependent
T-cell clones, have valuable applications in experimental studies.

Studies of human T cells have relied largely on T-cell clones because a suita-
ble fusion partner for making T-cell hybrids has not been identified. However,
a human T-cell lymphoma line, called Jurkat, has been characterized exten-
sively because it secretes IL-2 when its antigen receptor is cross-linked with
anti-receptor monoclonal antibodies. This simple assay system has yielded
much information about signal transduction in T cells. One of the Jurkat cell
line’s most interesting features, shared with T-cell hybrids, is that it stops grow-
ing when its antigen receptor is cross-linked. This has allowed mutants lacking
the receptor or having defects in signal transduction pathways to be selected
simply by culturing the cells with anti-receptor antibody and selecting those
that continue to grow. Thus, T-cell tumors, T-cell hybrids, and cloned T-cell
lines all have valuable applications in experimental immunology.

Finally, primary T cells from any source can be isolated as single, antigen-
specific cells by limiting dilution (see Section A-21) rather than by first
establishing a mixed population of T cells in culture as a T-cell line and then
deriving clonal subpopulations. During the growth of T-cell lines, particular
T-cell clones can come to dominate the cultures and give a false picture of
the number and specificities in the original sample. Direct cloning of primary
T cells avoids this artifact.

A-21 Limiting-dilution culture.

On many occasions it is important to know the frequency of pecific
1S’Tnphocytes, especially T cells, in order to measure the effici which
an individual responds to a particular antigen, for example, or the degree
to which specific immunological memory has been established. There are a

Appendix 1 Vil

T cells from an immunized animal comprise
a mixture of celfs with different specificities

Q

The T cells are placed into culture with
antigen-presenting cells and antigen.
Antigen-specific T cells proliferate, while

T cells that do not the antigen
do not
» v b
« b > <

N
Antigen-specific T cells can be cloned
by limiting-dilution culture in 1L-2

Fig. A.23 Production of cloned T-cell
lines. T cells from an immunized donor,
comprising a mixture of cells with different
specificities, are activated with antigen and
antigen-presenting cells. Single responding
cells are cultured by limiting dilution (see
Section A-21) 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.
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Fig. A.24 The frequency of specific
lymphocytes can be determined using
limiting-dilution assay. Various 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-specific
T cellsis 1in 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.

m oing this by lyb
of or, or by ng prg’v;ge
cu such as es ¢
the are tes
ase li speci
thd of T cel

proportion of wells in which there is no response is plotted against the nym,.
ber of cells initially added to each well. If cells of one type, typically antigen-
specific T cells because of their rarity, are the only limiting factor for obtajn-
ing a response, then a straight line is obtained. From the Poisson distribution,
it is known that there is, on average, one antigen-specific cell per well whep
the proportion of negative wells is 37%. Thus, the frequency of antigen-specific
cells in the population equals the reciprocal of the number of cells added to
each well when 37% of the wells are negative. After priming, the frequency of
specific cells goes up substantially, reflecting the antigen-driven proliferation
of antigen-specific cells. The limiting-dilution assay can also be used to meas-
ure the frequency of B cells that can make antibody against a given antigen.

Limiting-dilution assay

Purified T cells from Purified T cells from mouse
unimmunized mouse immunized with antigen A

J 4

00 00O
O O O
@@ O
000 O
00 00

APC + antigen A

100

Percent of
cultures
negative for
response

37

50,000 100,000 150,000 500 1,000 1500
Number of T cells added Number of T cells added
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Fig- A.25 The frequency of cytokine-secreting T cells can be determined by the
ELISPOT assay. The ELISPOT assay is a variant of the ELISA assay in which antibodies
pound to a plastic surface are used to capture cytokines secreted by individual T cells.
ysually, cytokine-specific antibodies are bound to the surface of a plastic tissue-culture well
and the 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 will 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

e of the specific cytokine is detected using an enzyme-labeled second antibody

for the same cytokine. Where this antibody binds, a colored reaction product can
pe formed (fourth panel). Each T cell that originally secreted the cytokine gives rise to a
single spot of color, hence the name of the assay. The results of such an ELISPOT 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). As can be seen,
there are a greater number of spots in the bottom two panels, a clear indication that the
patient’s T cells are able to respond to the viral peptide and produce IFN-y. Photographs
courtesy of 8. Nowack.

A-22 ELISPOT assay.

A modification of the ELISA antigen-capture assay (see Section A-4), called
the ELISPOT assay, is a powerful tool for measuring the frequency of T-cell
responses and also provides information about the cytokines produced.
Populations of T cells are stimulated with the antigen of interest, and are
then allowed to settle onto a plastic plate coated with antibodies against the
cytokine that is to be assayed (Fig. A.25). If an activated T cell is secreting
that cytokine, the cytokine is captured by the antibody on the plastic plate.
After a period of time the cells are removed, and a second antibody against
the cytokine is added to the plate to reveal a circle (‘spot’) of bound cytokine
surrounding the position of each activated T cell; it is these circles that give the
ELISPOT assay its name. By counting each spot and knowing the number of
T cells originally added to the plate, one can easily calculate the frequency of
T cells secreting that particular cytokine. ELISPOT can also be used to detect
specific antibody secretion by B cells, in this case by using antigen-coated sur-
faces to trap specific antibody and labeled anti-immunoglobulin to detect the
bound antibody.

A-2% ldentification of functional subsets of T cells based on
cytokine production or transcription factor expression.

One problem with the detection of cytokine production on a single-cell level

is that the cytokines are secreted by the T cells into the surrounding medium,
and

devi
dete
on the use of metabolic poisons that inhibit protein export from the cell. The
Cytokine thus accumulates within the endoplasmic reticulum and vesicular
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Fig. A.26 Cytokine-secreting cells

can be identified by intracellular
cytokine staining. Fluorochrome-labeled
antibodies can be used to detect the
cytokines secreted by activated T cells
after the cytokine molecules have been
allowed to accumulate inside the cell.

