IMMUNOLOGY
FOR PHARMACY

eggvier  DENNIS FLAHERTY  wpsoromosoviorcom




IMMUNOLOGY
FOR PHARMACY

Dennis K. Flaherty, PhD

Associate Professor

Department of Pharmaceutical Administrative Sciences
School of Pharmacy

University of Charleston

Charleston, West Virginia



ELSEVIER

MOSBY

3251 Riverport Lane
St. Louis, Missouri 63043

IMMUNOLOGY FOR PHARMACY ISBN: 978-0-323-06947-2
Copyright © 2012 by Mosby, inc., an affiliate of Elsevier Inc.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording, or any information storage and retrieval system, without
permission in writing from the publisher. Details on how to seek permission, further information about the
Publisher’s permissions policies and our arrangements with organizations such as the Copyright Clearance
Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher
(other than as may be noted herein).

Notice

Knowledge and best practice in this field are constantly changing. As new research and experience broaden
our understanding, changes in research methods, professional practices, or medical treatment may become
necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and
using any information, methods, compounds, or experiments described herein. In using such information
or methods they should be mindful of their own safety and the safety of others, including parties for whom
they have a professional responsibility.

With respect to any drug or pharmaceutical products identified, readers are advised to check the most
current information provided (i) on procedures featured or (ii) by the manufacturer of each product to be
administered, to verify the reccommended dose or formula, the method and duration of administration, and
contraindications. It is the responsibility of practitioners, relying on their own experience and knowledge of
their patients, to make diagnoses, to determine dosages and the best treatment for each individual patient,
and to take all appropriate safety precautions.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume
any liability for any injury and/or damage to persons or property as a matter of products liability, negligence
or otherwise, or from any use or operation of any methods, products, instructions, or ideas contained in the
material herein.

ISBN: 978-0-323-06947-2

Vice President and Publisher: Linda Duncan

Executive Editor: Kellie White

Developmental Editors: Kelly Milford and Joe Gramlich
Publishing Services Manager: Catherine Jackson

Senior Project Manager: Mary Pohlman

Design Direction: Karen Pauls

Working together to grow
libraries in developing countries
www.elsevier.com | www.bookaid.org | www.sabre.org

Printed in China BOOK AID
Last digit is the print number:9 8 7 6 5 4 3 2 1 AL B

International  Dabre Foundation



http://www.elsevier.com/permissions

To
Carol,
Wife and best friend

And
Dr. Robert G. Burrell,
Mentor, teacher, and scholar












Ahmmed Ally, MD, PhD

Professor

Department of Pharmaceutical Sciences
South College School of Pharmacy
Knoxville, Tennessee

Vera C. Campbell, PhD

Assistant Professor

Department of Pharmaceutical Sciences
Hampton University School of Pharmacy
Hampton, Virginia

Deborah A. DeLuca, MS, JD

Assistant Professor

Health Law, Biomedical Ethics and Medical Sciences
School of Health and Medical Sciences

Seton Hall University

South Orange, New Jersey

Kristen Lehman Helms, PharmD
Associate Clinical Professor
Harrison School of Pharmacy
Auburn University

Auburn, Alabama

Paul Juang, PharmD, BCPS

Assistant Professor of Pharmacy Practice
St. Louis College of Pharmacy

St. Louis, Missouri

REVIEWERS

Brian J. Knoll, PhD

Associate Professor

Pharmacological and Pharmaceutical Sciences
College of Pharmacy

University of Houston

Houston, Texas

Donna Larson, EdD, MT(ASCP)DLM
Dean of Allied Health

Mt. Hood Community College
Gresham, Oregon

Puja Patel, PharmD

Ambulatory and Managed Care Resident
Kaiser Permanente of Georgia

Atlanta, Georgia

John R. Yannelli, PhD

Associate Professor of Microbiology, Immunology
and Molecular Genetics

Markey Cancer Center

University of Kentucky

Lexington, Kentucky






Immunology is discipline within the biomedical sciences that
originally studied the host response to microbial infections
and tumors. More recently, immunologists have discerned the
role of the immune system in allergic reactions, autoimmune
diseases and transplantation survival. This book presents basic
immunological concepts and mechanisms while keeping the
focus on the needs of student pharmacists in terms of pedagol-
ogy, practical applications and therapy. Pedagological features
included in each chapter include:

o Objectives

o Keyterms

o Assessment questions

This book is timely and unique for several reasons. Un-
til now, there were no textbooks that meet the needs of both
students and practicing pharmacists. Current textbooks are
geared toward upper-level undergraduates or graduate stu-
dents in immunology or microbiology. Moreover, this text
discusses topics not found in current immunology textbooks,

PREFACE

such as prophylaxis and vaccination (many states allow phar-
macists to vaccinate patients); antibodies as therapeutic and
diagnostic agents, biological modifiers and cancer vaccines.
Treatment and therapeutics for various diseases and syn-
dromes also are introduced in this text. Because this is an in-
troductory text, dosing and specific treatment regimens are
not discussed.

In many current immunology texts, chapters are arranged
as independent silos with no apparent connections within the
overall immune response. In this text, concepts and steps in an
immune response are arranged sequentially as they would occur
in nature. Other specialized topics (e.g., allergy, autoimmune
disease, and immunodeficiencies) are logically arranged around
antibody or cellular immune responses. This approach gives the
reader a more logical approach to the study of immunology.

Dennis K. Flaherty, PhD
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Cells and Organs of the Immune System

LEARNING OBJECTIVES

o Describe the structure and function of polymorphonuclear

leukocytes or neutrophil

Describe the structure and function of eosinophils

Describe the structure and function of basophils

Describe the structure and function of monocytes

Compare and contrast monocytes and macrophages

Describe the structure and function of large granular

lymphocytes

o Identify the role of the T cell receptor (TCR) in an immune
response

o Compare the pan-CD (cluster of differentiation) markers
present on T and B cells

o Identify the function of T and B cell subsets

o Identify CD markers present on T and B cell subsets

o Describe the structure and function of natural killer (NK)
cells

o Identify CD markers present on NK cells

o Describe the structure and function of the thymus

o Identify the roles of the thymic cortex and medulla in T cell
maturation

o Understand positive and negative selection of T lymphocytes

o Identify anatomic sites responsible for B cell maturation

o Identify the role of the B cell receptor (BCR) in an immune
response

o Compare and contrast the structure and function of periph-
eral blood and lymph systems

o Describe the structure of a lymph node

o Identify the cellular constituents of the cortical, paracorti-
cal, and medullary regions of the lymph node

o Describe the structure and function of the red and white
splenic pulps

o Identify the roles of the cells localized in the splenic mar-
ginal zone

o Describe the role of Peyer’s patches in immunity

o Identify the roles of intraepithelial lymphocytes (IELs) in
mucosal immunity

o Describe the roles of microfold (M) cells in mucosal
immunity

o Compare and contrast the advantage of mucosal versus
peripheral blood immune responses

o Identify the location of three different tonsils

o Describe diapedesis of white blood cells

o Understand the roles of cell adhesion molecules, selectins,
integrins, and chemokines in diapedesis

o Compare and contrast the symptoms, anatomic features,
and immune defects present in DiGeorge and Nezelof
syndromes

o Compare and contrast defects present in leukocyte adhesion
deficiency types I and II

KEY TERMS

Antigen

B cell

B cell receptor (BCR)

CDA4Th1 cell

CD4Th2 cell

CD8Tcl

CD8Tc2

Cluster of differentiation (CD) markers
Large granular lymphocyte (LGL)
Macrophage

Monocyte

Plasma cell

Small lymphocyte

T cell

T cell receptor (TCR)

INTRODUCTION

The immune system consists of a network of circulating blood
cells, lymphoid tissues, and organs, which respond to foreign
material by producing soluble antibodies (humoral response)
or activated lymphocytes and macrophages (cellular response).
Lymphoid tissue is composed of primary and secondary lym-
phoid organs. The bone marrow and thymus are considered
primary lymphoid organs. The spleen, lymph nodes, and ton-
sils are regarded as secondary organs; the submucosa of the
lung and intestine are also important secondary lymphoid
organs. To accommodate these organs into a classification
scheme, these organs are called the bronchiole-associated lym-
phoid tissue (BALT) and the gut-associated lymphoid tissue
(GALT). Together, these sites comprise the mucosal-associated
lymphoid tissue (MALT). Lymphocytes and macrophages are
the major effector cells in immunologic reactions.

HEMATOPOIESIS

Hematopoiesis refers to the development or maturation of red
blood cells, white blood cells, and platelets. In the third month
of gestation, hematopoietic stem cells migrate to the fetal liver.
Later in gestation, stem cells localize in the spleen, where they




undergo maturation. After birth, most stem cells are found in
the bone marrow. Marrow is found in tubular, flat, and long
bones and consists of a connective tissue framework, called
stroma, which supports red or yellow pulp. Red pulp, which
is the major source of hemopoietic stem cells, is found in flat
bones such as the hip bone, breast bone, ribs, and vertebrae.
The cancellous material at the epiphyseal plate of long bones
contains red pulp. Yellow pulp is the major marrow constituent
in long tubular bones and is comprised of aggregated fat cells.

Stem cells from red pulp produce four major cell lineages:
(1) erythrocytes, (2) platelets, (3) myeloid cells (polymor-
phonuclear leukocytes, basophils, eosinophils, monocyte/
macrophages), and (4) lymphocytes. These lineages undergo
maturation in the bone marrow before being released into
blood.

BLOOD

Blood contains red and white cells. Red cells are responsible
for carrying oxygen to tissues, and white blood cells play a key
role in fighting infections.

White Blood Cells

Peripheral blood contains red blood cells, white blood cells,
and platelets. Based on the presence or absence of cytoplas-
mic granules, white blood cells can be defined as granulocytes
and nongranulocytes. Granulocyte subsets include polymor-
phonuclear leukocytes, eosinophils, and basophils. Monocytes
and small lymphocytes are generally considered nongranulo-
cytic. However, a small subpopulation of lymphocytes, called
large granular lymphocytes (LGLs), does contain granules.

Polymorphonuclear Neutrophils

Polymorphonuclear neutrophils (PMN) (also referred to as
polymorphonuclear leukocytes [PML]) constitute 50% to
70% of the white blood cells in peripheral blood. Their main
function is to ingest and destroy foreign protein and bacteria.
PMNs have a multi-lobed nucleus, which is usually divided
into three or more segments (Figure 1-1).

The cytoplasm contains four distinct types of granules:
(1) primary or azurophilic granules, (2) secondary granules,
(3) gelatinase granules, and (4) secretory vesicles.

Primary Granules

These granules contain myeloperoxidase and lysozyme, which
play major roles in the destruction of intracellular bacteria.
Myeloperoxidase converts hydrogen peroxide into hypochlo-
rous acid, which reduces pH and initiates the destruction of
the bacterial cell wall. Lysozyme is an enzyme that disrupts
the structural integrity of bacterial cell walls by breaking poly-
meric 3 1-4 linkages.

Secondary Granules

Secondary granules contain additional enzymes such as apo-
lactoferrin and collagenase, which prevent bacterial growth
and increase PMN mobility. Apolactoferrin binds free iron
and prevents the bacterial synthesis of heme-containing pro-
teins such as cytochromes.

Tertiary Granules

Tertiary and secretory granules also play a role in immu-
nity and host defense. Tertiary granules contain lysozyme
and gelatinase. Gelatinase degrades ground substances
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Figure 1-1

A, A polymorphonuclear neutrophils (PMN) in a blood smear also
known as polymorphonuclear leukocyte (PML) (x1000). B, A sche-
matic of a polymorphonuclear leukocyte. Note the multi-lobed nucleus.
[From Carr J, Rodak B: Clinical hematology atlas, ed 3, St Louis, 2009,

Saunders.)

between cells and increases PMN mobility. Secretory ves-
icles excrete N-formyl-1-methionyl-1-leucyl-1-phenylal-
anine (FMLP), which is a chemoattractant and activating
agent for PMNs.

PMNs are produced in the bone marrow and undergo a
9-day to 2-week, seven-step maturation process from myelo-
blasts to mature cells. Mature cells entering the blood may
remain in circulation (circulating pool) or marginate (mar-
ginating pool) by attaching to the endothelial lining of the ves-
sels in capillary beds. Cells in capillary beds express certain
molecules, called selectins, which preferentially attach PMNs
to the vessel wall.

In response to infection or inflammation, PMNs “demar-
ginate” and enter the blood circulation. At the same time, the
bone marrow releases large numbers of immature neutrophils,
called neutrophilic “bands,” into the circulation. The influx of
immature band cells, commonly referred to by physicians as a
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Figure 1-2

A, The internal structures of an eosinophilic granule are shown in this
electron micrograph. B, An eosinophil in a blood smear (x1000). Note
the reddish-orange granules. (From Carr J, Rodak B: Clinical hematology
atlas, ed 3, St Llouis, 2009, Saunders.)

left shift in blood cells, is indicative of an acute infection. The
half-life of PMNs is 1 day in blood and 5 days in tissue.

Eosinophils

Eosinophils comprise 2% to 5 % of the circulating white blood
cells. They are characterized by bi-lobed nuclei and the pres-
ence of large reddish-orange (eosin staining) granules and
refractive crystals in the cytoplasm (Figure 1-2).

Eosinophils migrate to inflammatory sites and extrude
granules into the external environment. The contents of these
granules include major basic protein (MBP), eosinophilic cat-
ionic protein (ECP), eosinophil peroxidase (EPO), and eosin-
ophil-derived neurotoxin (EDN). Extruded granules are a
useful alternative for killing large extracellular pathogens that
cannot be ingested by phagocytic cells. The proteins in gran-
ules have the following functions:

CHAPTER 1 CELLS AND ORGANS OF THE IMMUNE SYSTEM
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Figure 1-3

A, A basophil with an obscured nucleus. B, An electron micrograph
of a basophil (x28,750). (A, from Rodak B, Fritsma G, Doig K: Hematol-
ogy: Clinical principles and applications, ed 3, St Louis, 2007, Saunders.
B, from Carr J, Rodak B: Clinical hematology atlas, ed 3, St Louis, 2009,
Saunders.)

MBP e Cytotoxic to helminth larvae
® Releases histamine and other preformed mediators
from basophils

ECP e Cytotoxic by pore formation in cell walls

EPO  Neuronal and axonal damage in the cerebellum
and spinal cord

Basophils

Basophils constitute less than 1% of circulating leukocytes.
They are small cells that have multi-lobed, heterochromatic
nuclei and are easily stained with acidic or basophilic dyes
(Figure 1-3). Basophils are one of the major effector cells in
skin allergic reactions and termination of helminth infections.
Cytoplasmic granules contain histamine, heparin, and tryptase.

Mast Cells

Mast cells are distributed beneath the epithelial linings of the
skin and of the respiratory, intestinal, and genitourinary tracts.
Although they have similar morphologies, mast cells are not
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Figure 1-4

1, Rat peritoneal mast cells show electron-dense granules. 2, Vacuolation with exocytosis of the granule
contents has occurred after incubation with antiimmunoglobulin E (IgE). Transmission electron micro-

graphs. (x2700.) (In Roitt |, Brostoff J, Male D, Roth D: Immunology, ed 7, Philadelphia, 2006, Mosby.

Courtesy of Dr. D. Llawson.)

Figure 1-5

Ultrastructure of a monocyte showing the horseshoe-shaped nucleus,
pinocytotic vesicles (PV), lysosomal granules (G), mitochondria (M), and
isolated rough endoplasmic reticulum cisternae (E). (x8000.) Inset: Light
microscope image of a monocyte from the blood. (x1200.) (In Roitt |,
Brostoff J, Male D, Roth D: Immunology, ed 7, Philadelphia, 2006, Mosby .
Courtesy of Dr. B. Nichols.)

basophils (Figure 1-4). They are derived from a different pro-
genitor, have a different natural history, and express different
cell surface markers.

Cytoplasmic granules are normal constituents of mast cells
and contain the same inflammatory mediators as basophils.
When released from mast cells, the inflammatory mediators
facilitate allergic reactions in the respiratory tract and the
intestine.

Monocytes

Monocytes comprise approximately 2% to 6% of the circulat-
ing white blood cells. They are the largest white blood cells in
peripheral blood and contain large, indented nuclei, as well
as abundant cytoplasm and azurophilic granules (Figure 1-5).
As part of the immune response, monocytes degrade for-
eign material and present it to lymphocytes. Monocytes also
produce reactive oxygen metabolites and the tumor necrosis

MBI Nomenclature for Tissue-Bound

Macrophages
Location Name
Connective tissue Histiocytes
Bone Osteoclasts
Liver Kupffer cells

Neural tissue Microglial cells

factor (TNF), which has tumoricidal activity. In blood, mono-
cytes have a half-life of 3 days.

Macrophages

Some circulating monocytes migrate into tissue to become
fixed macrophages. Generally, these macrophages are located in
certain anatomic areas, that is, bone, liver, brain, and connec-
tive tissue, where microbes are most likely to enter tissue. Tissue
macrophages are usually named for their locations. For exam-
ple, osteoclasts are found in bone, microglial cells are localized
in the brain, and histiocytes are restricted to connective tissue.

The different types of tissue macrophages are presented in
Table 1-1. Tissue macrophage populations are renewed every
6 to 16 days by an influx of monocytes or by the proliferation
of tissue progenitor cells.

Lymphocytes

Between 20% and 45% of circulating white blood cells are
lymphocytes. On the basis of size and staining patterns, lym-
phocytes are classified as small lymphocytes or large granular
lymphocytes (Figure 1-6). Small lymphocytes have large, dark-
staining nuclei, little cytoplasm, and no granules. Most small
lymphocytes are localized in secondary lymphoid tissue (e.g.,
spleen or lymph nodes). Only 2% of these cells circulate in
peripheral blood at any point in time. Large granular lympho-
cytes (LGLs), which arise in bone marrow, have large nuclei,
plentiful cytoplasm, and multiple azurophilic granules. LGLs
function as NK cells, which induce apoptosis in virus-infected
cells and tumor cells. Lymphocytes have a half-life of several
weeks to years.
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Figure 1-6

1, The small lymphocyte has no granules, a round nucleus, and a high N:C ratio. 2, The large granular
lymphocyte (LGL) has a lower N:C ratio, indented nucleus, and azurophilic granules in the cytoplasm.
Giemsa stain (Courtesy of Dr. A. Stevens and Professor J. Lowe.). 3, An electron micrograph of a lym-
phocyte (x30,000). In general, the distinction between what is a large granule lymphocyte and what is a
small lymphocyte is defermined by the amount of cytoplasm within the cell. (From Carr J, Rodak B: Clinical

hematology atlas, ed 3, St Louis, 2009, Saunders.)

Subdivision of Small Lymphocytes

Small lymphocytes are divided into T and B cells on the basis
of differentiation in the thymus (T cells) or in bone mar-
row (B cells). T cells are involved in the apoptosis of tumor
cells, inflammatory responses to intracellular bacteria, and
immuneregulation. B cells differentiate into plasma cells
that produce soluble, protein antibodies directed toward
foreign protein, carbohydrates, and extracellular microbial
pathogens called antigens.