The accumulation of cytokine molecules to
a high enough concentration for efficient
detection is achieved by treating the
activated T cells with inhibitors of protein
export. In such treated cells, proteins
destined to be secreted are instead
retained within the endoplasmic reticulum
(left panel). These treated cells 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 (right panel). Cells labeled

in this way can also be labeled with
antibodies that bind to cell-surface proteins
to determine which subsets of T cells are
secreting particular cytokines.

the two antigen-binding sites recognize different ligands (Fig. A.27), In the
bispecific antibodies used to detect cytokine production, one of the antigen-
bindingsites is specific for a T-cell surface marker, while the other is specific for
the cytokine in question. The hispecific 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 captured by the
bound antibody before it diffuses away from the surface of the cell. It can then
be detected by adding to the cells a fluorochrome-labeled second antibody
specific for the cytokine.

A third method for identifying which T cells in a population produce a par-
ticular cytokine utilizes cytokine gene reporter mice. In these lines of mice,
a cDNA clone encoding a readily detectable protein (the ‘reporter’ protein)
is inserted into the 3' untranslated region of the targeted cytokine gene
downstream of a sequence known as an internal ribosome entry site (IRES),
The IRES sequence allows translation of the reporter protein from the same
mRNA as that encoding the cytokine; thus, the reporter protein is produced
only when the cytokine mRNA is expressed (Fig. A.28). Common reporter
proteins for this application are fluorescent proteins, such as green fluores-
cent protein (GFP). In fact, the GFP commonly used for this purpose contains

Fig. A.27 Hybrid antibodies containing cell-specific and
cytokine-specific binding sites can be used to assay cytokine
secretion by living cells and to purify cells secreting particular
cytokines. Hybrid antibodies can be made by mixing together
heavy- and light-chain pairs from antibodies of different specificities,
for example, an antibody against an MHC class | molecule and an
antibody specific for a cytokine such as IL-4 (first panel). The hybrid
antibodies are then added to a papulation of activated T cells, and
bind to each cell via the MHC class | binding arm (second panel).

cytokine, IL-4, this is captured by the cytokine-specific arm of the
hybrid antibody (third panel). The presence of the cytokine can
then be revealed, for example, by using a fluorochrome-labeled
second antibody specific for the same cytokine but binding to 2
differert site from the one used by the hybrid antibody (ast panell-
The labeled cells are analyzed by flow cytometry or are isolated «ﬂ
a fluorescence-activated cell sorter (FACS). Alternatively, the SB¢ J
cytokine-specific antibody can be coupled to magnetic beads, 1
the cytokine-producing cells isolated magnetically.

If some of the cells in the population are secreting the appropriate
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—r Fig. A.28 Cytokine-expressing cells
can be tracked in vivo using cytokine
gene knock-in reporter mice. To identify

stop codon cells expressing a specific cytokine in intact
animals, the locus encoding the cytokine
:f,ﬁ——cﬂ D:f ﬂ dt 7 cytokine gene of interest is modified by homologous recombination
poly-A (see Fig. A.44 and Section A-35).
An internal ribosome entry site (IRES) and
S S U R LA mRNA the gene for a fluorescent protein such

as eGFP are inserted 3’ of the last exon

of the cytokine gene, downstream of the
cytokine protein stop codon and upstream
of the mRNA transcription termination and
polyadenylation signal (the poly-A site). The
IRES element allows the ribosome to initiate
translation of a second protein-coding
sequence at an internal site on the mRNA.

: cytok}ne gene When the modified locus is transcribed and
: L Sy liced to form the mature mRNA, both the
" IRES eGFP i eGFP reporter splic orm the , bo

intact cytokine protein and the fluorescent
poly-A reporter protein (e.g., eGFP) are produced

stop codon from the same transcript. This allows

the identification and characterization of

- cytokine-expressing cells, such as by flow
T G N (] AR bi-cistronic mRNA cytometry, based on the detection of eGFP.

cytokine O eGFP . protein

.apoint mutation that greatly improves its spectral properties for experimen-
tal purposes. This version of GFP is commonly referred to as ‘enhanced GFP/
“or ‘eGFP’ for short. eGFP can be detected by FACS or by fluorescent micro-
scopy using the settings designed to detect the commonly used fluorescent
“dye FITC. Due to broad utility of these fluorescent proteins, a host of GFP
derivatives have been developed by genetic engineering of the original GFP
protein. Each derivative has distinct fluorescent properties and therefore can
' be uniquely identified, allowing these proteins to be used in combination
with each other to provide information about multiple cytokines at the same
time (Fig. A.29).

Several of these techniques for measuring cytokine expression by T-cell subsets
Pave been adapted to examine the transcription factors expressed by T cells and
other lymphocytes, providing an alternative method for identifying functional
!W“Phﬂcyte subsets. In one approach, antibodies specific for lineage-defining
h‘anscription factors are used to label permeabilized cells. As was described
above for the intracellular cytokine staining assay, the cells can then be
&Xamined by flow cytometry or immunofluorescence microscopy. Lines of
Ieporter mice have also been generated, in which the gene locus encoding a
fanseription factor is modified to express a fluorescent protein, such as eGFP.
t:ridhoﬂ} of these approaches, the advantage of using transcription factors
.-Eir;m:mlfy ly_mphocyte subsets is that there is no need to stimulate the cells

to antibody staining or to assessing reporter protein expression, as
. €age-defining transcription factors are constitutively expressed by the cells.
_erefore, this approach is more widely used for the identification of T-cell and

Other errmhocyte subsets in intact tissues by microscopy.

Fig,
\GEPA'QQ Fluorescent proteins are available in a rainbow of colors. Derivatives of
A+ 2d & red-fluorescent coral protein can generate eight different fluorescent colars.