T and B cells cannot be distinguished by light microscopy,
since all small lymphocytes have the same morphology. The
presence of surface glycoproteins and glycolipids, called clus-
ter of differentiation (CD) markers, is used to identify T and
B cells. All T cells express CD3, which is part of a TCR that
interacts with antigenic fragments. Each lymphocyte has only
a single TCR type and recognizes only one antigen.

Within the T cell population are several subpopulations
with different immunologic functions (Table 1-2). T cells are
classified into helper/amplifier (CD4) cells and cytotoxic (CD8)
cells. On the basis of cytokine production patterns, several
CD4 subsets have been defined. For example, one population
of CD4 T helper 2 (Th2) cells assists B cells in the production
of antibodies. A second CD4 T cell amplifier (Th1) cell popula-
tion generates inflammatory responses to foreign material.

Two subpopulations of CD8 cytotoxic T cells have been
identified as well. Following stimulation, CD8 Tc1 induce apop-
tosis in tumor cells and virus-infected cells. The other popula-
tion of CD8 Tc2 cells has limited cytolytic capacity but secretes
proteins that inhibit cellular division or viral replication.
When infection of critical, nonregenerative organs (e.g., brain)
is present, Tc2 cells inhibit the replication of tumors or viruses
without destroying infected cells and tissue.

AllB cells express CD19-21 cell surface markers. B cells must
differentiate into plasma cells before producing antibodies.
Plasma cells contain more condensed, eccentrically placed
nuclei and abundant cytoplasm. These cells also develop ribo-
somes and a large rough endoplasmic reticulum, as well as the
Golgi apparatus, which is used for antibody secretion (Figure
1-7). Plasma cells are usually found in lymph nodes. Less than

11 MEPN Cluster of Differentiation Markers
on Llymphocytes

Lymphocyte Populations

CD Marker Expressing Specific CD Markers
CD3 All'T cells
CD4 Helper/amplifier population

CD4, CD45RA, CD30 Th2 helper cells
CD4, CD45RO, CD30+  Th1 amplifier cells

CD8 Cytotoxic T cell population
CD8, CD28- Tel cells

CD8, CD28+ Te 2 cells

CD19-21 Most B cells

CD16, CD56 Natural killer cells

CD, Cluster of differentiation.

Figure 1-7

An electron micrograph of a plasma cell (x17,500). The cell is charac-
terized by the parallel arrays of rough endoplasmic reticulum that are
observed in its periphery. (From Carr J, Rodak B: Clinical hematology
atlas, ed 3, St Llouis, 2009, Saunders.)



1% of the total plasma cell population is found in peripheral
blood (Figure 1-8).

Natural Killer Cells

NK cells are large granular lymphocytes that express mark-
ers found on both T and B cells. Most NK cells are neither
T cells nor B cells and may represent a third cellular lin-
eage that expresses CD16 and CD56. A small population of
T cells also functions as NK cells (see Chapter 21). NK cells
play a role in the apoptosis of virus-infected cells and tumor
cells.

Figure 1-8

Plasma cells are shortlived and die by apoptosis (cell suicide). Note
the nuclear chromatin changes, which are characteristic of apoptosis.
(x5000.) [From Roitt |, Brostoff J, Male D, Roth D: Immunology, ed 7,
Philadelphia, 2006, Mosby )
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PRIMARY LYMPHOID ORGANS

Lymphocytes must undergo a maturation-and-differentiation
process before they become fully immunocompetent. The mat-
uration of T and B cells takes place in different anatomic sites.
B cells undergo maturation in bone marrow or intestinal lym-
phoid tissue. The thymus is responsible for T cell maturation.

Thymus

The thymus is located in the chest cavity just behind the ster-
num. The thymus is an encapsulated, multi-lobed structure.
Each lobe has an outer portion called cortex and an inner por-
tion termed medulla (Figure 1-9). Within a loosely organized
three-dimensional framework of epithelial cells are dendritic
cells, thymocytes, nurse cells, and Hassall’s corpuscles. This
cortical epithelial framework or stroma provides a unique
environment for T cell maturation. Bone marrow lymphocytes
entering the thymus are called thymocytes. These cells eventu-
ally become mature T cells.

At birth, the thymus is one of the largest organs in the
body with a weight of 25 to 30 g, and it continues to grow and
expand until puberty. During puberty, sex hormones cause the
thymus to atrophy (involute), and its normal architecture is
replaced by fat. After puberty, the hormones secreted by the
epithelium are important in the maintenance of activated lym-
phocytes. By 30 years of age, only vestiges of the thymic epi-
thelium remain.

Maturation of T Cells in the Thymus

In the cortex, immature T cells begin an initial round of prolif-
eration during which the cortex becomes densely packed with
lymphocytes. Cortical epithelial cells called nurse cells sustain
proliferation by secreting interleukin 7 (IL-7). As they navigate
the stromal network from the cortex to the medulla, thymo-
cytes undergo a maturation-and-differentiation process (Figure
1-10). During maturation, a genetic rearrangement of TCRs

| subcapsular
. region
developing T cell i
dead cell
|- cortex
macrophage
trabeculae J
interdigitating cell cortico-
- medullary
medullary i junction
epithelial cell
Hassall's L ineailia
corpuscle

Figure 1-9

A schematic representation of the various cells found within the thymic lobule, including the T cells. T cells begin as
thymocytes, which are lymphocytes originating from the bone marrow. Their maturation begins in the subcapsular
region and ends in the medulla. (From Novak R: Crash course: Immunology, Philadelphia, Saunders, 20006.)

- L —
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ensures that at least one lymphocyte that recognizes each of the
10" possible antigens (protein or carbohydrate molecules rec-
ognized as foreign by the host) is present. Unfortunately, some
of the maturing T cells now recognize antigens expressed by host
cells as well. These auto-reactive cells must be destroyed before
they can attack host tissue. Auto-reactive cells are removed by a
two-step—positive and negative—selection process.

In positive selection, thymocytes react with major histocom-
patibility complex (MHC) molecules expressed on cortical epi-
thelial cells. MHC molecules are present on all nucleated cells
and serve two functions: (1) They are markers of “self” or host
tissue, and (2) they present antigens to lymphocytes. The sur-
vival or death of thymocytes is dependent on their affinity for

@©@@

CD4:CD8
@ Nurse cell e @ pre'T cells
Cortex l

F@Tcr CD4CD8
T cells

MHC |; MHC II;

self antigen self antigen
/ﬁg) Positive
s‘J Cortical 9 selection
e |the||a| cells
cD8 & CD4
—— Self antigen —

Negative
selection

|
Apoptosis—

Dendritic cell Macrophage
Self-tolerant
Medulla cDs cells
MHC class | MHC class Il
restricted restricted
Periphery
Figure 1-10

Development of the T cells in the thymus. Precursors committed to the
T cell lineage arrive in the thymus and begin to rearrange their T cell
receptor genes. Immature T cells with receptors binding to self-major
histocompatibility complex (MHC) on cortical epithelial cells receive
signals for survival (positive selection). At the corticomedullary junction,
surviving T cells probe self-antigens presented by dendritic cells and
macrophages. T cells reacting strongly to self-antigens are deleted by
apoptosis (negative selection). T cells released info the periphery are
tolerant toward self and recognize antigens in the context of selFMHC.
[From Goldman L, Ausiello D: Cecil medicine, ed 22, Philadelphia, Saun-
ders, 2008.)
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binding to the MHC molecules. Thymocytes that do not inter-
act with MHC molecules undergo apoptosis and are phagocy-
tosed in Hassell's corpuscles. Cells binding to the MHC markers
with high affinity are considered auto-reactive; they undergo
apoptosis or are prevented from maturation. Cells binding to
the self-markers with low affinity are considered nonthreaten-
ing to the host, and they move deeper into the cortex.

Negative selection removes thymocytes that have auto-
reactivity to the self-antigens that are unique to tissue such
as the thyroid, muscle, intestinal, or neural tissue. In negative
selection, tissue-specific antigens are presented in the context
of MHC molecules expressed on dendritic cells, macrophages,
and thymic epithelial cells. Again, thymocytes that bind with
high affinity are considered auto-reactive, and they undergo
apoptosis. T cells with little or no affinity for the self-antigens
are allowed to enter peripheral blood.

Hormones and T Cell Maturation

T cell maturation is under the control of the hormones secreted
by the thymic epithelium. These hormones include thymosin
al, thymopoietin, thymopentin, thymosin 4, and thymu-
lin. On hormonal stimulation, most thymocytes express a
CD8+ marker but quickly transition into dual positive (CD4+,
CD8+) cells. Over 80% of the total cells in the adult thymic
cortex are dual positive. After 12 to 19 days of maturation,
only 20% of the original thymocyte population remains in
the thymus. Mature CD4+, CD8-, and TCR+ cells (12%-15%
of the total population) are released into peripheral blood as
CD4 T helper/amplifier cells. CD4-, CD8+, and TCR+
cells (3% of total thymocytes) are also released into periph-
eral blood in high numbers to become CD8 cytotoxic cells.
A small percentage of cells (2%) that have TCRs but no surface
markers (CD4-, CD8-, TCR+) also are seeded into peripheral
blood. These cells represent a small population of T cells that
have escaped the selection process.

Bone Marrow and Peyer’s Patches

The B cell maturation process in humans is still being debated.
Some data suggest that intestinal Peyer’s patches and other
gut-associated lymphoid tissue play critical roles in the differ-
entiation and maturation of B cells. Other evidence indicates
that bone marrow is involved in B cell maturation. It is clear,
however, that B cells undergo a gene rearrangement similar to
that in T cells. Like T cells, B cells have a receptor (BCR) that
reacts with antigens. Therefore, gene rearrangements result in
B cells specific for each of the 10'® possible antigens.

THE LYMPH SYSTEM

The lymph system is a unique anatomic feature that allows the
immune system to monitor tissue for infections and mutant
cells (Figure 1-11). By using hydrostatic pressure and diapedesis,
lymphocytes and monocytes exit the capillaries, move through
the tissue layer, and are collected in small lymph vessels.

The presence of antigen in tissue activates immunocompe-
tent macrophages, which process antigen for presentation to
naive lymphocytes. Activated macrophages are transferred to
progressively larger vessels until they reach the lymph nodes.
Antigen presentation activates and expands clones of lympho-
cytes that can react with the antigen. After exiting alymph node,
activated lymphocytes move into lymph vessels that eventually
drain into the subclavian vein near the heart. Antigen-specific
lymphocytes then circulate in the blood. On reaching the site
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Lymph nodes are found at junctions of lymphatic vessels and form a net-
work that drains and filters inferstitial fluid from the tissue spaces. They
are either subcutaneous or visceral, the latter draining the deep tissues
and internal organs of the body. The lymph eventually reaches the tho-
racic duct, which opens into the left subclavian vein and thus back into
the circulation. (From Salvo S: Mosby's pathology for massage therapists,

ed 2, St Louis, 2009, Mosby.)

of an infection or cancer, activated lymphocytes leave the cap-
illary to mount an immune response in tissue.

SECONDARY LYMPHOID ORGANS

Lymph Node
The lymph node is a complex, kidney-shaped structure usually
located at the junction of several lymph vessels. From an ana-
tomic perspective, nodes consist of a cortex (outer portion),
a paracortex, and a medulla (inner portion). The sections of
lymph nodes are shown in Figure 1-12 and Figure 1-13.

The cortex is densely packed with lymphocytes and
macrophages. Primary follicles of virgin or naive B cells, inter-
spersed in a framework of follicular dendritic cells, are prevalent

- am

Primary lymphoid
follicle (B cell zone)

Paracortex (T cell zone)

Secondary follicle

with germinal center

Figure 1-12

Cross-section of a lymph node with numerous follicles in the cortex,
some of which contain lightly stained central areas (germinal cen-
ters, where the B cells proliferate), and the central medulla. (From
Abbas A, lichtman A: Basic immunology, ed 3, Philadelphia, Saunders,
2009
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lymphatic ‘@
vessel Lymphocytes

Figure 1-13

The morphology of lymph nodes. This schematic diagram shows the
structural organization and blood flow in a lymph node. (From Abbas
AK, Llichtman AH: Basic immunology: funcfions and disorders of the
immune system, ed 2 [updated edition 2006-2007], Philadelphia, 20006,

Saunders.)
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Morphology of the spleen. A, This schematic diagram shows a splenic
arteriole surrounded by the periarteriolar lymphoid sheath (PALS) and
attached follicle containing a prominent germinal center. The PALS and
lymphoid follicles together constitute the white pulp. B, This light micro-
graph of a section of a spleen shows an arteriole with the PALS and a
secondary follicle. These are surrounded by the red pulp, which is rich
in vascular sinusoids. (From Abbas AK, lichiman AH: Basic immunology:
functions and disorders of the immune system, ed 2 [updated edition 2006-
2007], Philadelphia, 2006, Saunders.)

in the outer cortex. When B cells are actively proliferating within
afollicle, the central area is referred to as the germinal center. Sur-
rounding the germinal center is the mantle layer that contains
B memory cells. Interspersed between the follicles is the paracor-
tical region. The paracortex contains CD4 helper cells, a few cyto-
toxic CD8 cells, macrophages, granulocytes, and neutrophils.

The medulla, or the middle region of a lymph node, con-
sists of a series of cavernous, cellular cords and connecting
sinuses containing macrophages and plasma cells. Lymphoid
tissue containing B cells and histiocytes is arranged in medul-
lary cords between the connecting sinuses. Lymph fluid con-
taining T cells and plasma cells flows into medullary sinuses
and into efferent lymphatic vessels.

Spleen

The spleen, the largest lymphoid organ in the body, is located
in the upper left quadrant of the abdomen and tucked under
the diaphragm. The parenchyma or splenic bulk is divided
into the red and white pulp (Figure 1-14).

Red pulp contains splenic sinuses with numerous thin-
walled blood vessels interspersed between strands of connec-
tive tissue. Sinuses filter foreign material and purify blood. Old
or damaged red blood cells are concentrated and destroyed
by macrophages within venous sinuses. Sinuses also serve as

Major Organs of the Immune System (Spleen)

Marginal zone

Marginal sinus

Germinal center

Periarteriolar
lymphoid sheath
Central arteriole

Figure 1-15

The spleen. The white pulp of the spleen contains a central artery and
associated follicle (germinal center, marginal zone, and periarteriolar
lymphoid sheath). (From Actor, JK: Elsevier's integrated immunology and
microbiology, Philadelphia, 2007, Mosby.)

storage facilities for platelets and red blood cells. Over 30% of
platelets are sequestered in the spleen. On demand, platelets
are expelled by the simple contraction of the organ.

White pulp is composed of lymphocytes that are clustered
around and along the length of small, central splenic arteries
to form a periarteriolar lymphoid sheath (PALS). Two thirds of
the PALS are made up of CD4+ cells. B cells are also found in
the PALS in the form of primary follicles and germinal centers.
Along the rim of each splenic follicle is the marginal zone, which
contains a mixed population of virgin and memory B cells
(Figure 1-15). Marginal zone B cells are unique in that they
produce antibodies directed toward carbohydrate antigens.

LYMPHOID TISSUE ORGANIZED
INTO ANATOMIC UNITS

Mucosal-Associated Lymphoid Tissue

Lymphocytes are scattered beneath the epithelium along the
entire gastrointestinal tract. Organized lymphocyte clusters,
called Peyers patches, are found in the ileum (Figure 1-16).
Under light microscopy, Peyers patches appear as lymphoid



CHAPTER 1 CELLS AND ORGANS OF THE IM

intraepithelial M

lymphocyte (IEL) mucus glycocalyx

layer

dome area
brush

border

basement
membrane

lamina-propria lamina propria

lymphocyte mesenteric
(LPL) lymph node
Figure 1-16

Peyer’s patches, as well as tonsils and other lymphoid areas of mucosal-
associated lymphoid tissue (MALT), are sites of lymphocyte priming by
antigens, which are internalized by M cells in the follicle-associated
epithelium (FAE). The subepithelial region, the dome, is rich in antigen-
presenting cells (APCs) and also contains a subset of B cells similar to
those found in the splenic marginal zone. Lymphoid follicles and inter-
vening T-dependent zones are localized under the dome region. Lym-
phocytes primed by antigens in these initiation sites of the gut mucosa
migrate to the mesenteric lymph nodes and then to the effector sites (the
infestinal villi), where they are found both in the lamina propria (LPLs)
and within the surface epithelium (IELs). (From Roitt |, Brostoff |, Male D,
Roth D: Immunology, ed 7, Philadelphia, 2006, Mosby.)

follicles that contain CD4+ T helper cells, mature B cells, macro-
phages, and dendritic cells. Surrounding the follicle is a mantle
of B cells that are analogous to the splenic marginal zone B cells.

Lymphocytes are found in the connective tissue and in the
epithelial layer of the mucosa. Intraepithelial Lymphocytes
(IELs) are found in the surface epithelium and have the clos-
est contact with bacteria and parasites. These lymphocytes
express CD8 and are constitutively cytotoxic. The exact func-
tion of IELs is difficult to determine because both the pheno-
type and the function differ depending on anatomic location.
Lamina propria lymphocytes (LPLs) are T cells and activated
B cells and plasma cells that produce specialized antibodies
released into the intestinal lumen.

In the intestine, antigens are recognized by intestinal
microfold (M) cells present in the dome epithelium of Peyer’s
patches (Figure 1-17). These cells lack the villi normally pres-
ent on intestinal cells and have deeply invaginated basal sur-
faces that trap antigens. Antigens are endocytosed by M cells,
transported in vesicles to the submucosa, and exocytosed to
lymphocytes in the intraepithelial spaces.

After antigenic stimulation in the intestinal mucosa, T cells
and antigen-presenting macrophages travel to the mesenteric
lymph node where the immune response is amplified. Lym-
phocytes activated in the node enter the thoracic duct, which
empties into bloodstream (Figure 1-18). After entering the
peripheral circulation, activated lymphocytes are evenly dis-
tributed to mucosal tissues in the genitourinary tract, lung,
salivary and lacrimal glands, lactating mammary glands, and
the gut intestinal mucosa. Therefore, antigenic stimulation of
one mucosal surface provides protection to all mucosal sur-
faces. After localization in mucosal tissue activated B cells ini-
tiate the production of specialized secretory antibodies.

AR s

enterocyte B and T lymphocytes

dendritic cell

Figure 1-17

The intestinal follicle—associated epithelium contains M cells. Note the
lymphocytes and occasional macrophages (M@) in the pocket formed
by invagination of the basolateral membrane of the M cell. Antigens
endocytosed by the M cell are passed via this pocket into the subepithe-
lial tissues (not shown). (From Roift I, Brostoff ], Male D, Roth D: Immunol-
ogy, ed 7, Philadelphia, 2006, Mosby.)

Tonsils

The entrance to the respiratory tract is guarded by tonsils,
which are localized in three areas of the oral pharynx. (1) Pala-
tine tonsils are found on the lateral wall of the oral pharynx.
They are covered with respiratory squamous epithelium and
surrounded by a capsule of connective tissue. (2) Lingual ton-
sils are found at the root of the tongue. Both the palatine and
lingual tonsils have deep crypts that increase the surface area
available to trap bacteria and other antigens. (3) A third tonsil-
lar tissue is the pharyngeal tonsil or adenoid that is located in
the roof of the pharynx behind the soft palate.