Al
of Rif:ré‘_}cene is drawn with bacterial strains expressing each fluorescent protein. Courtesy
sian,
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The peptide:MHC tetramer is made from

1

CD8 staining

recombinant MHC molecules with
specific peptides, bound to streptavidin
via biotin

MHC class |

streptavidin

Peptide:MHC tetramers are bound by
T cells expressing receptors of the
appropriate specificity

0,000

=]
=]
k=1

=]
I=]

o

10,000
HLA-A2 + CMV-specific tetramer staining

A-24 ldentification of T-cell receptor specificity using
peptide:MHC tetramers.

Pepti e ated using the enzyme BirA, which recog-
nizes a id sequence. R nt MHC molecules contain.

a peptide:MHC tetramer—four specific peptide:MHC complexes bound to 3

single molecule of - Routinely, the streptavidin moiety
is labeled with a fl etection of those T cells capable of
binding the peptide: MHC tetramer.

Peptide:MHC tetra been used to 0 n-
specific T cellsin, fo patientswitha s ns

(infectious mononucleosis), showing that up to 80% of the peripheral T cells
in infected individuals can be specific for a single peptide:MHC complex,
They have also been used to follow responses over timescales of years in
individuals with HIV oy, in the example we show, cytomegalovirus infections.
These reagents have also been important in identifying the cells responding,
for example, to nonclassical MHC class I molecules such as HLA-E or HLA-G,
in both cases showing that these nonclassical molecules are recognized by
subsets of NK receptors.

Fig. A.30 Peptide:MHC complexes coupled to streptavidin to form tetramers

are able to stain antigen-specific T cells. Peptide:MHC tetramers are formed from
recombinant refolded peptide:MHC complexes containing a single defined peptide

epitope. MHC molecules that contain biotin can be chemically synthesized, but usually the
recombinant MHC heavy chain is linked to a bacterial biotinylation sequence, a target for
the Escherichia 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:peptide:MHC complex creates a tetramer of peptide:MHGC complexes
(top panel). Although the affinity between the T-cell receptor and its peptide:MHC ligand is
too low for a single complex to bind stably to a T cell, the tetramer, by being able to make

avid interactio pti aneously, is
bind to T cells ar :MHC complex
panel). Routin in hrome, so that
the binding to T cells can be monitored by flow cytometry. In the example shown in the
T cells ain wi
with a LA ta
cells a ht di
the
the
cell
tetr

CD8* cells, can clearly be seen. Data courtesy of G Aubert.
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A'25 Biosensor assays for measuring the rates of association
and dissociation of antigen receptors for their ligands.

pind to the surface, the greater is the effect on the excited electrons, and this in
wrn 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
dide, to make a biosensor ‘chip, and a solution containing the ligand is
streamed over that surface, the binding of ligand to the receptor can be fol-
lowed until it reaches equilibrium (see Fig. A.31). If the ligand is then washed
out, dissociation of ligand from the receptor can easily be followed and the

The ligand to be tested, in this
case peptide:MHC complexes,
is immobilized on a special
gold-plated surface

Unbound receptors are washed
Receptor binding reaches away; continued washing removes
equilibrium receptors as they dissociate
from the peptide:MHC complexes

T-cell receptors are allowed
to flow over the surface and bind
to the peptide:MHC complexes

Ru Ru Ru

Time Time

(first panel). T-cell receptors in solution are now allowed to flow over
the surface, and to bind to the immobilized peptide:MHC complexes
(second panel). As the T-cell receptors bind, the sensorgram (inset
panel below the main panel) reflects the increasing amount of protein
bound. As the binding reaches either saturation or equilibrium
(third panel), the sensorgram shows a plateau, as no more protein
binds. At this point, unbound receptors can be washed away.
With continued washing, bound receptors now start to dissociate
and are removed in the flow of the washing solution (last panel).
no a declining curve, reflecting the rate at
nd ssociation occurs.
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Mitogen Responding cells

Phytohemagglutinin (PHA)

(red kidney bean) T cells

Concanavalin (ConA)

(jack bean) T calls

Pokeweed mitogen (PWM)
(pokeweed) T and B cells

Lipopolysaccharide (LPS)

(Escherichia coli) B cells (mouse)

Fig. A.32 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.

Fig. A.33 Flow cytometric assay for cell
proliferation based on CFSE dilution.
Cells are first incubated with a fluorescent
dye such as carboxyfluorescein succinimidyl
ester (CFSE). This dye enters the cell and,
once in the cytosol, becomes covalently
coupled to lysine residues on cellular
proteins. Each time the cell divides, the
amount of CFSE is diluted by one-half, as
each daughter cell inherits one-half of the
CFSE-labeled proteins. Cell division can

try,
ed
rep
nu
o ns. Und this
a capable 8 cell
d , after w ce

€an no longer be measured.

’6 Assays of lymphocyte proliferation.

Onc
to p
spec
resp
nize
resp
ities
as o1
po ns, they gress ﬁg Ic:i
ec tstudies mply
by on of 3H used
clinically for assessing the ability of lymphocytes from patients with suspected
immunodeficiencies to proliferate in response to a nonspecific stimulus. din,
An alternative to the use of a radioisotope to measure lymphocyte proliferation )
is to use a fluorescent assay that can be performed by FACS. For this assay, the n
lymphocytes are incubated with a fluorescent dye such as carboxyfluorescein
succinimidyl ester (CFSE). This dye enters the cell and, once in the cytosol,
becomes covalently coupled to lysine residues on cellular proteins. Each time
the cell divides, the amount of CFSE is cut in half, as each daughter cell inherits cific
one-half of the CFSE-labeled proteins. When a population of dividing cells i
analyzed by FACS, peaks of CFSE fluorescence can be detected, each of which fore
represents cells that have undergone a fixed number of divisions (Fig. A.33)-
'This assay is capable of detecting up to 7-8 cell divisions, after which CFSE can
fluorescence can no longer be measured.
ells
Ater sach cll dvsion, saoh daughter et have unetgone e ndceed
o ot the number of divisions
Number
Pl of cells 0
~ N
el
- 4 F 1
I el 65 Fo.
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10,000
unlabeled 100% 50% 25% 1 10 100 1000 g
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Immunize with | After 5-10 diys, remove Culture cells with Measure T-celf
t ;mtigen A L cells from lymph node antigens A or B proliferation
no antigen antigen A antigen B Proliferation
antigen A
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Days of culture

once lymphocyte culture had been optimized using the proliferative response
to polyclonal mitogens as an assay, it became possible to detect antigen-
specific T-cell proliferation in culture by measuring *H-thymidine uptake in
response to an antigen to which the T-cell donor had previously been immu-
nized (Fig. A.34). This is the assay most commonly used for assessing T-cell
responses after immunization, but it reveals little about the functional capabil-
ities of the responding T cells. These must be ascertained by functional assays,
as outlined in Sections A-28 and A-29.

A-27 Measurements of apoptosis.

Apoptotic cells can be detected by a procedure known as TUNEL (TdT-
dependent dUTP-biotin nick end labeling) 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 trans-
ferase (TdT). The biotin label is then detected with enzyme-tagged streptavi-
din, which binds to biotin. When the colorless substrate of the enzyme is
added to a tissue section or cell culture, it produces a colored precipitate only
in cells that have undergone apoptosis (Fig. A.35).

Additional methods are often used to detect apoptosis of cells in experimental
animals. One simple method is to incubate cells with a fluorescently labeled
preparation of the protein Annexin V. This protein has a high affinity for a spe-
cific membrane phospholipid, phosphatidylserine (PS). In healthy cells, PS is
found exclusively on the inner leaflet of the plasma membrane, and is there-
fore inaccessible to extracellular incubation with Annexin V. When cells are
undergoing apoptosis, the PS is transported to the outer cell surface, where it
can be bound by the fluorescently labeled Annexin V, which is then detected

r(.

3 The enzyme TdT adds __Enzymes coupled to
‘The DNA in apoptotic cells biotinylated nucleotides streptavidin bind to the labeled
is extensively nicked to the free 3° ends of the bases and generate a colored
! nicked DNA reaction product

=

Fig. A.34 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 the hosts
have not been immunized (antigen B).
Proliferation can be measured by
incorporation of ®H-thymidine into the DNA
of actively dividing cells. Antigen-specific
proliferation is a hallimark of specific CD4
T-cell immunity.

3
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Fig. A.35 In the TUNEL assay, fragmented DNA is labeled are added (second pangl). The bictinylated DNA can be detected by
¥ terminal deoxynucleotidyl transferase (TdT) to reveal using streptavidin, which binds to biotin, coupled to enzymes thgt
3Poptotic cells. When cells undergo programmed cell death, or convert a colorless substrate into a colored insoluble product (third
dPoptosis, their DNA becomes fragmented (first panel). The enzyme panel). Cells stained In this way can be detected by light microscopy,
9Tis able to add nucleotides to the ends of DNA fragments; most as shown in the photograph of apoptotic cells (stained red) in the
“ommonly in this assay, biotin-labeled nucleotides (usually dUTP) thymic cortex. Photograph courtesy of R. Budd and J. Russell.
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Fig. A.36 Detection of apoptotic cells
with Annexin V. In healthy cells, the
membrane phospholipid phosphatidylserine
is oriented with its polar headgroup

facing the cytosolic face of the plasma
membrane. When cells undergo apoptosis,
the enzyme responsible for maintaining
phosphatidylserine polarity, called

flippase, is no longer active. As a result,
phosphatidylserine becomes randomly
oriented, with many molecules exposing
their polar head groups on the extracellular
face of the plasma membrane. The protein
Annexin V binds tightly to the exposed
phosphatidylserine and, if fluorescently
labeled, can be used to detect apoptotic
cells by FACS.

Apoptotic stimuli activate caspase 3/7

Apaf-1
p —

pro-caspase 9  caspase 9

(-..1

.

pro-caspase 3/7  active
caspase 3/7

Apoptosis

Specific antibody binds only to
active caspase 3/7

In a healthy cell phosphatidylserine is ptotic cell ne
confined to the inner leaflet of the plasma a the outer sma
e and will
healthy cell apoptotic cell

; g . g
phosphatidyl {_ phosphatidyl &, phosphatidyl- .
senne iﬁ choline ;ﬂ ethanolamine Annexin ¥

dyes fluoresce when bound to DNA, but are unable to enter viable or apoptotic
cells prior to their loss of membrane integrity. Therefore, when combined with
Annexin V, cells in the early stages of apoptosis can be identified as Annexin
V-positive but PI/7-AAD-negative, whereas cells in the late stages of apoptosis
are both Annexin V-positive and PI/7-AAD-positive.

An additional assay that provides a sensitive means of detecting apoptotic
cells by FACS analysis is based on the detection of activated caspase 3, a
cysteine protease that functions in the execution phase of the apoptotic
cell death program. Caspase 3 is initially synthesized by cells in an inactive
precursor form called a pro-caspase. When cells are undergoing apoptosis,
pro-caspase 3 is cleaved into two subunits that dimerize to form the active
enzyme. Antibodies have been generated that detect the active form of
caspase 3, but not pro-caspase 3, and fluorescently coupled versions of these
antibodies can be used to detect apoptotic cells that have been fixed and
permeabilized (Fig A.37).

A-28 Assays for cytotoxic T cells.
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caspase 3 or caspase 7, but not the pro-caspase forms of these enzymes, will detect
permeabilized cells undergoing apoptosis.
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| Addoytodic Teelsto || Killed colls reloase
labeled target cells ~ radioactive chromium

Fig. A.38 Cytotoxic T-cell activity is often assessed by chromium release from
I jabeled target cells. Target cells are labeled with radioactive chromium as Na,®'CrO,,
“I\ washed to remove excess radioactivity, and exposed to cytotoxic T cells. Cell destruction is
| measured by the release of radioactive chromium into the medium, detectable within 4 hours
of mixing target cells with T cells.