Tonsils are lymphoid organs. All three tonsils are densely
packed with subepithelial and intraepithelial lymphocytes.
Subsets of CD4 and B cells, along with macrophages, are the
major constituents of tonsils. Tonsils produce secretory anti-
bodies aimed at diphtheria, Streptococcus, and a number of
respiratory viruses including polio and rubella viruses. The
removal of tonsils (tonsillectomy) severely reduces the pro-
duction of secretory antibodies and may increase the risk for
repeated infections of the oropharynx.

LYMPHOCYTE DIAPEDESIS

Tissue damage, infection, or inflammation cause the migration
of white blood cells from the blood vessel to tissue through a
process called diapedesis. Within 2 hours of the initiation of
an inflammatory response, small-molecular-weight proteins,
called cytokines, are released by monocytes. Cytokines upreg-
ulate adhesion molecules, called E-selectin and P-selectin,
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Figure 1-18

Lymphocyte circulation with the mucosal lymphoid system. (From Roitt, I: Essential immunology, ed 6, Phila-

delphia, 2001, Mosby.)

1M EBRR Selectins, Integrins, and Adhesion Factors
Used in Diapedesis

Factor Cellular Location
Selectins
E-selectin Endothelial cells
L-selectin Leukocytes
P-selectin Platelets and endothelial cells
Integrins
CD11a/CD18 (LFA-1) Leukocytes
CD11b/CD18 (Mac-1, Leukocytes

CR3)
CD11¢/CD18 (CR4) Leukocytes
Cell Adhesion Factors
EP-CAM Epithelial cells
GlyCAM Endothelial cells
ICAM-1 Endothelial cells
VCAM Endothelial cell
VLA Lymphocytes

CD, Cluster of differentiation; EP-CAM, epithelial cell adhesion molecule;
GlyCAM, glycosylation-dependent cell adhesion molecule 1; ICAM,
intercellular adhesion molecule-1; VCAM vascular cell adhesion mol-
ecule 1; VIA, very late antigen.

on vessel walls. Other molecules, called chemokines, also are
released by endothelial cells.

Chemokines attach to endothelial cells along a concentra-
tion gradient that is counter to blood flow (the highest con-
centration is at the site of diapedesis). In essence, chemokines
attract leukocytes to the site of infection or tissue damage.
However, leukocytes move through blood vessels at great
speed and must be slowed and tethered to the vessel walls
before they exit the vessel and enter tissue.

To slow the speed of leukocytes, E-selectins and che-
mokines interact with carbohydrate ligands on leukocytes
(Table 1-3). Different selectin-ligand interactions help
slow rolling PMNs and lymphocytes. PMNs are slowed by

Mac-1(a:B2)

Neutrophil

LFA-1 (aL:BZ)

ICAM-1 Endothelium ICAM-2

Figure 1-19

Phagocyte adhesion to vascular endothelium is mediated by infegrins.
The vascular endothelium, when it is activated by inflammatory media-
tors, expresses two adhesion molecules—ICAM-1 and ICAM-2. These are
ligands for integrins expressed by phagocytes—a,:, (also called LFA-1
or CD11a:CD18) and op:f5 (also called Mac-1, CR3, or CD11b:CD18).
[From Murphy K, Travers P, Walport M: Janeway's immunobiology, ed 7,
New York, 2008, Garland Science, Taylor & Francis Group, LLC.)

interactions between a tetrasaccharide carbohydrate present
on PMNs and monocytes called sialyl-Lewis* and E-selectins.
Lymphocytes roll faster than monocytes or PMNs and require
interactions among E-selectin, P-selectin, and lymphocyte
VLA-4 (very late antigen 4) in the deceleration process.

To tether leukocytes to the vessel walls, additional inter-
actions between endothelial intercellular adhesion molecules
(ICAM-1 and ICAM-2) and lymphocyte function associ-
ated antigen -1 (LFA-1) are required (Figure 1-19). Once the
cells are tethered to the endothelium, they flatten out and



Selectin-mediated adhesion to leukocyte sialyl-Lewis* is weak, and
allows leukocytes to roll along the vascular endothelial surface

Basement membrane

Rolling adhesion Tight binding

Diapedesis Migration

Chemokine (IL-8)

Figure 1-20

Diapedesis of neutrophils. Neutrophils leave the blood and migrate to sites of infection in a multiple-step
process mediated through adhesive interactions that are regulated by macrophage-derived cytokines and
chemokines. The first step (top panel) involves the reversible binding of leukocytes to the vascular endo-
thelium through interactions between selectins induced on the endothelium and their carbohydrate ligands
on the leukocyte, shown here for E-selectin and its ligand the sialyl-Lewis* moiety (s-Lle*). This interaction
cannot anchor the cells against the shearing force of the flow of blood; and, instead, they roll along
the endothelium, continually making and breaking contact. The binding does, however, allow stronger
interactions, which occur as a result of the induction of intracellular adhesion molecule 1 (ICAM-1) on the
endothelium and the activation of its receptors LFA-1 and Mac-1 (not shown) on the leukocyte by contact
with a chemokine like interleukin 8 (IL-8). Tight binding between these molecules arrests the rolling and
allows the leukocyte to squeeze between the endothelial cells forming the wall of the blood vessel (to
extravasate). The leukocyte integrins LFA-1 and Mac-1 are required for extravasation and for migration
toward chemoattractants. Adhesion between molecules of CD3 1, expressed on both the leukocyte and the
junction of the endothelial cells, is also thought to contribute to extravasation. The leukocyte also needs to
traverse the basement membrane; it penetrates this with the aid of a matrix metallo-proteinase enzyme that
it expresses at the cell surface. Finally, the leukocyte migrates along a concentration gradient of chemo-
kines (here shown as IL-8) secreted by cells at the site of infection. (From Murphy K, Travers P, Walport M:

Janeway's immunobiology, ed 7, New York, 2008, Garland Science, Taylor & Francis Group, LLC.)

transmigrate through the endothelial layer and the underly-
ing matrix. A schematic of diapedesis is shown in Figure 1-20.

The tethering or adherence process may take only sec-
onds, but the transmigration of leukocytes may take 10 to
20 minutes. During transmigration, immunocompetent cells
change from a round structure to a flat structure and crawl to
the exit site. Cells can exit the vasculature by passing between
or through endothelial cells. Passage between cells is facili-
tated by the production of hevin, which temporarily disrupts
cell junctions and allows cell movement between cell junc-
tions. Migration through cells is a more complex process. Fol-
lowing attachment, the lymphoid cells are concentrated in the
caveolin-rich areas on the cell surface, which are called trans-
migratory cups. Caveolins are a family of proteins that medi-
ate the endocytosis of receptor-bound molecules. Following
the endocytosis of leukocytes, ICAMs and caveolins form a
protective channel that allows the leukocyte passage through

the cell. The formation of another transmigratory cup allows
the leukocyte to exit both the vascular endothelial cell and the
underlying matrix.

ANATOMIC DEFECTS AND
IMMUNODEFICIENCIES

DiGeorge Syndrome

DiGeorge syndrome is caused by abnormal migration of cells
to select tissues during development. The major defect is a
30-gene deletion on chromosome 22 at position 22q11.2. This
deletion prevents the development of the third and fourth pha-
ryngeal pouches during the twelfth week of gestation. Major
organs affected by the defect are the thymus, the parathyroid,
and the heart. In addition, facial abnormalities, including
underdeveloped chins, droopy eyelids, and upper ears that are
rotated backward, occur. Children with this syndrome have a



nonfunctioning, rudimentary thymus and lack mature T cells
in the circulation and in secondary lymphoid tissue. Because
the underdeveloped parathyroid cannot control calcium lev-

els, muscular tetany and seizures are common. Most of the
deaths are associated with infection or cardiac problems.

Nezelof Syndrome

Nezelof syndrome is a very rare disease that has affected less
than 200,000 children in the United States. Affected children
have a rudimentary thymus, but their parathyroid function is
normal.

Although classified as a primary T cell deficiency, Nezelof
syndrome has associated defects in B cell development and
maturation. Some classifications place the syndrome in the
severe combined immunodeficiency category. Evidence indi-
cates that children exhibiting only a T cell deficiency have a
purine nucleoside phosphorylase (PNP) deficiency in the
purine salvage pathway. Metabolites are toxic to developing
T cells. In some instances, adenosine deaminase (ADA)
enzymes also are nonfunctional. Toxic metabolites that are
generated as a consequence of the ADA deficiency block the
development of T cells, B cells, and NK cells.

Leukocyte Adhesion Deficiency

Defective diapedesis is reflected in two immunodeficiencies
called leukocyte adhesion deficiency (LAD) I and II. LAD I is
an autosomal recessive disease, in which expression of CD18
on macrophages, neutrophils, and lymphocytes fails to occur.
CD18 consists of LFA-1, macrophage-antigen-1 (MAC-1),
and receptors that bind leukocytes to the molecules expressed
on the endothelium of the blood vessel.

LAD 1I is the result of defective fucose transport and
fucosylation, which are necessary for the synthesis of sialyl-
Lewis* (s-LeX) on PMNs and monocytes. As a consequence,
monocytes and PMNs cannot exit the vasculature in response
to infections or tissue damage. The disease is extremely rare,
with only 200 cases reported in the last 20 years. Unfortu-
nately, most individuals with this disease die of overwhelming
infections within the first 2 years of life.

CHAPTER 1 CELLS AND ORGANS OF THE IMMUNE SYSTEM

SUMMARY

» White blood cells are involved in the body’s response to
infections and tumors.

» Lymphocytes and monocytes/macrophages are the major
effector cells in an immune response.

o Bone marrow and the thymus are the primary lymphoid
organs.

o The spleen, lymph nodes, and tonsils are the secondary lym-
phoid organs.

» Lymphocytes are classified into T cells and B cells on the
basis of function and site of maturation.

o Subsets of T cells and B cells have different immunologic
functions.

o The secondary lymphoid organs and tissue are organized
into anatomic units.

+ Lymphocytes and other immunocompetent cells exit blood
vessels and enter tissue by diapedesis.

o Developmental and genetic abnormalities can cause abnor-
mal thymus function or diapedesis of white blood cells.
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ASSESSMENT QUESTIONS

1. Which of the following cells are involved in allergic

reactions?

I.  Mast cells
II. Basophils
III. Eosinophils
ITand II

I and III

II and III

I, II, and III

Sowx

2. Which of the following cells are the major effector cells in

an immune response?
I.  Lymphocytes
II. Monocytes
II1. Basophils
Iand II

Iand IIT

II and III

I, I1, and IIT

SO

. In positive selection in the thymus, immature thymocytes
react with:

A. MHC molecules on cortical epithelial cells

B. T cell receptors (TCRs)

C. B cell receptors

D. Thymic epithelium

. Leukocyte adhesion deficiency II is caused by a:
A. Deficiency in CD3

B. Deficiency in TCRs

C. Deficiency in fucose transport

D. Deficiency in CD18

. Cells that actually produce antibodies are:
A. Plasma cells

B. Bcells

C. Monocytes

D. T cells

. The subpopulation of T cells that assist in the production of

antibodies is:

A. CD4 Th1 cells
B. CD4 Th2 cells
C. CD8 Tcl cells
D. CD8 Tc2 cells

. In mammals, B cell maturation is believed to occur in:

I.  Bone marrow

II. Peyer’s patches
III. Bursa of Fabricus
ITand II

I and III

II and III

I, II, and III

Sowx

. Which of the following cells reside in tissue?

I.  Macrophages
II. Mast cells
III. Basophils
Iand II

Iand III

IT and I1I

L, II, and IIT

SO=F»

. Large granular lymphocytes have the following charac-

teristics:

I.  CD 16 expressed on the cell membrane

II.  Ability to lyse virus-infected cells and tumor cells
III. Representative of a third lymphocyte lineage
Iand II

Iand IIT

IT and III

L I, and III

Sowx



Innate Immunity

LEARNING OBJECTIVES

o Describe the barriers that prevent microbial infection of the
skin

o Describe the respiratory tract barriers that prevent micro-
bial infection

o Define pathogen-associated microbial patterns (PAMPs)

o Define Toll-like receptors on leukocytes and describe their
function

o List 11 different Toll-like receptor ligands

o Compare and contrast the roles of Toll-like receptors in
innate and adaptive immunologic responses

o Explain the immunologic mechanisms involved in endotox-
ins or septic shock

o Describe the components of an acute phase response

o List five acute-phase proteins synthesized by the liver and
their function

o Identify antimicrobial agents produced by cells and tissue

KEY TERMS

Acute-phase proteins
Acute-phase response
Adaptive immune response
Complement

Innate immune response
Opsonin

Pyrogen

Toll-like receptor

INTRODUCTION

The body is protected from infection by anatomic and physi-
ologic barriers in the skin and in the respiratory, intestinal,
and urogenital tracts. If these barriers are breached an innate
immune response is generated. In the response, phagocytic
cells, antimicrobial proteins and serum enzymes are activated
by molecules common to most bacteria. The innate immune
response functions to contain an infection until an adaptive
response can be mounted against the infective agent. An adap-
tive response begins 7 to 10 days after infection and consists of
antibodies, CD4Th1 inflammatory response or CD8 cytotoxic
cells.

ANATOMIC AND PHYSIOLOGIC BARRIERS
Skin

The skin is an inhospitable environment for bacterial coloniza-
tionand growth with the exception of staphylococcus epidermi-
dis, bacteria cannot attach to the outer layer of skin or stratum
corneum because it is composed of dead keratinocytes, kera-
tin, ceramides, free fatty acid, and cholesterol. Moreover, the
stratum corneum is continually shed and renewed by younger
keratinocytes pushing up from below. Bacterial colonization
is prevented by other factors as well. Perspiration deposits
salt on the skin. High salt concentrations create a hypertonic
environment that inhibits bacterial growth. Sebaceous glands
also produce a waxlike substance called sebum, which contains
lactic acid and propionic acid produced by Propionibacterium
acnes—a commensal organism found in the sebaceous gland.
Sebum reduces the skin pH to between 3.0 and 5.0, and this
acidic environment inhibits bacterial growth.

Respiratory Tract

The respiratory tract is protected from infection by ciliated
epithelial cells and a mucous layer. Glycosylated mucous pro-
teins cover the entire respiratory tract and trap particulate
matter. The coordinated beating of the cilia on respiratory epi-
thelial cilia moves the mucus upward to the glottis, where it is
expelled from the airways or swallowed. This mechanism is
referred to as the mucociliary escalator. The mucous covering
is replaced several times each day, leading to the production of
a pint to a quart of mucus per day. Defective escalator function
increases the risk of developing respiratory tract infections,
sinusitis, and otitis media.

Mucociliary escalator dysfunction can be inherited or can
be the result of environmental insults. For example, primary
ciliary dyskinesia (PCD) is an inherited syndrome charac-
terized by impaired transport and the abnormal structure of
cilia. In this syndrome, lungs and sinuses are prone to repeated
infections.

Environmental insults and drugs often affect the function
of the mucociliary escalator. For example, halothane, cocaine,
and sulfur dioxide are toxic to epithelial cells. Smoking or
inhalation of toxic fumes also injures the epithelium causing
loss of ciliated cells. Escalator function can be compromised
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CHAPTER 2 INNATE IMMUNITY

by cold or dry air that often creates a highly viscous mucus
that cannot be moved upward by ciliated cells.

Stomach and Intestine

Stomach acid forms a passive barrier to prevent infection of
the intestinal tract. With the exception of Helicobacter pylori
(the etiologic agent of gastric and duodenal ulcers), most
ingested pathogenic bacteria cannot survive in stomach acid.
Bile salts found in the intestine also are toxic to bacteria.

Urogenital Tract

The components of the urogenital tract that actively participate
in the innate immune response are the urethra and the vaginal
mucosa. The urethra is usually sterile because the persistent flush-
ing of urine prevents bacterial attachment to urethral epithelial
cells. The acidity of urine also prevents bacterial colonization. In
females, the normal flora of the vaginal mucosa prevents colo-
nization by pathogenic microbes. Acids produced by lactobacilli
create a slightly acidic mucosal environment that inhibits bacte-
rial growth. The risk of infection increases when the lactobacillus
population is reduced, the pH of urine is increased, or both.

PATHOGEN-ASSOCIATED MOLECULAR
PATTERNS

Pathogen-associated molecular patterns (PAMPs) are molecu-
lar structures or molecules that are shared by most pathogenic
bacteria and some viruses. Most components are constituents
of microbial cell walls, single-stranded and double-stranded
nucleic acids, or unmethylated deoxyribonucleic acid (DNA).
Common PAMPs are presented in Table 2-1. In an innate
immune response, PAMPs are recognized by several different
mechanisms, including the following:

« Serum complement components

« Receptors on leukocytes and tissue cells

o Acute phase proteins

SERUM COMPLEMENT COMPONENTS
AND PATHOGEN-ASSOCIATED
MOLECULAR PATTERNS

Complement comprises nine serum proteins (Figure 2-1) and
produces proinflammatory factors that are chemotactic for
phagocytic cells (see Chapter 11). Complement fragments coat

Table 2-1

Common Pathogen-Associated Microbial
Patterns in Bacteria, Fungi, and Viruses

Peptidoglycan Gram-positive bacteria
Lipopolysaccharide Gram-negative bacteria
Lipoteichoic acids Gram-positive bacteria
Flagellin Bacteria
Lipoarabinomannan Mycobacteria
Beta 1,3 glycan Fungi
Respiratory syncytial virus (RSV)  Viruses

protein
Double-stranded ribonucleic Viruses

acid (RNA)
Lipopeptides Mycoplasma
Unmethylated CoGDNA" Bacteria
Profilin-like molecules Toxoplasma

“Unmethylated bacterial deoxyribonucleic acid (DNA) containing cytosine
phosphate guanine motifs.

S

bacteria to create opsonins, which are, by definition, molecules
that attach to microbes and promote phagocytosis.
Complement can be activated by different mechanisms. In
an adaptive response, complement is activated by antigen—anti-
body complexes (see Chapter 11). Three other mechanisms do
not require the presence of antibody and are activated during
an innate immune response. Complement can be activated by
interaction with select molecules (e.g., zymozan) on microbial
surfaces in an alternative complement activation pathway. Lec-
tins (proteins that bind to sugars) also activate the complement
cascade in the mannose-binding lectin (MBL) pathway. Some
acute phase proteins produced by the liver during inflammation
activate the complement cascade (see Acute Phase Response).

Mannose-Binding Lectin Complement
Activation Pathway

Collectins are a family of lectins that react with terminal mannose
or fructose molecules on microbes and activate complement.
The collectin family includes Mannose-binding lectin (MBL),
bovine conglutinin, lung surfactants A and D, and bovine col-
lectin 43. Structurally, collectins are multi-meric proteins with a
“flower bouquet” or an “X-like” structure (Figure 2-2).

MBL is the most studied of the collectins. MBL circulates
in a complex with MBL-associated serine protease 1 and 2
(MASP1 and MASP2). In the presence of calcium, MBL or
MASP binds to PAMPs such as N-acetylglucosamine, man-
nose, and N-acetylmannosamine residues expressed on
bacteria, fungi, human immunodeficiency virus (HIV) and
influenza virus. Following an initial interaction with target
molecules, the serum complement cascade is activated. MBL
or MASP activates the C2 and C4 complement component to
create a C3 convertase (Figure 2-3).