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 *H-thymidine in chro-
- mosomal DNA. These assays provide a rapid, sensitive, and specific measure
iye of the activity of cytotoxic T cells.
wo An alternative to these in vitro cytotoxicity assays is to measure target-cell
tic killing by cytotoxic T cells in intact experimental animals. This assay is gen-
ith erally performed with mice that have been infected with a pathogen known
Kin to induce a strong cytotoxic T-cell response, such as a virus. Target cells are
1sis incubated with the antigenic peptide, which will bind to MHC class I on the
target-cell surface. These cells are then incubated with a low concentration of
itic the fluorescent dye CFSE (see Section A-26). A control population of cells that

is not given the antigenic peptide is incubated with a high concentration of
\tic CFSE, allowing these cells to be distinguished from the antigen-bearing target
cells. The two cell populations are mixed 1:1 and injected into the experimen-

ive
sis, tal animals. Four hours later, spleen cells are recovered from the animals and
ive analyzed by FACS, allowing the specific target-cell lysis to be calculated from
of the ratio of the two CFSE-labeled cell populations (Fig. A.39).
3s€ _ e . i
nd Target cells and control cells are iabeled :
e - ytotoxi Is in infected mouse Kkill the
 with different concentrations of dye, L ki costed et ookt
mixed 1:1, and injected into mice
: : Uninfected mouse Fig. A.39 Assay for cytotoxic T-cell
v - trol cell
lrust:&ﬂd;ﬁ: = CoIenee Cell activity using CFSE-labeled target
3p- numbers o cells. To detect cytotoxic T-cell activity in
be fargets controls intact experimental animals, mice that have
1 @ o been infected with a virus are injected with
ay. - a mixture of target cells labeled with the
led Bt fluorescent dye CFSE. One group of target

0

that binds to MHC class | on the target

iof i
0 CFSE cells; this group of cells is labeled with

o cells is pre-incubated with a viral peptide

Gk

ay, g a low concentration of CFSE. A second
ne, \0/ Infected mouse group of cells is incubated with a control
ell, Gell (nonviral) peptide and is labeled with a high
numbers concentration of CFSE. The two groups
of cells are mixed together in a 1:1 ratio,
a and injected into the infected mice. After
4 hours, the mice are sacrificed and the
target cells are recovered and analyzed by
i flow cytometry. Examination of the ratio of

the two target-cell populations provides a
CFSE measure of specific lysis of viral peptide-
coated target cells.
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A-29 Assays for CD4 T cells.

Sandwich ELISA and ELISPOT avoid a major problem of cytokine bioassays,
namely, the ability of different cytokines to stimulate the same response in 3
bioassay. Bioassays must a confirmed by inhibition of the response
with neutralizing monoclo odies specific for the cytokine. Another
way of identifying cells actively producing a given cytokine is to stain them
with a fluorescently tagged anti-cytokine monoclonal antibody, and then
identify and count them by FACS (see Section A-23).

A quite different approach to detecting cytokine production is to determine
the presence and amount of the relevant cytokine mRNA in stimulated T cells.
This can be done for single cells by i situ hybridization and for cell populations
by the reverse transcriptase-polymerase chain reaction (RT-PCR). Reverse
transcriptase is an enzyme used by certain RNA viruses, such as HIV, to con-
vert an RNA genome into a DNA copy, or cDNA. In RT-PCR, mRNA is isolated
from cells and cDNA copies are made in vifro using reverse transcriptase, The
desired cDNA is then selectively amplified by PCR by using sequence-specific
primers. When the products of the reaction are subjected to electrophoresis
on an agarose gel, the amplified DNA can be visualized as a band of a spe-
cific size. The amount of amplified cDNA sequence will be proportional to its
representation in the mRNA; stimulated T cells actively producing a particu-
lar cytokine will produce large amounts of that particular mRNA and will thus
give correspondingly large amounts of the selected cDNA on RT-PCR. The
level of cytokine mRNA in th 1 tissue is usually ed
parison with the outcome of on the mRNA pro a
‘housekeeping gene’ expressed by all cells.

Transfer of protective immunity.

Protective immunity to a pathogen
mediated immunity, or both. For st
inbred mice, the nature of protective
ferring serum or lymphoid celis from a
munized syngeneic recipient (that is, a
inbred strain). If protection against in
of serum, the immunity is provided
humoral immunity. Transfer of imm
ies provides immediate protection ag
ins such as those of tetanus and snak
protection is immediate, it is tempora
antibodies remain active in the recipi
fore called passive immunization, to
with antigen, which can provide lasti
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lso
Animal dies Animal remains healthy Animal remains healthy

s,
1a
1se
Ter Fig. A.40 In vivo assay for the presence of protective immunity after vaccination in
animals. Mice are injected with the test vaccine, such as a heat-killed pathogen, 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 animals die or become severely infected (left panel). Successful vaccination
ine is seen as specific protection of immunized mice against infection with the test pathogen.
1Is This is called active immunity, and the process is called active immunization (middle panel).

' If this immune protection can be transferred to a normal syngeneic recipient with serum from

en

mns an immune donor, then immunity is mediated by antibodies; such immunity is called humoral
rse immunity and the process is called passive immunization (right panel). If immunity can be
mn- transferred only by infusing lymphoid cells from the immune donor into a normal syngeneic
ted recipient, then the immunity is called cell-mediated immunity and the transfer process is
[he called adoptive transfer or adoptive immunization (not shown). Passive immunity is short-
ific lived, because antibody is eventually catabolized, but adoptively transferred immunity is
i mediated by immune cells, which can survive and provide longer-lasting immunity.
pe-
1 its
cu- immunization is that the recipient may become immunized to the antiserum
1us used to transfer immunity. Horse or sheep sera are the usual sources of anti-
The snake venoms used in humans, and repeated administration can lead either
ym- to serum sickness (see Section 14-5) or, if the recipient becomes allergic to the
led foreign serum, to anaphylaxis (see Section 14-10).

|
el

Adoptive transfer of lymphocytes.
radiation from X-ray or gamma ray sources kills lymphoid and

Immune cells at doses that spare the other tissues of the body This
1t possible to eliminate immune function in a recipient animal before
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After transfer into Fig. A.41 Adoptive transfer of congenically marked cells. Hematopoietic cells cap

Cells isolated from CD45.2 recipient, bet y al( T
one congenic mouse  CD45.1 cells can be rity e nt, ex ¢
line express GD45.1 identifed by flow bun e or. us
cytometry has two alleles that can be distinguished by allele-specific antibodies. When
45.1* mouse are transferred into mice of the identical strain {save for thejr
©D45.1 CD45.2 expression of CD45.2), the donor-cell population can easily be identified by antibody staining

followed by flow cytometry or immunofluorescence microscopy.

On use of
of pto e
In the a

population with a fixed antigen specificity. These cells can be transferreq
into unmanipulated recipient animals of the same inbred strain withoyt
the need to deplete the host immune system, and their ability to respond to
immunization or challenge by infection can be monitored. One advantage
of this experimental strategy is that relatively small numbers of antigen-
specific T cells or B cells can be transferred; after dilution by the recipient's
lymphocyte population, the responses of these cells can be examined in the
environment of a normal immune response carried out by the host’s immune
system. Commonly, the transferred cells are ‘marked’ with an allelic variant of
an abundant cell-surface receptor, such as CD45 (Fig. A.41). When the donor
lymphocytes express one allelic variant of CD45 and the recipient cells express
a different variant, the transferred cells can easily be distinguished from the
host cells by staining with an antibody that binds to one variant of CD45,
but not the other. When two strains of mice are genetically identical with the
exception of a single gene, they are said to be congenic. In the example above,
the donor strain and the recipient strain are referred to as ‘CD45 congenics'; it
should be noted, however, that in the case where one strain is a T-cell receptor
or B-cell receptor transgenic line, this terminology is not completely accurate,
as the presence of the transgenic DNA as a genetic difference is conveniently
ignored. udies are a cornerstone in the study of the
intact im provided a rapid and convenient means of
determining the effects of many gene deficiencies, such as those in cell-surface
receptors, transcription factors, cytokines, and cell survival/cell death genes,
on the ability of T cells or B cells to mount protective immune responses.

A-32 Hematopoietic stem-cell transfers.

All cells of hematopoietic origin can be eliminated by treatment with hig.h
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has been treated with hematopoietic growth factors such as GM-CSE or from
umbilical cord blood, which is rich in such stem cells (see Chapter 15).

A-23 In vivo administration of antibodies.

Antibodies administered to intact experimental animals, or to humans, pro-
vide a potent means of manipulating the immune system. Depending on the
target molecule recognized by the antibody, and the intrinsic properties of
each antibody, in vivo antibody administration can either inhibit the function
of the target molecule or, in some cases, lead to the elimination of a cell popu-
lation that expresses the target molecule.

In animal models, antibodies targeting an individual cytokine have been
used to inhibit that cytokine’s function during an otherwise intact immune
response. Experiments of this type provided some of the first evidence that
the cytokine IL-12 provides an important signal in polarizing CD4* T cells
into the Ty1 lineage following infection with an intracellular protozoan. This
approach has also been used with great success One of the most
common treatments for the inflammatory autoi ease rheumatoid
arthritis (see Chapter 16) is the administration of an antibody that binds to the
cytokine TNF-o; in this case, the inhibition of TNF-c activity s patients
with relief from the symptoms of joint inflammation. The g ity of this
antibody therapy has led to the development of related strategies for inhibiting
cytokine actions in vivo. One successful approach has been to create a hybrid
protein he ligand-binding domain of srec

the con on domains (Fc) of an antibo in (F

Fe-fusion protein acquires the stability and long half-life of an antibody, but
has the binding properties of the cytokine receptor. When given in vivo, the
Fc-fusion protein binds to the cytokine, thereby interfering with the cytokine’s
ability to stimulate its receptor on immune cells. As an example, the Fc-fusion
protein containing the TNF-receptor ligand-binding domain has also been
used as an effective treatment for patients with rheumatoid arthritis.

Antibody administration can also be used to augment the immune response
by interfering with T-cell surface receptors, such as CTLA-4 or PD-1. When
engaged by their ligands, these receptors normally function to downregulate
the immune response. From experiments in mice, antibodies that bind to and
inhibit these receptors have been found to enhance immune responses to
tumors, leading in some cases to tumor eradication. Currently, these strategies
are being tested in humans for a variety of tumor types, and the initial results
have shown great promise.

In vivo administration of antibodies can also be used to deplete specific cell
populations. The efficiency with which a given antibody functions for in vivo
depletion is quite variable, as the mechanism relies on a process known as anti-
body-dependent cell-mediated cytotoxicity (ADCC) (see Section 10-23 and
Fig. 10.36). When a cell is coated with antibodies, it becomes a target of natural
killer (NK) cells that express the Fc receptor known as CD16 or FcyRIIL The
cross-linking of FcyRIII induces the NK cell to kill the antibody-coated target

an an 8*T
In hy spla
deple the

teceptor complex. This produces a severe, but temporary, state of immuno-
SUppression during the early stages of post-transplantation. As with all in vivo
antibody depletion regimens, the depleted cell eturns as
Cells of that subset are replenished by ongoing ent.

Appendi |

The TNF receptor is
a transmembrane
protein

lgG1 is a fong-lived
soluble protein

TNFR IgG1

TNFR-IgG1 fusion protein binds
to TNF and blocks its activity

TNFR-IgG1
fusion protein

Fig. A.42 In vivo administration of
antibodies is an effective therapeutic.
The cytokine TNF-o contributes to chronic
inflammation in a range of conditions,
including rheumatoid arthritis, by binding to
and triggering signaling of the TNF receptor
(TNFRY). To treat these conditions, a fusion
protein consisting of the constant-region
domains of human IgG1 is fused to the
extracellular portion of the TNFR, creating
a therapeutic known as etanercept. When
administered to patients, this fusion protein
is effective at binding TNF-a and preventing
it from triggering TNFR signaling, thereby
reducing inflammation.