Cascade fragment C3b binds to bacterial PAMPs and acts as
an opsonin. Other complement fragments such C3a and C5a
induce the release of histamine and pharmacologic mediators
from mast cells and basophiles. These fragments are called ana-
phylatoxins. Histamine increases capillary permeability and fluid
leaks into tissue. Fluid leaking from capillaries reduces fluid lev-
els in the vessels and precipitates bacteria, rendering them more
susceptible to phagocytosis. In addition to their role as anaphyl-
atoxins, C3a and C5a are chemoattractants for phagocytic cells.
Complexes of C5b, C6, and C7-C9 create a membrane attack
complex that inserts a “tube-like” structure through the bacterial
membrane, which results in the death of the bacterium.

Receptor Recognition of Pathogen-Associated
Molecular Patterns

Phagocytic cells have a number of receptors that recognize
PAMPs on pathogenic microbes. Scavenger, carbohydrate, and
Toll-like receptors are important in the recognition of PAMPs.
Scavenger receptors bind lipoteichoic acids, endotoxins from
gram-negative bacteria, and peptidoglycans from gram-positive
bacteria. Carbohydrate receptors recognize mannose or fructose
in the terminal sugars of bacterial glycoproteins (Figure 2-4).
Toll-like receptors (TLRs) present on lymphocytes, macro-
phages, and dendritic cells play a more important role in innate
immunity. The 11 different TLRs in mammals usually recognize
only one type of PAMP (Table 2-2). For example, TLR-2 binds
to the peptidoglycans of Streptococcus and Staphylococcus,
whereas TLR-5 only binds the proteins of bacterial flagellae.
The ligands for TLR receptors are listed in Table 2-3. Interac-
tions between the PAMP and its receptor activate intracellular
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Schematic overview of the complement cascade. The three pathways of complement activation are (1)
the classic pathway, which is triggered by antibody or by direct binding of complement component Clq
to the pathogen surface; (2) the mannan (MB)-binding-lectin pathway, which is triggered by mannan-
binding lectin, a normal serum constituent that binds some encapsulated bacteria; and (3) the alternative
pathway, which is triggered directly on pathogen surfaces. All of these pathways generate a crucial enzy-
matic activity that, in turn, generates the effector molecules of complement. The three main consequences
of complement activation are opsonization of pathogens, the recruitment of inflammatory cells, and direct
killing of pathogens. (From Murphy K, Travers P, Walport M: Janeway's immuncbiology ed 7, New York,

2008, Garland Science, Taylor & Francis Group, LLC.)
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Collectins are oligomers of triple-helical molecules with C-type lectin
domains. They recognize a variety of microbial pathogen-associated
microbial patterns (PAMPs). (From Roitt |, Brostoff ], Male D, et al: Immunol
ogy, ed 7, Philadelphia, 2006, Mosby.)

signaling and the synthesis of specific small-molecular-weight
messengers called cytokines that activate both the innate
immune system and the adaptive immune system.

RECEPTOR ACTIVATION AND
FUNCTIONAL RESPONSES IN
INNATE IMMUNITY

The ligation of PAMPs with Toll-like receptors accelerates
the phagocytosis of microbes. During phagocytosis, the cell
membrane envelopes bacteria and creates an intracellular
vacuole called phagosome. Primary granules fuse with the

phagosome to create a phagolysosome. Enzymes in the granule
kill the microbes by breaking their cell walls and disrupting
membrane function (Figure 2-5). At the same time, the oxy-
gen-dependent killing mechanism produces singlet oxygen,
hydrogen peroxide, and hypochlorous acid. These substances,
along with nitric oxide, are released into the phagolysosone to
kill bacteria.

Interactions between PAMPs and Toll-like receptors on
macrophages cause the release of interleukin 6 and interleukin
12 (IL-6 and IL-12) from phagocytic cells. IL-6 plays a role in
the proliferation of CD8 cytotoxic T cells. It also upregulates
adhesion factors on endothelial cells, which allows the egress
of phagocytic cells and lymphocytes from the vasculature. IL-6
may also play a role in autoimmune reactions.

Toll-Like Receptors and Autoimmunity

The ligation of Toll-like receptors and the production of IL-6
result in the inactivation of regulatory cells that control the
autoimmune B cells in peripheral blood. The disruption of the
regulatory network allows B cells to produce autoantibodies
directed at host tissue. For example, systemic lupus erythema-
tosus (SLE) is an autoimmune response that is characterized
by autoantibodies directed at DNA. The disease is exacerbated
by the recognition of cytosine- and guanosine-containing
unmethylated DNA by TLR-9 receptors on leukocytes and the
release of IL-6.

Toll-Like Receptors, Endotoxins, and Septic
Shock

Lipopolysaccharide endotoxins are biologically important
PAMPs. Endotoxins, which are an integral part of the gram-
negative cell wall, are released on the death of the bacterium
and react with CD14 and TLR-4 receptors on the macrophage
surface. Intracellular signaling induces the synthesis and
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The early events of all three pathways of complement activation involve a series of cleavage reactions that
culminate in the formation of an enzymatic activity called a C3 convertase, which cleaves complement
component C3 info C3b and C3a. The production of the C3 convertase is the point at which the three
pathways converge and the main effector functions of complement are generated. C3b binds covalently
to the bacterial cell membrane and opsonizes the bacteria, enabling phagocytes to internalize them. C3a
is a peptide mediator of local inflammation. C5a and C5b are generated by cleavage of C5b by a C5
convertase formed by C3b bound to the C3 convertase (not shown in this simplified diagram). C5a is also
a powerful peptide mediator of inflammation. C5b triggers the late events in which the terminal components
of complement assemble into a membrane-attack complex that can damage the membrane of certain patho-
gens. C4a is generated by the cleavage of C4 during the early events of the classic pathway and not by the
action of C3 convertase, hence the *; it is also a peptide mediator of inflammation but its effects are rela-
tively weak. Similarly, C4b, the large cleavage fragment of C4 (not shown), is a weak opsonin. Although
the classic complement activation pathway was first discovered as an antibody-triggered pathway, it is now
known that C1q can activate this pathway by binding directly to pathogen surfaces, as well as paralleling
the mannan-binding (MB)-lectin activation pathway by binding to antibody that is itself bound fo the patho-
gen surface. In the MB-lectin pathway, MASP stands for mannan-binding lectin-associated serine protease.
[From Murphy K, Travers P, Walport M: Janeway’s immunobiology, ed 7, New York, 2008, Garland Science,
Taylor & Francis Group, LLC.)

release of proinflammatory cytokines (IL-1, IL-2, IL-6, IL-8,
and TNF-a [tumor necrosis factor-alpha]). TNF-a. is the cen-
tral cytokine involved in septic shock syndrome. Manifestations
of septic shock include tachycardia, tachypenia, alterations in
temperature, and activation of the coagulation cascade. Arte-
rial and venous dilation results in septic shock. As a conse-
quence of hypovolemia, tissue perfusion becomes inadequate,

which results in cellular dysfunction. Mortality rate among
patients with septic shock ranges from 20% to 80%.

ACUTE PHASE RESPONSE

In innate immunity, mammals respond to tissue injury
or infection by initiating an acute phase response. The
response is characterized by fever, demargination of
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Macrophages can recognize pathogen-associated microbial patterns (PAMPs) either directly or follow-
ing opsonization with serum molecules. (Adapted from Roitt |, Brostoff J, Male D, et al: Immunology, ed 7,

Philadelphia, 2006, Mosby.|

polymorphonuclear leukocytes (PMNs) and the synthesis of
acute-phase proteins by the liver. Acute-phase proteins inhibit
bacterial growth or activate the complement cascade. The
most common acute-phase proteins are listed in Table 2-3.
During the response, white blood cells also produce a wide
variety of antimicrobial agents such as cathelicins, defensins,
and nitric oxide.

Temperature

Most pathogenic bacteria have a narrow growth range at tem-
peratures between 96°F and 100°F. An elevation in body tem-
perature or fever slows bacterial replication until an adaptive
immune response can be generated. Fever is induced by IL-1
and Interferon-gamma (IFN-y) released by monocytes. The
interleukins travel to the hypothalamus and increase the tem-
perature set point. Since these cytokines can regulate tempera-
ture, they are termed endogenous pyrogens. Other cytokines
(anti-pyretic) such as IL-10 and TNF-o modulate and main-
tain the temperature response.

Acute Phase Proteins

C-reactive protein (CRP), the most studied acute-phase
protein (see Table 2-3), activates the complement cascade.
Cleavage of other complement components creates opsonins
that bind to microbial PAMPs and promotes phagocytosis.
Others acute-phase proteins such as ferritin, haptoglobin,
and ceruloplasmin bind or oxidize free iron in serum to pre-
vent microbial growth. Iron is necessary for the synthesis of
cytochromes and the production of adenosine triphosphate
(ATP).

Antimicrobial Agents Produced by Cells and
Tissues

Cathelicidins

Cathelicidins are proteins produced by the PMNs, kerati-
nocytes, and epithelial cells of the respiratory and gastroin-
testinal tracts. Cathelicidin subsets have different biologic
functions. PMN-produced cathelicidins have broad-spectrum
microbial toxicity. Other cathelicidins synthesized by epithe-
lial cells bind and neutralize lipopolysaccharide endotoxins. In
the skin, keratinocyte cathelicidins are chemotactic for phago-
cytes and T cells. Animal studies show that cathelicidins are
important in host defense against Group A streptococci that
cause necrotic skin lesions.

Defensins

Defensins are small (29-35 amino acids) proteins produced
by circulating white blood cells and tissue cells. Defensins can
be classified into alpha and beta families. Alpha-defensins
(o-defensins) are found in neutrophils, macrophages, and
Paneth cells in the intestine. Paneth cell defensins are called
crypticidins and serve to reduce the number of bacteria in the
intestinal lumen. Beta-defensins (-defensins) are secreted by
most leukocytes and epithelial cells.

Defensins have broad-spectrum activity against gram-pos-
itive and gram-negative bacteria and kill bacteria in a number
of ways. Some defensins create voltage-dependent channels in
bacterial membranes that allow the influx of water. Increased
osmotic pressure ruptures the bacterial membranes. Other
defensins move through bacterial cell walls, bind to target
cells, and disrupt normal metabolism.
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Phagocytosis and intracellular killing of microbes. Macrophages and
neutrophils express many surface receptors that may bind microbes
for subsequent phagocytosis; selected examples of such receptors are
shown. (iNOS, inducible nitric oxide synthase; NO, nitric oxide; RO,
reactive oxygen intermediate.) (From Abbas AK, lichtman AH: Basic
immunology: Functions and disorders of the immune system, ed 3, Philadel-

phia, 2009, Saunders.|

A specific B-defensin called tracheal antimicrobial peptide
(TAP) is found along the entire length of conducting airways.
In the lung, the B-1 TAP defensin prevents infection by viru-
lent or opportunistic pathogens. In patients with cystic fibrosis
(CF), the TAP is inactivated by high salt concentrations in the
respiratory mucosa. This allows development of respiratory
tract infections with opportunistic pathogens such as Pseudo-
monas aeruginosa.

Defensins also prevent the influenza virus from entering
target cells. Influenza hemagglutinins are necessary for binding
the virus to the target cell. Defensins render the virus noninfec-
tious by cross-linking hemagglutinins, which prevents the nor-
mal interaction between the virus and the host cell membrane.

Nitric Oxide

Nitric oxide is a highly reactive molecule produced by macro-
phages following interactions between Toll-like receptors and
PAMPs. In a chemical reaction, nitric oxide synthase oxidizes
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L-arginine to L-citrulline and nitric oxide (NO). Exposure to
NO is cytotoxic to bacteria, fungi, parasites, and tumor cells.
Toxicity is related to NO’s ability to inhibit DNA synthesis
and mitochondrial respiration. Prolonged NO generation can
be detrimental to the body. Chemical reactions between NO
and oxygen (O,) forms dinitrogen trioxide in mammalian cell
membranes and disrupts normal cellular function.

PATHOGEN-ASSOCIATED MICROBIAL
PATTERNS AND VACCINES

PAMPs are being considered as additional components of vac-
cines because they stimulate both the innate and the adaptive
immune systems. When added to vaccines, compounds that
stimulate and direct the immune response are termed adju-
vants (see Chapter 24). Adjuvants work by reducing antigen
solubility and releasing small amounts of antigens over an
extended period. PAMPs are used adjuvants. A purified PAMP
from the tuberculosis bacterium called muramyl dipeptide is
used in Freunds complete adjuvant to induce cell-mediated
immune response to antigens.

IMMUNODEFICIENCY AND INNATE
IMMUNITY

Most individuals with an MBL deficiency are healthy, but an
increased incidence of otitis media, chronic upper respira-
tory tract infections, chronic diarrhea, and autoimmunity is
seen among them. In infants, MBL may play an important role



in the transition from passive immunity from the mother to
mature adaptive immune responses.

SUMMARY

o The innate immune response involves the recognition of
highly conserved microbial molecular structures called
pathogen-associated molecular patterns (PAMPs).

o PAMPs are recognized by serum proteins and phagocytic
cell receptors.

o Additional antimicrobial agents are synthesized during an
acute-phase response, which is characterized by physiologic
changes in the host.

 The innate response controls pathogenic microbes until an
adaptive immune response is generated.
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ASSESSMENT QUESTIONS

1. Which of the following is found on skin?

I.  Perspiration
II. Sebum

III. Lactic acid
I

111

ITand II

. II and III

I, II, and III
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. In which of the following is the mucociliary escalator
found?

A. Skin

B. Respiratory tract

C. Intestinal tract

D. Urogenital tract

. Pathogen-associated molecular patterns (PAMPs) are:
I.  Highly conserved molecular structures

II. Common to most pathogenic bacteria

III. Found on the surface of phagocytic cells

I
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. Which of the following are characteristics of serum
complement?

I.  Nine serum proteins are present

II. Fragments are opsonins

III. Fragments are chemotactic
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. Which of the following is not considered a collectin?
A. Zymosan

B. Mannose-binding lectin (MBL)

C. Bovine conglutinin

D. Bovine collectin 43

6. Which of the following are functional responses of Toll-like

receptor ligation?

A. Phagocytosis and intracellular killing
B. Proliferation of CD8 cells

C. Synthesis of nitric oxide

D. All of the above

. Which of following are associated with toxic shock caused

by endotoxins?

I. Lipopolysaccharide

II. Toll-like receptor 4 (TLR-4)

[I. Tumor necrosis factor-alpha (TNF-a)
I

111

ITand II

IT and III

I, II, and III

ARl

. Which of the following is associated with the acute-phase

response?

I.  Fever

II. Synthesis of acute-phase proteins
III. Demargination of lymphocytes

I

I

Iand II

IT'and III

I, 11, and III

MO0 w

. Which of the following are small -(29-35 amino acids)-

molecular-weight proteins produced by white blood and
tissue cells?

A. Cathelicidins

B. Ferritin

C. Defensins

D. Haptoglobin



LEARNING OBJECTIVES

o Compare and contrast immunogens and antigens

o List the four major characteristics of an immunogen

o Identify the four biological factors that influence
immunogenicity

o Define what an epitope is

o Compare and contrast linear and conformational epitopes

« Explain the relationship between epitopes and T and B cells

o Compare and contrast isoantigens and alloantigens

o Illustrate the differences between the hemolytic transfusion
reactions of isoantigens and alloantigens

o Explain the role of RhoGam in preventing an immune
response to Rh-positive fetal red blood cells

o Recognize the differences between exogenous and endog-
enous antigens

o Define what a hapten is

o List the metabolites of penicillin

« Recognize the pharmaceuticals that create neoantigens on
red blood cells

o Identify the drugs that cause delayed cutaneous drug
reactions

KEY TERMS

Alloantigens
Conformational epitope
Endogenous antigen
Epitope

Exogenous antigen
Hapten

Isoantigen

Neoantigen

Linear epitope

INTRODUCTION

This chapter begins the exploration of an adaptive immune
response. Unlike innate immunity, which recognizes highly
conserved microbial structures, the adaptive response is
designed to protect the host against microbial antigens that
constantly change and evolve. As the microbe changes its tac-
tics for infection, the immune system adapts to counter the
tactic and destroy the microbe. Adaptive immunity requires
the stimulation of the immune system, the proliferation of
effector cells, and the synthesis of cytokines and antibodies.

The concepts of immunogenicity and antigenicity are
critical to the understanding of adaptive immunity. By
definition, an immunogen is a molecule that stimulates
the immune system to produce a response. An antigen is
the part of the immunogen that reacts with immune effec-
tor cells or soluble antibodies. The term allergen is used to
denote an immunogen that elicits the production of allergic
antibody.

CHARACTERISTICS OF AN IMMUNOGEN

Foreignness

Immunogens that are considered “self” do not evoke an
immune response; thus, foreignness is a critical attribute of
immunogens. Phylogenetic differences between the host and
the immunogen determine foreignness. For example, a vig-
orous response is generated when human serum albumin
is injected into a mouse. In contrast, when mouse albumin
is injected into a rat, only a minimal immune response is
observed.

Internal Rigidity and Tertiary Structure

Most immunogens are proteins, which are complex rigid
structures with a conformation defined by primary, second-
ary, and tertiary structures. Carbohydrates are composed
of linear, repeating carbohydrate units with minimal struc-
tural rigidity. Therefore, carbohydrates are generally poor
immunogens. The immunogenicity of deoxyribonucleic acid
(DNA) depends on molecular weight and the extent of meth-
ylation. High-molecular-weight hypomethylated DNA is
immunogenic. Other forms of DNA do not evoke an immune
response.

Lipids, which are linear carbon chains with no defined
tertiary structure, are rarely immunogenic because they lack
structural rigidity. The exception is cardiolipin which is used
as an antigen in the Wassermann test for syphilis.

Size

Size is an important determinant for antigenicity. Molecular
structures less than 3000 MW (molecular weight) do not elicit
an immune response, whereas maximum stimulation of the
immune system is achieved with large antigens (e.g., 100,000
MW). Large macromolecules are better immunogens because
they are insoluble and more easily ingested and processed by
macrophages for presentation to lymphocytes.
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Degradability

Immunogens must be degradable by macrophages to stimu-
late an immune response, antigen presenting cells must pro-
cess the immunogen to yield small polypeptides between 7
and 30 amino acids. The small polypeptides are presented to
lymphocytes.

BIOLOGIC FACTORS INFLUENCING
IMMUNOGENICITY

Genetics

Genetics influences a person’s ability to respond to specific
immunogens. Genetic nonresponsiveness is the result of two
defects. Some individuals lack a lymphocyte clone with a T cell
receptor (TCR) directed at the antigen. Other individuals have
a defect in antigen processing and cannot present the antigen
to T cells.

Age
The immune response is influenced by a person’s age. Infants
are born with a still-developing immune system and cannot
mount an immune response to some antigens. Infants are pro-
tected by maternal antibodies that cross the placenta before
birth and by antibodies in breast milk after birth. An infant’s
immune system becomes fully functional between 6 and 12
months of age.

On the other end of the spectrum, the functional capacity
of the immune system wanes with age, and older adults have a
reduced ability to mount an effective immune response.

ANCILLARY FACTORS INFLUENCING
IMMUNOGENICITY

Concentration

The immune response is a reflection of immunogen concen-
tration and follows a bell-shaped curve, referred to as gauss-
ian distribution. Small amounts of antigen fail to stimulate the
immune system and induce an irreversible tolerance to the
antigen. Excessively large concentrations paralyze the antigen-
presenting cells. Only optimal concentrations on the bell-
shaped curve generate an immune response.

Route of Administration

The magnitude and the nature of the immune response are
determined by the route of administration. Subcutaneous or
intramuscular administration stimulates the systemic immune
system and protects the host from dying of the disease. Slow
release of the antigen from the subcutaneous depot stimulates
the immune system maximally. When the antigen is adminis-
tered by the mucosal route, the host is protected from infection
and mortality from the infection. Oral administration is less
effective because of rapid clearance of the antigen from the circu-
lation or inactivation of the antigen by gastric fluids.

EPITOPES

The molecular fragment of an antigen that interacts with effec-
tor cells or antibodies is called an epitope, or antigenic deter-
minant. Proteins are usually large, complex structures that
have multiple and different epitopes. One epitope, however, is
dominant in the elicitation of an immune response.

Epitopes are either linear or conformational. Proteins have
both linear and conformational epitopes. Linear epitopes
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comprise six to eight contiguous amino acids in the primary
amino acid sequence of a polypeptide (Figure 3-1). Lympho-
cyte receptors or antibodies recognize linear epitopes in the
native, fragmented, or extended conformations of the poly-
peptide. In contrast, conformational epitopes are created
when protein segments are folded into a tertiary structure. The
immune system recognizes the native conformational epitopes
or the isolated fragments that retain the appropriate confor-
mational tertiary structure.

T CELL AND B CELL RECOGNITION
OF EPITOPES

Linear epitopes are recognized by T cells. Often, these epitopes
are internal hydrophobic amino acid sequences processed by
macrophages and presented to T cells in the context of human
leukocyte antigen (HLA) class I and class IT molecules. Pro-
cessed epitopes containing 7 to 17 amino acids are presented
to T lymphocytes by antigen-presenting cells. B cell epitopes
from globular proteins, which range from 5 to 30 amino acids,
are usually conformational. The length and flexibility of the
epitope ensures high-affinity bonding to B cell receptors or
circulating antibodies.

TYPES OF ANTIGENS

White Blood Cell Alloantigens

White blood cells express alloantigens, which are part of the
body’s self-recognition system. Alloantigens are found in some,
but not all, members of a species. In mice, the genes for white
cell alloantigens are localized in the MHC on chromosome 17.
Humans have a similar locus called the human leukocyte antigen
(HLA) complex located on chromosome 6. These glycoproteins
are subdivided into class I and class II antigens. These antigens
are involved in the presentation of antigen (see Chapter 4), the
rejection or acceptance of grafts (see Chapter 17) between mem-
bers of the same species (e.g., allografts), or both. Class I HLA
antigens are constitutive and are expressed on all nucleated cells.
Class II antigens are inducible and are only expressed on mac-
rophages and monocytes. Multi-parous women and transplant
recipients often develop antibodies directed at alloantigens.

Transfusion-Related Acute Lung Injury
Transfusion-related acute lung injury (TRALI) is caused by the
transfusion of blood products containing anti-HLA antibod-
ies. The antibodies react with HLA molecules on circulating
neutrophils, which pool in the lung capillaries and move into
extravascular spaces. Antibody-coated neutrophils release free
oxygen radicals, enzymes, and arachidonic acid metabolites,
which damage the alveolar epithelium. Leakage of fluid into
alveoli from capillaries causes pulmonary edema. Patients
present with shortness of breath, hypoxia, and fever.

Red Blood Cell Antigens

The best-studied antigens in humans are found on red blood
cells. Red blood cell antigens are water-soluble glycopeptides
consisting of heterosaccharides attached by a glycosidic link-
age at the reducing ends. The common core structure con-
sists of a galactose and N-acetyl glucosamine attached to a
glycoprotein core and is called the H-antigen. Most individu-
als have a fucosyltransferase enzyme that attaches a fucose to
the terminal end of the H antigen. Two variants of a glycos-
yltransferase enzyme add additional sugars to the H antigen.
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The nature of antigenic determinants. Antigenic determinants (shown in orange, red, and blue) may
depend on protein folding (conformation) as well as on primary structure. Some determinants are acces-
sible in native proteins and are lost on denaturation (A), whereas others are exposed only on protein
unfolding (B). Neodeterminants arise from postsynthetic modifications such as peptide bond cleavage
(C). [From Abbas AK, lichtman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition],

Philadelphia, 2010, Saunders.)

The type A antigen is created when N-acetylgalactosamine is
added to the terminal galactose. When an additional galac-
tose is added to the terminal sugar, it produces a type B red
cell antigen. In individuals who are heterozygous for blood
group antigens, a galactosamine and N-acetylglucosamine are
added to the core H antigen, which creates the AB blood type
(Figure 3-2).

Using the ABO isoantigens, it is possible to classify red blood
cell types into populations of universal donors or universal recip-
ients. Since the O type contains an epitope that is common to all
red blood cells (H antigen) and is non-immunogenic, individu-
als are universal donors. Conversely, persons with type AB blood
are considered universal recipients because they express both A
and B antigens. When transfused with type O, A, or B blood,
persons with type AB blood do not mount an immune response
because neither the A antigen nor the B antigen is foreign.

Antibodies directed at non-self blood group antigens are
often present in serum. These natural antibodies are formed
because A and B antigens are found in a wide variety of unre-
lated plant and animal tissues. Ingestion of these heterologous
antigens stimulates the production of antibodies directed at
non-self red cell antigens. For example, antibodies directed at
blood group A are present in the serum of people with type
B red blood cells. Conversely, persons with blood group A
have anti-B antibodies in the serum. Antibodies directed at

ABO blood group antigens can also be generated as a con-
sequence of previous pregnancies, transfusions, or organ
transplantations.

Hemolytic Transfusion Reactions

Hemolytic transfusion reactions occur when a patient receives
red blood cells with major or minor antigens to which they
have antibodies. An ABO mismatch typically occurs when
a patient with group O blood type is transfused with group
A, B, or AB blood cells. Antibodies in the recipient’s blood
react with red cell isoantigens and activate complement that
lyses the recipient’s red blood cells. As a result, hemoglobin
is found in blood and urine, and microthrombi are formed.
These small thrombi localize in the capillaries of the hands and
feet. Obstruction of blood flow in the capillaries causes tissue
necrosis and gangrene. Renal failure and cardiovascular col-
lapse are other dangerous sequelae in these patients.

Treatment of Hemolytic Transfusion Reactions

Patients undergoing hemolytic transfusion reactions may
experience mild or severe reactions. Mild symptoms include
rashes, fever, and back pain. Acute kidney failure is a significant
and severe problem in some patients. Treatment is directed at
reducing the mild symptoms, increasing renal blood flow, and
preserving urinary output (Table 3-1).
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Blood ABO phenotypes.

ICIEREAE Agents Used to Treat Patients
Experiencing Mild or Severe Hemolytic

Transfusion Reactions

Agent Reaction

Furosemide Increases renal blood flow and pre-
serves urinary output

Epinephrine Increases bronchodilatation and

peripheral vascular resistance
Decreases the histamine response in

nerve endings and blood vessels
Decreases inflammation

Antihistamines

Methylprednisolone

Rhesus Factor Isoantigens

Rhesus factor (Rh or RhD), or Rhesus antigen, is another isoanti-
gen found on red blood cells. The name is derived from the fact
that the blood antigen was first described in the Rhesus mon-
key. Rh antigens are nonglycosylated, hydrophobic cell mem-
brane antigens expressed in 85% of the human population (Rh
positive, or Rh+). Individuals with alterations or a deletion of
the Rh protein are considered Rh negative (Rh-). If individuals
with Rh- blood are exposed to Rh+ antigens, a vigorous anti-
body response is evoked. An Rh mismatch during transfusion
causes a unique extravascular hemolytic anemia. Antibodies
directed at the Rh factor do not activate complement. Hence,
no intravascular hemolysis occurs. Rather, red cells are coated
with antibody and removed by splenic macrophages.

Rh antigens play a significant role in transfusion reactions;
however, Rh compatibility takes on an even more significant
and crucial role in pregnancy. Serious problems arise when
the Rh- mother is exposed to Rh+ cells. Exposure can occur
as a consequence of normal delivery, trauma, or blood trans-
fusions. Within 30 days of exposure, the mother will develop

anti-Rh antibodies. However, these large (900,000 MW) IgM
antibodies cannot cross the placenta. Therefore, the first child
will be unaffected. If the mother is exposed to Rh T cells dur-
ing a second pregnancy, small (150,000 MW) IgG antibod-
ies are produced. These antibodies can cross the placenta and
attack the fetal red blood cells, causing an autoimmune hemo-
lytic anemia, called erythroblastosis fetalis, with severe con-
sequences. The lysis of red cells liberates hemoglobin, which
is converted to bilirubin. Accumulation of bilirubin damages
the central nervous system, and the infants develop hypoto-
nia, hearing loss, and intellectual disabilities.

Severe forms of erythroblastosis fetalis are characterized by
cardiac failure, pericardial effusions, and edema (hydrops fetalis).

Treatment of Rh Incompatibility

Pooled human anti-D immune globulin (Rh IgG or RhoGAM)
treatment is indicated at 28 weeks and within 72 hours after
delivery if the baby is Rh+. It is also indicated following spon-
taneous or induced termination and any event that could lead
to transplacental hemorrhage. A single dose (50 micrograms
[ngl), which is administered following first-trimester preg-
nancy termination, is enough to neutralize 2.5 mL of fetal
blood. A 300-pg dose, which can neutralize 15 mL of fetal
blood, is administered for all other indications. When properly
administered, the incidence of adverse effects is less than 0.5%.

EXOGENOUS AND ENDOGENOUS
ANTIGENS

Exogenous Antigens

Exogenous antigens enter the body via the oral, respiratory,
and parenteral routes. In general, exogenous antigens are
immunogenic structures expressed on extracellular bacteria,
fungi, viruses, and pollens. Exogenous antigens are ingested
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Hapten conjugation to ovalbumin.

by macrophages, and epitopes are presented in the context
of class II molecules to Th2 cells. In some cases, exogenous
antigens may be secretory products of bacteria or liberated
on the death of the bacterium. For example, secreted protein
exotoxins are both immunogenic and toxic to mammalian tis-
sue. Lipopolysaccharide endotoxins are an integral part of the
gram-negative cell wall and are released into the circulation
following bacterial death.

Endogenous Antigens

Endogenous antigens are generated by cells infected by viruses,
intracellular parasites, or tumor cells. These antigens are pro-
duced internally, processed in the cytosol, and loaded onto
HLA class I molecules for presentation to CD8 cells. Antigen-
specific CD8 cells then destroy the tumor cells.

Autoantigens

Autoantigens are the result of mutation, neoantigen formation,
or exposure of previously hidden self-antigens. Genes produc-
ing self-proteins can mutate and create a new immunogenic
protein called neoantigen. Viral infections and drugs can cre-
ate neoantigens that stimulate an immune response. In some
cases, auto-reactive proteins found in organs that develop late
in gestation (e.g., eyes, testes) are not present when lympho-
cytes undergo positive and negative selection in the thymus.
Therefore, auto-reactive T cells are not selected for destruc-
tion in the thymus and enter peripheral blood. Under normal
circumstances, autoantigens are protected from the immune
system by anatomic barriers (e.g., testes), a lack of blood ves-
sels, or cellular structures that force immunocompetent cells to
undergo apoptosis (e.g., eyes). Trauma or infection can expose
autoantigens, and the resulting immune response damages the
tissue.

HAPTENS

Haptens are small-molecular-weight compounds that evoke
an immune response only when they are attached to carrier
proteins. In vivo, haptens readily bind to serum proteins such
as albumin. The combined molecular weights of albumin and
the hapten need to exceed 3000 MW to stimulate the immune
system. The immune response is directed at both the hapten
and the carrier protein. The carrier protein has a different and
unique antigenic structure after binding to the hapten.

The concept of haptens was introduced by Landsteiner.
Subsequently, experiments with murine models demonstrated
that immunization with m-aminobenzene sulfonate failed to
elicit an immune response (Figure 3-3).

However, a vigorous antibody response was observed when
m-aminobenzene sulfonate was linked to carrier protein (oval-
bumin). Antibodies were directed to both the aminobenzene
and the carrier protein. The phenomenon was termed haptenic
response, from the Greek haptein, which means “to fasten”

Pharmaceuticals as Haptens

Most pharmaceuticals and antibiotics are small (at or less
than 3000 MW) compounds. The native drug or metabolites
are often haptens that bind to serum proteins or molecules
expressed on cells and elicit either an antibody response or a
cellular response. An immune response to the hapten carrier
complex can result in skin eruptions, asthma, anaphylaxis, and
autoimmune reactions. Antibiotics and anesthetics are com-
mon biologically active haptens.

Antibiotics as Haptens

Penicillin is the leading cause of immunologically mediated
adverse health effects. Approximately 2% of patients receiving
penicillin therapy develop urticaria, asthma, or angioedema.
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Anaphylaxis, which is a serious and often fatal reaction to
penicillin, results in 500 to 1000 deaths each year in the United
States. Penicillin is composed of an acyl side chain linked to a
p-lactam ring combined with a thiazolidine ring. Natural peni-
cillin (PenG), penicillinase-resistant penicillin (methicillin),
extended-spectrum penicillin (amoxicillin), and broad-spec-
trum penicillin (carbenicillin) all have the same core (3-lactam
ring, which is essential for antimicrobial activity. Bacteria
secrete a [3-lactamase that breaks the lactam ring, rendering the
antibiotic ineffective and creating highly charged metabolites
(Figure 3-4). The major antigenic determinant (90%-95% of the
breakdown products) is a benzylpenicilloyl derivative (BPO).

Minor metabolites include parental penicillin, penicilloate,
and penicilloylamine. Major and minor metabolites combine
with proteins to become immunogenic.

Cephalosporins have a structure that is similar to penicillin
and are reactive haptens. For reasons that are unclear, third
(ceftriaxone) and fourth (cefepime) generations of cephalospo-
rins are more involved in immunologically mediated adverse
health effects. The haptenic determinants of cephalosporin are

g S—

not fully delineated. It has been suggested that serologic reac-
tivity is directed at both the acyl side chains and the -lactam
ring linked to the carriers.

Anesthetics as Haptens

Exposure to halothane may also induce an autoimmune reac-
tion. Introduced in 1951 as a potent, nonflammable anes-
thetic agent, halothane is metabolized in oxidative pathways
to trifluoroacetyl chloride (TFAC). In a subsequent chemical
reaction, TFAC acetylates liver proteins to form a neoantigen.
An immune response to the neoantigen causes halothane
hepatitis. Inflammation of the liver abates when the drug is
discontinued.

Pharmaceuticals and Neoantigens

Highly reactive haptens readily bind to red blood cell mem-
branes to create immunogenic neoantigens (Box 3-1). For
example, methyldopa binds to red blood cell membrane, thus
creating a neoantigen. A hemolytic anemia results when anti-
bodies react with the neoantigen and lyse the red cells.
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Penicillin haptenic metabolites. The conjugation of penicilloyl derivatives to protein via an amide linkage

is shown in the lower left.



BOX 3-1
Drugs or Their Metabolites That React with Red

Blood Cells or Serum Proteins

Drugs Reacting with Red Blood cells

Diclofenac
lbuprofen
Levodopa
Mefenamic acid
Methyldopa
Procainamide

Drugs Reacting with Serum Proteins

Penicillins
Cephalosporins
Tetracycline
Tolbutamide

Haptens and Cell-Mediated Reactions
Some responses to pharmaceuticals are mediated by inflam-
matory cells rather than by antibodies. Skin lesions, which are
characterized by redness, induration, or blistering, occur 24 to
48 hours after exposure and are mediated by CD4Th1 cells and
inflammatory macrophages. Inflammatory responses in the
liver and kidney have also been reported. Clinical symptoms
may persist after discontinuation of the drug.

Delayed hypersensitivity reactions in the skin or cuta-
neous drug reactions (CDRs) occur following systemic
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administration of a wide variety of drugs. Antimicrobial
agents (sulfonamides), anticonvulsants (carbamazepine),
anesthetics (lidocaine), anti-psychotics (clozapine), cardio-
vascular agents (procainamide, hydrazaline) and nonsteroidal
anti-inflammatory drugs (diclofenac) are metabolized by the
liver with the creation of reactive haptens, which bind to skin
cells. An inflammatory response in the skin is characterized by
widespread rashes and eruptions. Reactions in the skin usually
occur 7 to 10 days after drug administration.

SUMMARY

o The adaptive immune response is affected by changing and
evolving microbial immunogens rather than by the highly
conserved molecules recognized by the innate response.

o Immunogens are large-molecular-weight molecules that
have defined structural and biologic characteristics.

o Haptens are small-molecular-weight compounds that
require protein binding to stimulate an immune response.

« Immunogens can be molecules expressed on cells, bacterial
proteins and lipopolysaccharides, viral and fungal proteins,
and tumor cells.
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ASSESSMENT QUESTIONS

1. Which of the following is not a characteristic of an 6. Which of the following are characteristics of a hapten?

immunogen?

A. Foreignness

B. Tertiary structure

C. Molecular weight less than 3000
D. Degradability

. Which of the following describes an epitope?
I.  Isafragment of an immunogen

II. Reacts with effector cells or antibodies
III. Isa part of the T cell receptor (TCR)

I

111

Iand II

. ITand III

I, I, and III

mOOwpe

. On which of the following do linear epitopes usually react
with receptors?

A. Bcells

B. T cells

C. Dendritic cells

D. Macrophages

. Which of the following describes alloantigens?

I.  Are present on white blood cells

II. Are present on cells from some but not all members
of a species

III. Are part of the body’s self-recognition system

I

III

Iand II

. II'and III

L I, and III

I NONQ R s

. Which of the following usually precipitates transfusion-

related acute lung injury (TRALI)?

A. Presence of antibodies to isoantigens on red blood cells

B. Presence of antibodies to alloantigens on white blood
cells

C. Presence of antibodies to Rh+ red blood cells

D. Extravascular destruction of red blood cells

I. Has a molecular weight of less than 3000
II. Does not evoke an immune response

[II. Cannot bind to serum proteins

I

III

Iand II

I and III

I, II, and III

MO0 w

. Which of the following is the major haptenic metabolite of

penicillin?

A. Penicillin

B. Penicilloylamine

C. Penicillioate

D. Benzylpenicilloyl derivatives

. Which of the following is the reason for proteins being

excellent immunogens?