MS& D Exhibit 1039, Page 161 of 166




Appendix I: The Immunologist's Toolbox

Female mouse is injected with Fig. A.43 The function and expression of genes can be studied in vivo by using

follicle-stimulating hormone and D,N
chorionic gonadotropin to induce mic
superovulation, and then mated udo

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 gen . The function of the Ea gene used here is tested ing the transgene intq
C57BL/6  ice that carry an inactivating mutation in their end Eo gene.

A-34 Transgenic mice.

The function of genes has traditionally been studied by observing the effects of

Fertilized eggs are removed from female. g
DNA containing the Eq gene is injected ng
into the male pronucleus ns

in whole animals. Mice with extra copies or altered copies of a gene in thejy
genome can be generated by transgenesis, which is now a well-establisheq
procedure. To produce transgenic mice, a cloned gene is introduced into the
mouse genom injection into the male pronucleus of zed egg,

9 g which is then into the uterus of a pseudopregnant mouse,
In some of the eggs, the injected DNA becomes integrated randomly into the
genome, giving rise to a mouse that has an extra genetic element of known
structure, the transgene (Fig. A.43).

Injected eggs are transferred into uterus This technique allows one to study the impact of a newly discovered gene on
of pseudopregnant female development, to identify the regulatory regions of a gene required for its nor-
mal tissue-specific expression, to determine the effects of its overexpression or
its expression in inappropriate tissues, and to find out the impact of mutations
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 8, and in providing a source of primary T and B lymphocytes of
known antigen specificity for adoptive transfer studies (see Section A-31). This
utility is largely due to the fact that expression of the transgene-encoded T-cell
and B-cell receptors preempts the rearrangement and expression of the endo-
Some offspring  have incorporated genous antigen receptor genes during T-cell and B-cell development, respec-
the injected Ea gene (ransgene) tively, thereby generating homogeneous populations of cells bearing a unique
Y Y 8 g 8 pop 8 q
antigen receptor of known specificity.

< ' AW A-35 Gene knockout by targeted disruption.
In many cases, the functions of a particular gene can be fully understood only
e o Eu if a mutant animal that does not express the gene can be obtained. Whereas
genes used to be discovered through the identification of mutant phenotypes
Mate transgenic to Ea™ C57BL/6 mice it is now far more common to discover and isolate the normal gene and then

to produce a strain expressing the Ea transgene

into a blastocyst, can give rise to all cell lineages in a chimeric mouse.
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DNA construct containing exons of B,-microglobulin gene
together with the herpes simplex virus thymidine
kinase gene (HSV-tk)

HSV-tk B,-microglobuiin

Target gene interrupted by insertion of
neomycin-resistance gene (neo’)

neo”

DNA is introduced into cell

Homologous recombination
replaces wild-type
Bo-microglobulin gene
with interrupted copy

DNA integrates at
random site on genome.
Cell expresses
both neo” and HSV-tk

DNA fails to integrate

Cell neomycin

resistance but not HSV-tk,

s0 is not killed by either
G418 or ganciclovir

Cell is killed by G418

(a neomycin analog) Cell is killed by ganciclovir

construct 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 con-
struct usually carry the thymidine kinase gene from the herpes simplex virus
(HSV-tk). Cells that incorporate DNA randomly usually retain the entire DNA
construct including HSV-tk, whereas homologous recombination between
the construct and cellular DNA, the desired result, involves the exchange of
homologous DNA sequences so that the nonhomologous HSV-tk genes at the
ends of the construct are eliminated. Cells carrying HSV-tk are killed by the
antiviral drug ganciclovir, and so cells with homologous recombinations have
the unique feature of being resistant to both neomycin and ganciclovir, allow-
ing them to be selected efficiently when these drugs are added to the cultures
(see Fig. A.44).

To knock out a gene in vivo, it is necessary only to disrupt one copy of the
cellular gene in an ES cell. These ES cells are then injected into a blastocyst,
which is reimplanted into the uterus. The cells carrying the disrupted gene
become incorporated into the developing embryo and contribute to all tis-
sues of the resulting chimeric offspring, including those of the germline. The

Appendix |

Fig. A.44 The deletion of specific
genes can be accomplished by
homologous recombination. When
pieces of DNA are introduced into cells,
they can integrate into cellular DNA in two
different ways. If they randomly insert into
sites of DNA breaks, the whole piece is
usually integrated, often in several copies.
However, extrachromosomal DNA can
also undergo homologous recombination
with the celiular copy of the gene, in
which case only the central, homologous
region is incorporated into cellular DNA.
Inserting a selectable marker gene such
as resistance to neomycin (neo’) into

the coding region of a gene does not
prevent homologous recombination, and it
achieves two goals. First, any cell that has
integrated the injected DNA is protected
from the neomycin-like antibiotic G418.
Second, when the gene recombines

with homologous cellular DNA, the neo”
gene disrupts the coding sequence of

the modified cellular gene. Homologous
recombinants can be discriminated from
random insertions if the gene encoding
herpes simplex virus thymidine kinase
(HSV-tk) is placed at one or both ends of
the DNA construct, which is often known
as a 'targeting construct’ because it
targets the cellular gene. In random DNA
integrations, HSV-tk is retained. HSV-tk
renders the cell sensitive to the antiviral
agent ganciclovir. However, as HSV-tk is
not homologous to the target DNA, it is
lost from homologous recombinants. Thus,
cells that have undergone homologous
recombination are uniquely resistant to
both G418 and ganciclovir, and survive in a
mixture of the two antibiotics. The presence
of the disrupted gene has to be confirmed
by Southern blotting or by PCR using
primers in the neo” gene and in cellular
DNA lying outside the region used in the
targeting construct. By using two different
resistance genes, one can disrupt the two
cellutar copies of a gene, making a deletion
mutant (not shown).