I.  Arigid tertiary structure
II. Multiple epitopes

III. A linear repeating epitope
I

I

Iand II

I and III

L, II, and IIT

MO0 w

. Which of the following causes an antibody-mediated

hemolytic anemia?
A. Methyldopa
B. Procainamide
C. Lidocaine

D. Hydralazine



LEARNING OBJECTIVES

o Differentiate between major histocompatibility complex
(MHC) and human leukocyte antigen (HLA) glycoproteins

o Explain the functions of HLAs

o Identify the major class I loci

o Identify the major class II loci

o Compare and contrast the structures of class I and II
molecules

o Discuss the relationships between class I and class II mol-
ecules and CD4 and CD8 cells

o Identify the genes located in HLA class III loci

o Compare and contrast antigens binding to class I and class
IT molecules

o Define haplotype

o Understand the value of heterozygosity in species survival

« Explain how recombinant HLA molecules are generated

o Understand the value of allelic polymorphism in species
survival

o Define a single nucleotide polymorphism (SNP)

o Restate the structural features of CD1 molecules

» Recognize the biologic function of CD1 molecules

o Define bare lymphocyte syndrome

o Explain the molecular defects associated with bare lympho-
cyte syndrome

KEY TERMS

Human leukocyte antigen (HLA) complex
Class I region

Class II region

Class III region

Haplotype

Heterozygosity

Allelic polymorphism

Single nucleotide polymorphism

INTRODUCTION

The immune system defends the host against microbial infec-
tions and mutant cells. In defense of the host, the immune
system must differentiate between foreign proteins and
“self-proteins.” Surface display proteins are used as markers
of “self” Early animal skin transplantation studies demon-
strated that rejection or acceptance of grafts was dependent
on “self” markers mapped to a gene cluster on chromosome
17. This gene cluster was called the major histocompatibility

complex (MHC). In humans, the MHC is called the human leu-
kocyte antigen (HLA) complex. The term is derived from the
use of white blood cell alloantigens in tissue typing of donors
and recipients prior to organ transplantation. Although HLAs
are important in transfusion reactions, organ transplanta-
tion, and autoimmunity, their most important role is antigen
presentation to T cells. In this role, HLA molecules control
susceptibility or resistance to infection, the generation of auto-
immune responses, and antibody-mediated and cell-mediated
responses.

THE HUMAN LEUKOCYTE ANTIGEN
COMPLEX

The HLA complex is a gene cluster containing 128 functional
genes and 96 partial genes or gene fragments called pseudo-
genes. Most gene products are expressed on nucleated cells
in the body, but some are secreted proteins that augment an
inflammatory response. On the basis of gene product struc-
ture and function, the HLA gene complex is subdivided
into class I, II, and III regions. The function of pseudogenes
is unclear, but evidence suggests that pseudogenes are cod-
ing sequences that contribute to the genetic diversity of HLA
molecules. A map of the human MHC or HLA complex is
shown in Figure 4-1.

Class | Region

The class I region is subdivided into three major loci, termed
HLA-A, HLA-B, and HLA-C, and minor loci consisting of
HLA-G, HLA-E, HLA-F, HLA-H, and HLA-] and MHC class I
chain-related genes (MIC). The major class I loci (A, B, and C)
present antigens to CD8 T cells.

Minor loci have various immunologic functions. HLA-E
interacts with CD94 and NKG2 receptors on natural killer
(NK) cells to augment or inhibit NK cell function. HLA-F has
an unknown function. HLA-G presents a broad range of self-
polypeptides with similar molecular structure and is found
in high concentrations on the surface of extravillous cytotro-
phoblast and the placenta. The role of HLA-G in pregnancy is
unclear, but it may shift immune responses from Th1 to Th2.
The functions of HLA-H and J are unclear.

The MIC family represents a nonclassic HLA gene com-
plex. Gene products are expressed as a stress response to virus
infection or cellular damage in the intestine and synovia. Their
structure resembles a class I molecule, but MIC gene products
cannot present antigens. Expression of MIC marks the cell for
destruction by CD8 and NK cells.
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Map of the human leukocyte antigen complex (HLA). This map is simplified to exclude many genes that
are of unknown function. HLAE, HLA-F, HLA-G, and the MIC genes are class I-like molecules, many of
whose products are recognized by natural killer (NK) cells; C4, C2, and factor B genes encode comple-
ment proteins; tapasin, HLA-DM, HLA-DO, transporter-associated antigen processing (TAP), and protea-
some encode proteins involved in antigen processing; lymphotoxin A (LTA), lymphotoxin B (LTB) and tumor
necrosis factor (TNF) encode cytokines. Many pseudogenes and genes whose roles in immune responses
are not established are located in the HLA complex but are not shown. (From Abbas AK, Lichtman AH, Pillai
S: Cellular and molecular immunology, ed ¢ [updated edition], Philadelphia, 2010, Saunders. )

STRUCTURE OF CLASS | MOLECULES

Class I molecules comprise a single glycosylated a-chain
(394 amino acids), which is noncovalently bound to f,-
microglobulin (94 amino acids). The class I protein consists
of two intracellular and three extracellular domains. The two
intracellular domains attach the molecules to the cell mem-
brane and extend into the cytoplasm. The three extracellular
domains—designated o, a,, and a;—are each composed of
90 amino acids. The a,;- and a,- domains have unique helical
structures that form an antigen-binding cleft used to present
antigens to T cells (Figure 4-2).

Peptides are tethered to the ends of the binding groove usu-
ally at positions 2 and 9. Thus, the binding cleft accommodates
only small peptides containing 8 to 12 amino acids. Flexing of
unbound peptides and side chains within the binding cleft cre-
ates a three-dimensional epitope structure that is recognized
by T cells. The a;-domain stabilizes the interaction between
class I molecules and the lymphocyte T cell receptor.

Class Il Region

Class II gene products are induced and expressed on mono-
cytes, macrophages, dendritic cells, and B cells. Within the
class II region are three loci (DP, DR, and DQ) involved in

antigen presentation. Class II molecules present antigens to
CD4Th1 and CD4Th2 cells. Other genes in the class II region
code for proteins that are important in antigen processing.

STRUCTURE OF CLASS Il MOLECULES

The class II region has three major loci (DP, DQ, and DR). Class
IT molecules consist of heavily glycosylated a- and p-chains.
Although both chains have similar structure, the a-chain is
larger (30-34 kiloDaltons [kDa]) compared with the §-chain
(26-29 kDa). An antigen-binding cleft comprises the a,- and
f;-domains (Figure 4-3). The peptide binding to the class II
molecule occurs in the middle of the binding cleft at positions
1, 4, 6, and 9. Peptides are bound in a manner analogous to a
long pipe being held in a centrally located vise. Peptides are
held in place by hydrogen bonding and van der Waals forces.
All class IT antigens bind at the same anchor positions. How-
ever, they are much larger than class I antigens (10-30 amino
acids) and protrude from either end of the cleft.

Class Ill Region

The class III region has 62 genes, which have diverse func-
tions. Most class III gene products are not membrane pro-
teins but are secreted into the environment. Products include
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Structure of a class | MHC or HLA molecule. The schematic diagram
illustrates the different regions of the HLA molecule (not drawn fo scale).
Class | molecules are composed of a polymorphic a-chain noncovalently
attached to the nonpolymorphic Bo-microglobulin (Bom). The a-chain is
glycosylated; carbohydrate residues are not shown. (From Abbas AK,
Lichtman AH, Pillai S: Cellular and molecular immunology, ed ¢ [updated
edition], Philadelphia, 2010, Saunders. Courtesy of Dr. P. Bjorkman, Cali-
fornia Institute of Technology, Pasadena, Calif.)

three complement components and the tumor necrosis
factor (TNF).

INHERITANCE OF HUMAN LEUKOCYTE
ANTIGENS

A set of HLAs (HLA A, B, C, DP, DQ, and DR) on the same
chromosome is called a haplotype. The genotype of each indi-
vidual consists of two haplotypes. One set of HLA genes (N=6)
is inherited from the father, and the other haplotype (N=6)
is inherited from the mother. Both haplotypes are co-domi-
nant and expressed on cells. HLA genes usually are inherited
in blocks as haplotypes. Occasionally, deoxyribonucleic acid
(DNA) segments are exchanged in a process called gene con-
version. During meiosis, two homologous chromosomes with
multiple genes arranged in tandem are misaligned. Crossing
over of parental haplotypes and DNA recombination allows
individual genes or parts of genes to transfer from one chro-
mosome to another without any loss of function. Exchange of
DNA causes multiple amino acid changes in the original gene
and the formation of a recombinant HLA molecule.

HETEROZYGOSITY

The inheritance of duplicate genes at the same locus may be
the result of a population balancing selection process, which,
in theory, provides a survival advantage to heterozygotes.
All HLA molecules can present antigens to T cells, but each
HLA molecule binds a different range of antigens. In effect,
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Structure of a class I MHC or HLA molecule. The schematic diagram illus-
trates the different regions of the HLA molecule (not drawn fo scale). Class I
molecules are composed of a polymorphic a-chain noncovalently attached
to a polymorphic p-chain. Both chains are glycosylated; carbohydrate resi-
dues are not shown. (From Abbas AK, lichtman AH, Pillai S: Cellular and
molecular immunclogy, ed 6 [updated edition], Philadelphia, 2010, Saunders.
Courtesy of Dr. P. Bjorkman, California Institute of Technology, Pasadena, Calif.)

the inheritance of paternal and maternal haplotypes doubles
the antigen-presenting capability of the host and increases the
probability that most individuals within a species will be het-
erozygotes. Heterozygotes at an HLA locus are more resistant
to disease than are homozygotes because they have a more
varied repertoire of antigen-presenting HLA molecules.

ALLELIC POLYMORPHISM

Additional genetic diversity critical to the disease resistance
is provided by allelic and single nucleotide polymorphisms
(SNPs). When several alternate forms of the same gene are
present, the gene is termed polymorphic. Each variant of a
polymorphic gene is called an allele. Over 3000 different alleles
are present within the HLA complex. Two thousand polymor-
phic alleles have been reported in class I loci alone. Over 900
different alleles also are found in class II DR, DQ, and DP loci.
Nonclassic, minor loci such as HLA-E, HLA-G, HLA-H, and
HLA-J are less polymorphic compared with antigen-present-
ing loci and have restricted tissue distribution. The different
alleles present in major loci are shown in Table 4-1. SNPs are
single base pair changes in genes coding for each HLA allele. In
effect, SNPs create additional alternative forms of each allele.
Allelic polymorphism and SNPs are associated with nonsyn-
chronous amino acid substitutions in the a-helical sides of the
binding cleft or alterations in the peptide anchoring f3-strands
forming the floor of the cleft. A change in the binding cleft
alters the pattern of antigens binding to the allele (Figure 4-4).
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1Y RN HLA Allelic Polymorphism

Class I Loci No. of Alleles Class Il Loci

No. of Alleles

HLA-A 649 HLA-DR 643
HLA-B 1029 HLA-DQ 125
HLA-C 350 HLA-DP 154
HLA-E 9
HLAF 21
HLA-G 31

HLA, human leukocyte anfigen.
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Figure 4-4

Polymorphic residues of human HLA molecules. The polymorphic resi-
dues of class | and class Il HLA molecules (shown as red circles) are
located in the peptide-binding clefts and the a-helices around the clefts.
In the class Il molecule shown (HLADR), essentially all the polymor-
phism is in the f-chain. (From Abbas AK, Llichtman AH, Pillai S: Cellular
and molecular immunology, ed 6 [updated edition], Philadelphia, 2010,
Saunders. Courtesy of Dr. J. McCluskey, University of Melboumne, Parkville,
Awustralia.)
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Allelic polymorphism is a response to the constant and
continuing evolution of microbes and is essential to the sur-
vival of the species. Within an HLA locus, the presence of
different alleles presenting a wide range of antigens from the
same microbe ensures that some members of a species will
survive the microbial infection. In addition, allelic polymor-
phism protects some members of a species when a microbe
inadvertently expresses a specific HLA allele. Microbes that
express an HLA allele would be considered “self” and evade
immune detection. As a consequence of infection, signifi-
cant population mortality may occur among individuals
carrying the allele. However, individuals expressing other
HLA polymorphic alleles within the same loci would be
unaffected.

HUMAN LEUCOCYTE ANTIGEN SINGLE
ngCLESOTIDE POLYMORPHISMS AND
DISEASE

The HLA molecule’s ability or inability to present antigens to
T cells determines an individual’s resistance or susceptibility
to microbial infections. For example, self-limiting hepatitis
B is associated with the expression of HLA-DR13. Individu-
als homozygous for DR13 have more efficient presentation
of hepatitis antigens, a strong vigorous CD4 response, and
accelerated viral clearance. Chronic hepatitis B infections
develop in individuals expressing other HLA DR molecules.
HLA alleles also control susceptibility to infections. The
strongest relationship between HLA and disease is found
in HLA alleles containing SNPs. For example, individu-
als expressing (DRB1*1501) molecules have a high risk for
developing pulmonary tuberculosis. It is assumed that these
class IT molecules cannot present mycobacterium antigens to
CD4Thl cells.

ANTIGEN-PRESENTING MOLECULES
OUTSIDE THE HUMAN LEUCOCYTE
ANTIGEN COMPLEX

The CD1 family of genes is involved in antigen presentation.
Unlike HLA molecules, they are encoded by a gene cluster
on chromosome 1. The configuration of the CD1 molecule is
similar to a class I protein with respect to subunit organiza-
tion and the presence of B,-microglobulin. CD1 molecules
present highly conserved glycolipids to CD4Thl1 cells. Gly-
colipids include mycolic acid, glucose monomycolate, phos-
phoinositol mannosides, and lipoarabinomannan derived
from the Mycobacterium species that cause tuberculosis and
leprosy.

Two families of CD1 molecules exist: (1) Group I consists
of CD1a, CD1b, and CDlc. (2) CD1d is the only member of
group II (Table 4-2). CD1a is expressed on thymocytes, den-
dritic cells, and Langerhans cells. CD1b is expressed on mono-
cytes and macrophages. CD1c is found on circulating B cells,
the splenic mantle zone, and tonsillar B cells. Monocytes, mac-
rophages, dendritic cells, B cells, and some nonlymphoid cells
express CD1d.

It is unclear whether the five members of the CD1 family
present the same antigens or different antigens. It is conceiv-
able that each represents a redundant system for the identifi-
cation of conserved molecules. Some evidence suggests that
group I CD1 is promiscuous and presents an overlapping set
of glycopeptides. Other CD1 molecules may have individual
binding properties.
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1Y YR Tissue Distribution of Group | CD1 Molecules
CD1 Family Member

Tissue Distribution

CDla Thymocytes, dendritic cells, Langer-
hans cells

CD1b Macrophages

CDlc Circulating B cells, splenic mantle
zone and tonsillar B cells

CD1d Monocytes, macrophages, den-

dritic cells, B cells

- B Therapeutic Agents Indicated for Suspected
Viral or Microbial Infections in Children
with Bare Lymphocyte Syndrome

Agent Infection

Herpes simplex, cytomegalovirus,
varicella zoster

Mucosal Candida albicans

Invasive Candida albicans and
Aspergillus

Aspergillus

Acyclovir

Fluconazole
Amphotericin B

ltraconazole

ANTIGEN-PRESENTING MOLECULES AND
IMMUNODEFICIENCY

Bare Lymphocyte Syndrome

The bare lymphocyte syndrome (BLS) is a form of severe
combined immunodeficiency (SCID). In this syndrome, indi-
viduals lack class II molecules on the surface of B cells and
monocytes. Class IT molecules are not produced because of
mutations in the consensus sequences of gene promoters that
regulate HLA class II structural genes. Mutations prevent the
docking of regulator factor X (RFX) and class II transactivator
(CIIT) with the promoter genes. CIIT regulates the expression
of the class II molecule.

Children with BLS have repeated infections with Candida
albicans or Pneumocystis jiroveci. Common childhood viral
infections with respiratory syncytial virus (RSV) or cytomega-
lovirus (CMV) are invariably fatal.

Treatment of Bare Lymphocyte Syndrome

Without hematopoietic stem cell transplantation, infants with
this syndrome die within the first year of life. Aggressive anti-
biotic therapy is indicated for suspected microbial and viral

infections. Agents used in the treatment of BLS are shown in
Table 4-3.

CHAPTER 4 ANTIGEN-PRESENTING MOLECULES

SUMMARY

o The human leukocyte antigen (HLA) complex on chromo-
some 6 has three regions that code for antigen-presenting
molecules.

o Three major class I and class II loci are present within the
coding regions.

» Major loci within the class I region produce glycoproteins
that present antigens to CD8 cells.

» Major loci within the class II region produce glycoproteins
that present antigens to CD4 cells.

 Regions outside the HLA complex code for molecules that
present highly conserved molecules.

o Each individual has two sets of HLA molecules. One is
inherited from the mother and the other from the father.

o Heterozygosity, allelic polymorphism, and single nucleo-
peptide polymorphisms (SNPs) ensure that some members
of the species will survive microbial infections.
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ASSESSMENT QUESTIONS

1. In which of the following are HLAs involved?

I. Antigen presentation
II. Transplantation

III. Autoimmunity

I

111

Iand II

IT and ITI

L, II, and IIT

moOw»>

. Which of the following is a dual-chain class IT molecule?
A. MIC

B. HLA-A

C. HLA-DR

D. HLA-C

. HLA class I molecules present antigen to:
A. CD8 cells

B. CDA4Th1 cells

C. CD4Th2 cells

D. Bcells

. HLA class II molecules can bind longer antigenic epitopes

because:

A. Antigens bind at the ends of the binding groove

B. Antigens bind in the middle of the binding groove

C. Antigens bind in both the middle and ends of the bind-
ing groove

D. Antigens bind to f$,-microglobulin

. By definition, allelic polymorphism is:

I.  Alocus within the HLA complex

II. Different forms of a gene within a loci
III. SNPs within a polymorphic allele

I

III

Iand II

IT and ITI

I, I1, and IIT

moOw»>

6. Which of the following is an immunologically important

gene cluster located outside the HLA complex on chromo-
some 67

A. MIC

B. CD1

C. BLS

D. Class1I

. A set of HLA genes on the same chromosome is called a:

A. Haplotype
B. Genotype
C. Heterozygote
D. Cross-over

. A class II molecule consists of:

I. A single glycoprotein chain

II. A single glycoprotein chain plus a §,-microglobulin
molecule

ITI. Two glycoprotein chains

I

I

Iand II

IT and III

L I, and III

OO ®

. A DNA base pair change in a gene within the HLA complex

is called a:

A. Single nucleotide polymorphism
B. Haplotype

C. Genotype

D. Gene conversion



LEARNING OBJECTIVES

« Differentiate between professional and amateur antigen-
presenting cells

o Compare and contrast monocytes and macrophages

o Recognize dendritic cell subpopulations

o Compare and contrast the roles of follicular dendritic cells
and interdigitating dendritic cells in antigen presentation

« Explain the roles of plasmacytoid dendritic cells in innate
immunity and adaptive immunity

o Recognize the differences between a phagosome and an
endosome

o Explain the roles of the invariant chain protein in antigen
presentation

o Define class II-associated invariant chain peptide (CLIP)

« Recognize the biological roles of HLA-DM and HLA-DO in
antigen presentation

o Identify the differences between phagocytosis and receptor-
mediated endocytosis

« Discuss the concept of dendritic cell cross-priming and its
usefulness in developing cancer vaccines

KEY TERMS

Class II-associated invariant chain peptide (CLIP)
Cross-priming

Dendritic cell

Endosome

Follicular dendritic cell
Iccosomes

Interstitial dendritic cell
Invariant chain

Langerhans cell

Macrophage

Monocyte

Phagosome

Plasmacytoid dendritic cell
Receptor-mediated endocytosis

INTRODUCTION

The previous chapter discussed molecules that present anti-
gens to T cells. Prior to loading class I and II molecules with
antigens, large-molecular-weight proteins must be degraded
to a length of 8 to 30 amino acids. This chapter discusses the
cells involved in antigen recognition and the processing of

exogenous antigens. The processing of endogenous antigens is
discussed later in Chapter 18.

To generate the small peptides, inhaled, ingested, or
injected antigens are internalized by specialized antigen-
presenting cells (APCs) and processed in an endocytic pathway.

APCs can be divided into “professional” and “amateur”
subsets. Professional APCs such as monocytes, macrophages,
dendritic cells, and B cells are fully committed to antigen pre-
sentation as an integral part of their function in the generation
of the immune response. Other cells such as endothelial cells,
fibroblasts, glial cells, pancreatic - cells, keratinocytes, and
thyroid cells present antigens only under select conditions.
These cells are considered “amateur” APCs.

PROFESSIONAL ANTIGEN-PRESENTING
CELLS

Monocytes and Macrophages

Monocytes and macrophages are responsible for the diges-
tion of foreign material and for the presentation of antigenic
epitopes to immunocompetent cells. Monocytes circulate in
the blood, whereas macrophages are found in most tissues, for
example, the brain (microglia), bone (osteoclasts), and con-
nective tissue (histiocytes). Kupffer cells in the liver are the
largest concentration of macrophages in the body.

Macrophages participate in both innate and adaptive
immune responses. As part of innate immunity, macrophages
are activated by antigens that are bound to PAMP, Toll-like,
scavenger, and mannose receptors. In an adaptive response,
antigens are recognized using receptors for intermediary mol-
ecules, such as antibody and complement fragments.

Dendritic Cells

In 1973, Steinman described a rare peripheral blood cell with
membrane dendrites similar to a neuron. Other studies demon-
strated that the dendritic cell (DC) is a “professional” antigen-
producing cell present in lymphoid and nonlymphoid tissues.
Dendritic cell precursors arise in bone marrow from commit-
ted CD34+ stem cells; differentiate into immature myeloid,
monocytic, and lymphoid DCs; and are seeded into blood.
Because of heterogeneity in cell surface markers, populations
of DCs are difficult to identify. However, a putative hemato-
poietic differentiation pathway for DCs is shown in Figure 5-1.

Several DC subsets localize in tissues or circulate in periph-
eral blood. Two populations of dendritic cells are derived from
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A putative hematopoietic differentiation pathway for myeloid and lymphoid dendritic cells (DCs). Lym-
phoid DCs have different properties (tolerizing) from myeloid DCs, which are immunostimulatory in most
circumstances. The surveillance tissue-based DC-Langerhans cells (LCs) in the skin, DCs in the respiratory
tract, gut, or other nonlymphoid fissues, migrate to the Tlymphocyte—-dependent areas of the draining
lymph node (LN). It is possible that epithelial based CD1+ DCs have an independent derivation from the
stem cell. The ability of monocytes and macrophages to convert to DC in vivo has yet to be established.
(From Hart, DN: Dendritic cells: Unique leukocyte populations which control the primary immune response,

Blood 90(9):3245, 1997.)

a myeloid stem cell: (1) One population migrates to the lymph
node where it becomes follicular dendritic cells. (2) A second
population is found in nonlymphoid tissue and is referred to as
interstitial dendritic cells. Lymphoid or plasmacytoid dendritic
cells localize in the T cell compartment within the lymph node.
Monocyte precursors may remain in peripheral blood as mono-
cytic dendritic cells, although this concept is still being debated.
Dendritic cells are uniquely suited for antigen presentation.
High numbers are concentrated at likely sites of microbial entry
into the body (e.g., intestine and respiratory tract). Most DCs
can efficiently capture and process antigen for presentation to T
cells. Moreover, they are mobile and can migrate through tissue
or stimulate immune responses in the regional lymph nodes.

Follicular Dendritic Cells

Follicular dendritic cells (FDCs) are found in the lymph node
germinal follicles (Figure 5-2) and have several different
functions, including activation of B cells and maintenance of
immunologic memory.

Unlike other DCs, FDCs do not process antigen for presen-
tation to T cells. Rather, they stimulate a CD4Th2 response
and maintain memory by a unique mechanism. Using a rep-
ertoire of receptors, FDCs bind processed and unprocessed
antigens onto beaded, three-dimensional structures called
iccosomes (Figure 5-3).

Antigens may be retained in iccosomes for months and
perhaps years. To stimulate antibody production, an antigen is
slowly released, processed by B cells, and presented to T cells
in the context of class II molecules. Cytokines produced from
FDCs also contribute to the activation and differentiation of
B cells into plasma cells. As a consequence of the continual
stimulation of B cells, antibodies and memory cells are con-
tinually produced.

Interstitial Dendritic Cells

Interstitial dendritic cells are found in most tissue, with the
exception of the brain and the eye. These cells serve as a sen-
tinel for detecting foreign or antigenic molecules. The largest
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The functions of the germinal center are clonal proliferation, somatic
hypermutation of immunoglobulin receptors, receptor editing, isotype
class switching, affinity maturation, and selection by antigen. In this
model, the germinal center is composed of three major zones: (1) a
dark zone, (2) a basal light zone, and (3) an apical light zone. These
zones are predominantly occupied by centroblasts, centrocytes, and
secondary blasts, respectively. Primary B cell blasts carrying surface
immunoglobulin receptors (slg+) enter the follicle and leave as memory
B cells or antibody forming cells (AFCs). Antigen-presenting follicular
dendritic cells (FDCs) are mainly found in the two deeper zones, and
cell death by apoptosis occurs primarily in the basal light zone, where
tingible body macrophages are also located. Blue squares are icco-
somes on the FDC. (Adapted from Delves PJ, et al: Roift's essential immunol-

ogy, ed 11, 20006, Blackwell Publishing.)

reservoir of IDCs resides in the skin, where resident Lang-
erhans cells (LC) occupy 25% of the skin surface area, but
only 2% to 3% of skin cells. Resting or immature LCs reside
in the suprabasilar epidermis and are identified by the pres-
ence of cytoplasmic Birbeck granules and by the expression
of CD1, class I, class IT molecules, and abundant receptors for
pathogen-associated microbial patterns (PAMPs) and man-
nose. When antigens are captured, the immature LCs disen-
gage from the epithelium and migrate to the paracortex or T
cell zones of the regional lymph nodes. During migration, LCs
undergo a transformation into “veiled cells” After entering
the lymph node, the “veiled cells” assume the role of resident
interdigitating dendritic cells that present antigen to naive
CDA4 cells (Figure 5-4).

Resident lymph node IDCs can also process soluble anti-
gens entering the lymph node via the lymph fluid. Lymph-
borne soluble antigens percolate through the node in a
manner that ensures contact with IDCs. Following inter-
nalization and processing, antigen is presented to naive and
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Figure 5-3

An isolated follicular dendritic cell (FDC) from the lymph node of an
immunized mouse 24 hours after injection of antigen. The FDC is of inter-
mediate maturity with smooth filiform dendrites typical of young FDCs,
and beaded dendrites, which participate in the formation of iccosomes
(antigen antibody complexes) in mature FDCs. The adjacent small white

cells are lymphocytes. (In Roitt |, Brosfoff J, Male D, ef al: Immunology,
ed 7, Philadelphia, 2006, Mosby. Electron micrograph kindly provided by
Dr. Andras Szakal; reproduced by permission of the Journal of Immunology.

effector CD4 T cells, which have close contact with the IDCs
(Figure 5-5).

Plasmacytoid Dendritic Cells

Plasmacytoid dendritic cells (pDCs) resemble antibody-
secreting plasma cells and are believed to arise from a
lymphoid progenitor. pDCs are found in blood and in lym-
phoid tissues such as lymph nodes, tonsils, spleen, thymus,
and Peyer’s patches. Activated pDCs link innate immunity
and adaptive immunity to viruses. In the innate response,
Toll-like receptors 7 and 9 bind viral deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) from herpes simplex
virus (HSV), Sendai virus, human immunodeficiency virus
type 1 (HIV-1), and influenza virus. Receptor activation of
pDCs initiates synthesis of a-interferon and p-interferon.
Interferon prevents the spread of the virus to uninfected cells
and also activates natural killer cells. In the adaptive response,
pDCs process and present antigens to T cells. Cytokines pro-
duced by pDCs also induce the expansion of antigen-specific
CD8 memory cells and unique CD4Th1 cells responding to
endogenous antigens.

B Cells

Under certain circumstances, B cells are able to present anti-
gens to T cells. Antigens bind to an antigen-specific B cell
receptor (BCR) which is a modified antibody. Cross-linking
of BCRs internalizes antigens, which are degraded in the cyto-
plasm and presented to T cells in context with class IT markers.
B cells present antigens at 100 to 10,000 times lower concen-
tration than that required for macrophage presentation.

PRESENTATION OF EXOGENOUS
ANTIGENS

Exogenous antigens are degraded in the endocytic pathway
and loaded onto class II molecules. The mechanism for class
II molecule delivery differs with macrophages and B cells.
Macrophages and dendritic cells bind antigens using a number
of different receptors for PAMPs, complement fragments, or
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Bone marrow-derived antigen-presenting cells (APCs) are found espe-
cially in lymphoid tissues, in the skin, and in mucosa. APCs in the form
of Langerhans cells are found in the epidermis and are characterized by
special granules (the fennis racquet-shaped Birbeck granules; not shown
here). Langerhans cells are rich in major histocompatibility complex
(MHC) class Il molecules and carry processed antigens. They migrate
via the afferent lymphatics (where they appear as “veiled” cells) into the
paracortex of the draining lymph nodes. Here they make contact with
T cells. These interdigitating dendritic cells (IDCs), localized in the T cell
areas of the lymph node, present antigens to T helper cells. Antigens are
exposed to B cells on the follicular dendritic cells (FDCs) in the germinal
centers of B cell follicles. Some macrophages located in the outer cortex
and marginal sinus may also act as APCs. In the thymus, APCs occur as
IDCs in the medulla. (HEV, high endothelial venule.) (From Roitt |, Brosfoff ],
Male D, et al: Immunology, ed 7, Philadelphia, 2006, Mosby )

antibodies. Opsonized bacteria and antigens are ingested by a
process called phagocytosis. During phagocytosis, a re-arrange-
ment of cytoskeleton generates long membrane evaginations
called pseudopodia, which surround and engulf membrane-
bound material to form an internal vacuole.

Figure 5-5

Intimate contacts are made with the membranes of the surrounding T
cells. The cytoplasm contains a well-developed endosomal system and
does not show the Birbeck granules characteristic of skin Langerhans
cells. (x 2000.) (I, IDC nucleus; Mb, IDC membrane; T, T cell nucleus.)
(In Roift |, Brostoff J, Male D, et al: Immunology, ed 7, Philadelphia, 20006,
Mosby. Courtesy of Dr. B.H. Balfour.)

B cells use receptor-mediated endocytosis to ingest foreign
material. B cell receptors are localized in areas containing
membrane clathrin. Receptor binding activates the clathrin
and facilitates an inward folding of the cell membrane to form
a vesicle. After recycling the clathrin molecules and the B cell
receptors to the cell surface, the vesicle becomes a membrane-
bound vacuole (Figure 5-6).

Different terms are used to describe the vacuoles in mac-
rophages and B cells. In monocytes and macrophages, the
vacuole is called a phagosome. Cytoplasmic lysosomal vesi-
cles containing hydrolytic enzymes fuse with the phagosome
membrane and empty their contents into the phagosome,
which is now termed a phagolysosome. In B cells, endocyto-
sis forms a vacuole called early endosome. In the endocytic
pathway, early endosomes travel through a series of tubes
and vesicles from the periphery to deep inside the cell (late
endosome).

Class II molecules synthesized in the endoplasmic reticu-
lum rapidly associate with a 30-kilodalton (kDal) invariant
peptide chain (Ii). Homotrimers of Ii chain associate with
three a-heterodimers or f-heterodimers of class IT molecules.
The Ii has two roles in antigen presentation: (1) It contains a
signaling sequence that directs the class II molecule—into the
endosome or the phagolysosome. (2) The Ii also prevents the
loading of peptides into the binding groove until the class II
molecule enters the endosome or the phagolysosome. The Ii
may also contribute to the formation of the binding cleft and
the overall structure of the class IT molecule recognized by T
cells. After entry into antigen-containing endosome or pha-
golysosome, the Ii is removed in an orderly proteolytic reac-
tion (Figure 5-7).

In the endosome or phagolysosome, the invariant chain
is truncated to a 3-kDal peptide called the class II-associated
invariant chain peptide, or CLIP. In humans, the disassocia-
tion of the CLIP is facilitated by the HLA-DM (monocytes)
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Mechanism of clathrin-dependent endocytosis. Clathrin and cargo molecules are assembled into clath-
rincoated pits on the plasma membrane together with an adaptor complex called AP-2, which links
clathrin with transmembrane receptors, concluding in the formation of mature clathrincoated vesicles
(CCVs). CCVs are then actively uncoated and transported to early, or sorting, endosomes. (From Barth D,
Sato G, Sato M: Available from hitp://www.wormbook.org/ chapters/www_intracellulartrafficking/

infracellulartrafficking. himl.)

or the HLA-DO (B cells), which also stabilize the class II mol-
ecule and assist in peptide selection (Figure 5-8).

Stabilization allows the binding of peptides with low and
high structural stability. Low-stability peptides are released
from class I molecules. The interaction between high-stability
peptides and the binding groove on class II molecules creates
a stable peptide—class II molecule complex. Large and small
peptides may bind to the open-ended class II binding cleft.
Proteolytic enzymes trim the larger peptide to 10 to 30 amino
acids.

DENDRITIC CELLS AND CANCER
VACCINES

Tumor cells are usually not immunogenic because HLA
molecules are downregulated and tumor-specific antigens
cannot be presented to T cells. Vaccinologists use dendritic
cell cross-priming to increase the immunogenicity of tumor
cells for use in vaccines. In cross-priming, dendritic and
tumor cells are obtained from the patient and purified. In
the laboratory, DCs and tumor cells are mixed together and
incubated for several days. DCs ingest intact tumor cells
and process the appropriate antigens for presentation in
the context of class I molecules. Administration of antigen-
pulsed dendritic cells to the patient evokes a vigorous CD8

cytotoxic cell response to tumor cells. This concept is being
used to develop autologous pulsed dendritic cell vaccines
against tumors. From a theoretical perspective, dendritic cell
vaccines could be used to treat all cancers. However, clini-
cal experience shows that at the present time, the efficacy of
dendritic cell vaccination is limited to melanoma and renal
cancer treatments.

DENDRITIC CELLS AND DISEASE

Dendritic cells may play a critical role in psoriasis. Interac-
tions between dendritic cells and T cells play a critical role in
the formation of plaques in chronic psoriasis. Plaques con-
tain high numbers of pDCs, myeloid DCs, and inflammatory
dendritic skin cells. Interactions between DCs and CD4 cells
lead to the clonal expansion of CD8 cells in skin lesions. CD8
cells produce proinflammatory cytokines that are implicated
in psoriasis.

Dendritic cells also play a role in the pathogenesis of
human immunodeficiency virus (HIV) infections. FDCs can
concentrate infectious viruses for extended periods. More-
over, FDCs promote the migration of T cells into the germi-
nal center and the transfer of virus to T cells. At the same
time, IDCs are infected and support viral replication for 45 to
60 days.

GENPRESENTING CELLS
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The class Il major histocompatibility complex (MHC) pathway of antigen presentation. The numbered
stages in processing of extracellular antigens correspond to the stages described in the text. (APC,
antigen-presenting cell.) {From Abbas AK, Lichiman AH, Pillai S: Cellular and molecular immunology, ed 6
[updated edition], Philadelphia, 2010, Saunders.)
Synthesis of || Transport of Binding of . Transport of class Il [|Expression
class Il MHC|| class Il + i processed peptides peptide complex on cell
in ER to vesicle to class I to cell surface surface
HLA-DM Peptide
antigens
catalyzed
removal
CLIR.
ER % ; é@.
li Proteolytic
degradation
of lj
Eﬂlﬁsés I : Endosome
(MIIC/CIIV)
Figure 5-8

The functions of class Il major histocompatibility complex (MHC)-associated invariant chains and human
leukocyte antigen (HLA)-DM. Class Il molecules with bound invariant chain, or class ll-associated invari-
ant chain peptide (CLIP), is transported into vesicles, where the CLIP is removed by the action of HLA-DM.
Antigenic peptides generated in the vesicles are then able to bind to the class Il molecules. Another class
ll-like protein, called HLA-DO, may regulate the DM-catalyzed removal of CLIP. (CIV, class Il vesicle.)
(From Abbas AK, Lichiman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edifion], Philadel-
phia, 2010, Saunders.)



SUMMARY

o Antigen-presenting cells break down large-molecular-
weight antigens into 10 to 30 amino acid fragments for load-
ing onto HLA class I and II molecules.

o Antigen-presenting cells can be either “professional” or
“amateur” cells.

o Dendritic cell subsets are uniquely suited for antigen
presentation.

« Antigen-presenting cells are involved in both the innate and
adaptive immune responses.

« Macrophages and B cells ingest antigens by different mecha-
nisms, but both cells process antigen using the endocytic
pathway.

o The endocytic pathway is complex and involves proteolytic
enzymes and HLA class II stabilizing proteins.
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ASSESSMENT QUESTIONS

1. Which of the following are considered tissue macrophages?

I.  Follicular dendritic cells
II. Interdigitating cells

III. Langerhans cells

I

III

ITand II

IT and IIT

L, IT, and IIT

mOO®>

. Which of the following cells is considered a “professional”
antigen-presenting cell?

A. Monocyte

B. Endothelial cell

C. Keratinocyte

D. Fibroblast

. Follicular dendritic and interdigitating dendritic cells arise
from a precursor cell.

A. Lymphoid

B. Myeloid

C. Platelet

D. Red blood cell

. Which of the following are able to hold native or processed
antigens on the cell surface using iccosomes?

A. Follicular dendritic cells

B. Interdigitating dendritic cells

C. Plasmacytoid dendritic cells

D. Monocytic dendritic cells

. Which of the following is a role of the invariant chain (Ii) in

antigen processing?