MS& D Exhibit 1039, Page 163 of 166



Appendix f

i ’ Fig. A.45 Gene knockout in embryonic stem cells enables mutant mice to be
Transfect B,-microglobulin gene produced. Specific genes can be inactivated by homologous recombination in cultures
knockout construct into ES cells . T :
of embryonic stem cells (ES cells). Homologous recombination is performed as descripeq
in Fig. A.44. In this example, the gene encoding B,-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
intom astocysts. If the mutant ES cells give rise to germ cells in ing
mice in the figure), the mutant gene can be transferred to their )
By breeding the mutant gene to homozygosity, offspring can be tested to determine if 5
mutant phenotype  ge In this case, the homozygous mutant mice lack MHC glagg |
neo* molecules on their  lis, e MHC class | molecules have to pair with B,-microglobulin
HSV-t for surface expression. The B,-microglobulin-deficient mice can then be bred with mice
transgenic for subtler mutants of the deleted gene, allowing the effect of such mutants to pe
tested in vivo.

HSV-tk [B,-microglobulin B,-microglobulin

Inject ES cells into mouse blastocyst

studied. In addition, the parts of the gene that are essential for its function cap
b fied by determining whether function can be restored b ucing
d mutated copies of the gene back into the genome by nesis,
The manipulation of the mouse genome by gene knockout and transgenesis
has revolutionized our understanding of the role of individual genes in lym.
phocyte 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 3
gene knockout often requires extensive back-crossing to another strain. One
can track the presence of the mutant copy of the gene by the presence of the
neo” gene. After sufficient back-crossing, the mice are intercrossed to produce
mutants on a stable genetic background.

Reimplant blastocyst
into pseudopregnant female

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. To study the func-

tion of such a gene, tissue-specific or developmentally regulated gene deletion

can be employed. This strategy makes use of the DNA sequences and enzymes

used by bacteriophage P1 to excise itself from a host cell’s genome. Integrated

bacteriophage P1 DNA is flanked by recombination signal sequences called

(including germ cells) that loxP sites. A recombinase, Cre, recognizes these sites, cuts the DNA, and joins
derive from the injected cells 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,

Breed chimeric mice to generate
homozygous B,-microglobulin-deficient strain
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Fig. A.46 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 foxP can also be made transgenic for the gene encoding
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 (center 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.

being targeted along with sequences that bind the Cas9 enzyme. The guide
RNA recruits Cas9 to the genomic location, where the endonuclease will pro-
duce a double-stranded DNA break (Fig. A.47). When this break is repaired

\
|
r/
guide RNA G
Cas9 protein
) 5
> 7 =
target DNA i
template DNA
Z — 7
Z . =
homology-mediated repair creates a sequence replacement

Fig. A.47 Genetic engineering using the bacterial CRISPR/
Cas0 system. Genetic engineering can be targeted to a specific
9ene locus in cells by using two components, the bacterial Casg
enzyme and a guide RNA (left panel). The guide RNA is a single-
Strandied RNA that contains two regions of sequence in tandem,
the first with homology to the gene being targeted and a second
"ec0gnized by the Casd enzyme. The guide RNA targets the
Nzyme to the homologous genomic region, promoting double-
anded DNA cleavage by the Gas9 endonuclease 34 nucleotides
Upstream of the protospacer adjacent motif (PAM) sequence (right
Panel). The PAM sequence required by the Casd endonuciease is
the dinucleotide GG (CC on the other strand). When the double-

stranded DNA break is repaired by the nonhomologous end-joining
pathway, small deletions and/or point mutations are introduiced into
the target gene, often leading to loss of gene function. To induce a
specific sequence replacement in the target gene, cells aré provide
with a template DNA, in addition to Cas9 and the guide RNA.

This template is a double-stranded DNA sequence homologous

to the target gene, but containing specific nucleotide changes: In
the presence of this template, cells will repair the Casg-mediated
double-stranded cleavage using homologous recombination. rather
than nonhomologous end-joining, thereby replacing the originl
sequence with the sequence provided in the template DNA.
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siRNA can be introduced inte cells or made
from a double-stranded hairpin RNA precursor

Transcribed from expression vector

shRNA
Dicer

U

SIRNA duplex

Transfection of cells

The siRNA binds to mRNA and promotes
mRNA cleavage or translation arrest

RISC

RISC activation

siRNA-mediated target recognition

mRNA
mRNA Translation
cleavage arrest

nho end-joining D r pathway, small insertiong or
are y introduced, o a disruption of the origing
nucleotide changes b ces homologous to the targeted gene,

When this oligonuc is the double-strand DNA break intrg-
duced by Cas9 is preferentially repaired by a homology-directed process that
replaces the damaged DNA with the sequences from the oligonucleotide (see
Fig. A.47).

A-36 Knockdown of gene expression by RNA interference
(RNAI).

In some cases, the function of a gene can be assessed by reducing, or
even eliminating, the expression of that gene in specific cells. This can be
accomplished by harnessing a system known as RNA interference, or RNAi,
that is present in many eukaryotic cell types. When small double-stranded
RNA molecules (referred to as small interfering RNAs, or siRNAs) are
introduced into cells, the two RNA strands will be separated and one will bind
to an enzyme complex known as RISC (RNA-induced silencing complex). The
bound siRNA targets the RISC complex to the mRNA to which it has homology,
leading either to translation arrest or to degradation of the mRNA, and thus
to silencing of the gene (Fig. A.48). For cells that are not easily transfected
with siRNA molecules directly, such as primary lymphocytes and myeloid
cells, gene silencing can be implemented by using recombinant viruses. In
this case, genes encoding small hairpin RNAs (shRNAs) are introduced into
viral vectors that can be packaged into infectious viral particles. The shRNAs

that €;

s d by n

e ee F et
types ly transduced with recombinant viruses, such as retroviruses
andle s, shRNAs can be effectively used to silence genes in these cell

types.

Fig. A.48 Knockdown of gene expression using the RNAi pathway. Small double-

complex to the mRNA, leading to mRNA degradation or translation termination.
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