I.  Directing the class IT molecule to the phagosome or
endosome

II. Preventing peptide loading of the class II molecule
until it reaches the phagosome or the endosome

III. Preventing class I molecules from competing for
low-stability peptides

I

III

Iand II

IT and III

L, I, and III

IRl s

. What are the specialized macrophage populations found in

the brain called?
A. Glial cells
B. Kupfter cells
C. Osteocytes
D. Histiocyte



Surface Interactions Between T Cells
and Antigen-Presenting Cells

LEARNING OBJECTIVES

o Discuss the clonal selection hypothesis and its relationship
to the T cell receptor (TCR)

o Know the structure and functions of the o/ff TCRs and y/0
TCRs

o Define complementarity determining region

o Compare and contrast the roles of CDR1, CDR2, and CDR3
in the association of TCR with class I molecules

o Identify T cell subsets that interact with antigens presented
on MHC class IT molecules

o Understand the concept of somatic recombination in rela-
tionship to the TCR

o Explain the roles of RAG-1 and RAG-2 in the generation of
TCR diversity

o Compare and contrast the junctional diversity and N- and
P-nucleotide additions

« Recognize the components of the CD3 complex

o Differentiate between the signaling and nonsignaling com-
ponents of the CD3 complex

o Identify TCR:MHC stabilizing molecules and their ligands

o Recognize the four critical co-stimulatory molecules and
their roles in cell activation

o Compare the roles of B7-1 and B7-2 in the activation of T
cell subsets

o Compare and contrast the roles of CD28 and CTLA-4in T
cell activation

o Understand how abatacept prevents T cell activation

o Understand how alefacept prevents T cell activation

o Recognize monoclonal antibodies that block TCR-HLA
molecule interactions

o Explain the mechanism by which superantigens stimulate T
cells

« Compare and contrast the pathophysiology of staphylococ-
cal and streptococcal toxic shock syndrome

« Discuss the relationship between Vj isoforms and toxic
shock syndrome

o Recognize the immunologic defect in hyper-IgM syndrome

o Identify the immunologic defect in Omenn syndrome

KEY TERMS

Abatacept
Alefacept
o/f T cell receptor (TCR)

B7 molecules

Complementarity determining regions (CDRs)
CD2

CD3 complex

CD4

CDs8

CDl1la

CD238

CD40L

Enterotoxin

v/8 T cell receptor

Hyper-IgM syndrome

Immuno-receptor tyrosine-based activation motifs (ITAMs)
Junctional diversity

Monoclonal antibodies

Omenn syndrome

Somatic cell recombination

Superantigen

P-nucleotide additions

INTRODUCTION

In this chapter, the discussion centers on the roles of receptor
interaction in the activation or deactivation of T cells. Much
like starting an automobile, several signals must be given in a
defined sequence to override interlocking safety systems. For
example, T cell activation requires three different steps: (1) The
initial step entails interaction between the lymphocyte T cell
receptor (TCR) and the antigen-loaded class II molecule. (2) In
the second step, a CD4 molecule binds to class IT molecules and
stabilizes the TCR~-class IT complex. (3) In the final step of the
activation sequence, the CD28 of the T cell interacts with a B7
molecule on the APC (antigen-presenting cell) (Figure 6-1).

If these three interactions do not occur, the T cell becomes
nonfunctional for an extended period. In some cases, nonre-
sponsive T cells become apoptotic and die.

T cell activation is central to the elicitation of an immune
response. T cells act as effector cells or direct the immune
response by influencing the activity of macrophages in the
inflammatory response and of B cells in the synthesis of
antibodies.

CLONAL SELECTION HYPOTHESIS

In the late 1950s, MacFarland Burnet proposed the clonal
selection theory, which states that antigens, rather than lym-
phocytes, direct the immune response. The five basic tenets of

45
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Figure 6-1

Accessory molecules involved in antigen presentation. The binding
between the major histocompatibility complex (MHC)-antigen peptide
complex and the T cell receptor (TCR) acts as the first signal toward
induction of T cell activation. Accessory molecules increase avidity
between T cells and antigen-presenting cells (APCs) by performing addi-
tional adhesive and signaling functions. Adhesion molecules, such as
LFA-1 (CD11a/CD18; leukocyte function—associated antigen-1) and
ICAM-1 (CD54; intracellular adhesion molecule-1), promote firm adhe-
sion between T cells and APCs and can provide co-stimulatory signals
for T cell activation. This interaction also facilitates T cell sampling of
antigen in the context of MHC molecules on the surface of APCs. Addi-
tionally, T cells require further co-stimulation through binding of CD28
with either of its ligands, CD80 or CD86 (B7.1 or B7.2). If all these
events transpire, full activation of the T cell occurs, leading to production
of T cell cytokines and a proliferative response. (From Actor JK: Elsevier's
infegrated immunology and microbiology, Philadelphia, 2007, Mosby.)

the theory are (1) each lymphocyte has a unique receptor that
binds to only one antigen; (2) the receptor must react with the
antigen for cellular activation; (3) only selected clones of lym-
phocytes activated by antigen will divide (clonal expansion);
(4) all of the daughter cells will express antigen receptors iden-
tical to the parent cell and (5) some of the daughter cells act as
effector cells, and others become memory cells.

T CELL RECEPTORS

The unique antigen binding receptor on T cells is called the T cell
receptor (TCR). It is expressed on all T cells and exists in either
o/ or y/d forms. The a/f TCR is expressed on peripheral blood
T cells. /6 expressing T cells are rare in peripheral blood but are
found in abundance in mucosal tissue. Each T cell has a homoge-
neous TCR population that recognizes a single antigen or epitope.

Structure of the T cell receptor. The schematic diagram of the a/p T
cell receptor (TCR) shows the domains of a typical TCR-specific for a
peptide-major histocompatibility complex (MHC) complex. The antigen-
binding portion of the TCR is formed by Vo and VB domains. (From
Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed 6
[updated edition], Philadelphia, 2010, Saunders. Adapted from Bjorkman
PJ): MHC restriction in three dimensions: a view of T cell receptor/ligand
interactions, Cell 89:167, 1997. Copyright Cell Press. )

a/p T Cell Receptors

The TCR is a dual chain o/ heterodimer that consists of vari-
able (V) and constant (C) regions. The structure of an a/f
TCR is shown in Figure 6-2.

The V regions of the a/p-chains determine antigenic speci-
ficity by creating a three-dimensional pocket that recognizes
immunogenic epitopes. The dual-chain V region pocket is cre-
ated through the association of several different genes. The V,
pocket is the result of V, genes joining with a junctional (J,)
gene. In the -chain, a functional Vy is created by linking Vi,
diversity (Dg), and Jg-domains.

Complementarity determining regions (CDRs), which are
hypervariable regions in the Vs-chains have actual contact
with antigens. Class IT molecules have six CDRs (three on each
chain). The role of CDRs in binding to major histocompatibil-
ity complex (MHC) class II molecules is shown in Figure 6-3.

In the a-chains, CDRI interacts with the N-terminal por-
tion of the epitope. f-chain CDRI reacts with the C-terminal
portion of the peptide. CDR2s interact with the class II mol-
ecules but are not involved in antigen recognition. CDR3s
are responsible for binding to the epitope presented by class
II molecules. Most of the sequence variability responsible for
TCR diversity is found in CDR3.
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Maijor histocompatibility complex (MHC) class Il. Processed antigenic fragments (10-30 amino acids in
length) interact with the a;- and Bi-domains on the class Il molecule within the peptide-binding groove,
allowing presentation to CD4+ Th cells. Interactions with the T cell receptor (TCR) are stabilized by CD4
recognition of the conserved regions on the class Il molecule. (From Actor JK: Elsevier's integrated immunol-

ogy and microbiology, Philadelphia, 2007, Mosby.)

In addition to V regions, each TCR has an invariant con-
stant (C) region. The C region consists of 140 to 180 hydrophilic
amino acids and continues to a short hinge region with cysteine
residues that link the a-chain and the -chain A transmem-
brane anchor unit, which consists of highly charged hydropho-
bic amino acids, is connected to a short cytoplasmic region.

v/5 T Cell Receptors

The Tvy/0 TCR structure is similar to the a/f TCRs. These
T cells are only found in the mucosa and function as a bridge
between innate and adaptive immunity. CD4y/0 T cells rec-
ognize microbial phosphorylated molecules such as isopen-
tylpyrophosphate (IDP) and dimethylallylpyrophosphate
(DMAP). Direct interaction between these molecules and the
v/d TCR activates the T cell. Antigen processing by APCs or
presentation by MHC molecules is not required for activation.

A vigorous y/d T cell response localizes the microbe in the
mucosa until an adaptive response is mounted.

ORIGIN OF T CELL RECEPTOR DIVERSITY

In the generation of TCR diversity, two factors must be consid-
ered. First, each lymphocyte has a TCR that recognizes a single
epitope. Second, 1013 different epitopes must be recognized. If
a single lymphocyte TCR recognizes only one epitope, it fol-
lows that 10'® lymphocyte clones are present in each of the
CD4 (Th1 and Th2) and CD8 (Tc1 and Tc2) populations.

To create a repertoire of antigen-specific TCRs, alterna-
tive forms of genes present in somatic cells are rearranged in a
process, called somatic cell recombination, by using RAG-1 and
RAG-2 recombinase activating enzymes (Figure 6-4).

In the a-chain, 70 to 80 different V, gene products can be
linked to 61 different J-chains. Simple recombination in the
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Gene rearrangement of T cell receptor
genes. T cell receptor (TCR) diversity is gen-
erated by combinatorial joining of variable
(V), joining (J), and diversity (D) genes and
by N region diversification (nucleotides
inserted by the enzyme deoxynucleotidyl
transferase). The top and bottom rows show
germ-ine arrangement of the V, D, J, and
constant (C) gene segments at the TCR-a.
and TCR loci. During T cell development,
a Vregion sequence for each chain is
assembled by deoxyribonucleic acid (DNA)
recombination. For the a-<hain (top), a Va
gene segment rearranges to a Ja gene seg-
ment to create a functional gene encoding
the V domain. For the p-chain (bottom), rear-
rangement of a DB, a JB, and a VB gene
segment creates the functional V domain
exon. [From Acfor JK: Elsevier's integrated
immunology and microbiology, Philadelphia,

B
B-Chain locus

a-chain can result in approximately 4.9 x 10% antigen-specific
TCRs. B-chains have 52 variable gene segments, two diversity
gene segments, and 13 J region genes. Recombination in the
B-chain results in 1.3 x 10° unique TCRs.

Additional TCR diversity is created by alternate joining of
Dg-chains, junctional flexibility, and N- and P-nucleotide addi-
tions. Alternate joining of D domains creates 5 x 103 diverse
TCRs. Adding six or more amino acids to the J domains
(junctional diversity) creates more TCR diversity. Random
insertion of palindromic sequences at single strand breaks
(P-nucleotides) or nontemplated amino acids (N-nucleotides)
into the TCR coding regions also occurs. Junctional diversity
and P- and N-nucleotides generate an additional 10!! possible
TCRs. The sum of the gene re-arrangements (4.9 x 10° + 1.3 x
10% + 5.3 x 10 3 + 1.0 x 10"!) allows the immune system to
respond to all known antigens.

CD3-T CELL RECEPTORS PROTEIN
COMPLEX

The TCR lacks intracellular signaling capability because of short
cytoplasmic tails. To transduce activation signals to the nucleus,
the TCR associates with a number of signaling proteins to create
the CD3 complex. The pan T cell maker CD3 is composed of five
subunits (o, B, G, €, and v) proteins. In the assembly of the CD3
complex, two copies of of T-chains which form disulfide-linked

2007, Mosby.)

homodimers (C-C) are present. Signal transduction is associ-
ated with the intracellular domains of €-, y-, and C-chains. These
chains contain 44 to 81 amino acid sequences called immuno-
receptor tyrosine-based activation motifs (ITAMs), which are
essential to the signaling process. TCR C-chains have a short,
nine-amino-acid transmembrane sequence and a long (113
amino acids) cytoplasmic tail with three ITAM:s (Figure 6-5).

STABILIZING MOLECULES

The TCR binds to the class IT molecules with low affinity. The
dissociation constant (Kd) is approximately 10 to 10~7M.
Because of the low affinity, additional molecules are necessary
to stabilize the complex (see Figure 6-1).

CD4 molecules stabilize the interaction between the TCR
and the APCs expressing HLA molecules. CD4 molecules are
expressed on CD4Thl and CD4Th2 cells, macrophages, and
dendritic cells. The CD4 molecule has a small transmembrane
region and a cytoplasmic tail and is capable of transducing sig-
nals to the nucleus. Phosphorylation of serine residues in the
cytoplasmic tail activates the Ick or p56 kinases. These kinases
play a critical role in the activation of HLA class II restricted
T helper cells.

CD8 is a dual-chain heterodimer that stabilizes the interac-
tion between CD8 cells and antigen-loaded HLA class I mol-
ecules. Extracellular CD8 domains bind to the o3 regions on
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Saunders.)

class I molecules. The role of CD8 and endogenous antigens
will be discussed in Chapter 18.

CO-STIMULATORY MOLECULES

CD28/B7 Interaction

T cells can be activated or downregulated following interac-
tion with B7 molecules on APCs. B7-1 and B7-2 molecules are
expressed on monocytes, macrophages, interstitial dendritic
cells, and epithelial dendritic cells. After antigen processing,
one of the two B7 isoforms is expressed, which determines the
nature of the immune response. For example, expression of B7-1
activates CD4Th2 (helper cells in antibody production) and
B7-2 expression activates CD4Th1 (inflammatory response).

T cells have two ligands for B7. Interactions between CD28
and B7 activate T cells. The second ligand, which binds to B7
with a high affinity, is called cytotoxic T lymphocyte protein 4
(CTLA-4). Interaction between CTLA-4 and B7 downregulates
T cell signaling and prevents T cell activation (Figure 6-6).

CDA40 Ligand/CD40

CD40 ligand (CD40L) is a 261-amino-acid membrane glyco-
protein expressed on activated CD4 lymphocytes. Expression
occurs shortly after T cell activation. The natural ligand for
CD40L is CD40, which is a transmembrane protein present
on B cells, follicular dendritic cells, and macrophages. CD40-
CDA40L interactions play an important role in the amplifica-
tion of the immune response and the production of antibodies.
Ligation stimulates the secretion of interleukin 12 (IL-12)
from the APCs. In turn, IL-12 activates CD4Thl, CD8, and
natural killer (NK) cells and amplifies the immune response.

Immunoreceptor mm
tyrosine-based
activation motif
(ITAM)

Disulfide bond ----

|

In the production of antibodies, T and B cells are brought
into close proximity. CD40/CD40L ligation between T and B
cells induces B cell activation, differentiation, isotypic switch-
ing, and the generation of memory cells.

CD2/CD58

CD2 is a glycoprotein present on 90% to 95% of mature
T cells and NK cells. Lymphocyte function-associated antigen
(LFA-3 or CD58) on APCs is the principal ligand for CD2.
Both molecules are adhesion factors that strengthen the inter-
actions between T cells and APCs. Ligation results in the pro-
duction of proteins that regulate the cellular response to IL-2.

CD11a/CD18/CD54

Integrins are a family of molecules that facilitate the adhe-
sion of T cells to molecules on APCs. CD11a is an a,integrin
subunit that associates with an f,-integrin subunit (CD18) to
form LFA-1. LFA-1 is a glycoprotein expressed on all leuko-
cytes. The LFA-1 ligand is intercellular adhesion molecule 1
(ICAM-1) on APCs. Interaction between these adhesion fac-
tors plays a critical role in T cell activation, T cell mobility, and
control of autoimmune diseases.

AGENTS THAT BLOCK T CELL
RECEPTOR-ANTIGEN PRESENTING
CELL INTERACTIONS

Biotechnology-derived immunotherapeutic agents disrupt
or prevent interactions between the TCR or co-stimulatory
molecules and the receptors on APCs. Monoclonal antibodies
and fusion proteins that prevent T cell activation are shown in
Table 6-1.
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Mechanisms of action of the inhibitory receptor cytotoxic T lymphocyte
protein 4 (CTLA-4). CTLA-4 may inhibit T cell responses by competitively
preventing CD28 binding to B7 costimulators (A), or by generating
inhibitory signals (e.g., by associated phosphatases) that attenuate acti-
vation via the T cell receptor (TCR) and CD28 (B). (From Abbas AK,
Lichtman AH, Pillai S: Cellular and molecular immunology, ed ¢ [updated
edition], Philadelphia, 2010, Saunders.)

Blockade of T Cell Receptor Interactions
Laboratory-derived monoclonal antibodies (muromomab,
teplizumab, and visilizumab) bind to CD3 on activated T cells.
Blocking antibodies prevent the interaction between CD3 and
the class I or II molecules and are thus useful in preventing
recipient graft rejection and, in rare cases, the graft rejecting
the host.

Blockade of Co-Stimulatory Molecule
Interactions

The interaction between co-stimulatory factors on T cells and
APCs can be blocked by biotechnology-derived fusion pro-
teins or monoclonal antibodies. To create a fusion protein, two
genes are fused in the laboratory and inserted into an expres-
sion vector such as a bacterium or yeast. When translated, the
fusion protein contains the active portions of both proteins.
Currently, two fusion proteins are used to block the interac-
tion between co-stimulator molecules on T cells and APCs.

Abatacept is a co-stimulator inhibitor in a new class of drugs
called disease modifying antirheumatic drugs (DMARD:).
In patients with rheumatoid arthritis, T cell activation is the
major cause of the inflammatory response in the synovium.
Abatacept consists of an Fc region from the immunoglobu-
lin G (IgG) antibody and the extracellular domain of CTLA-4.
The CTLA-4 fusion protein physically blocks the interaction
between CD28 and the B7 on APCs. Failure to engage CD28
drives activated T cells into apoptosis.

Alefacept is another fusion protein indicated for psoriasis
vulgaris, an autoimmune skin disease. Activated CD4, CDS,
and memory cells are found in the skin lesions. Alefacept pre-
vents T cell activation and reduces the severity of the lesions.
The fusion protein consists of LFA-3 (CD58) linked to the
distal end of an antibody molecule. Interactions between the
soluble alefacept and the T cell CD2 molecule block the bind-
ing of CD2 to the CD58 on APCs.

Monoclonal antibodies, which inhibit co-stimulatory mol-
ecules, are also indicated for the treatment of psoriasis. For
example, efalizumab blocks interactions between the CD11a
component of LFA-1 and the adhesion factors on APCs. Again,
downregulation of T cells reduces the severity of skin lesions.

ABERRANT INTERACTIONS BETWEEN
TCR AND CLASS Il MOLECULES

Superantigens

Superantigens are molecules that indiscriminately stimulate
up to 20% of all T lymphocytes (normal response to anti-
gen stimulates only 0.01% of T cells), which release massive
amounts of proinflammatory cytokines such as tumor factor-
o (TNF-a). When released into blood, high levels of TNF-a
cause life threatening hypovolemic shock and organ failure.

1B Biologic Reagents That Block Interactions between T Cells and Antigen-Presenting Cells

Name Origin Reagent Type Target Application
Muromonab Mouse Monoclonal antibody CD3 Transplant rejection
Teplizumab Humanized Monoclonal antibody CD3 Autoimmune diseases
Visilizumab Humanized Monoclonal antibody CD3 Graft-versus-host reaction
Alefacept Fusion protein CD2 Psoriasis

Abatacept Fusion protein CD28 Rheumatoid arthritis
Efalizumab Humanized Monoclonal antibody CD11a Plaque psoriasis

Kl
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Superantigens stimulate CD4 cells by a unique mechanism.
T cells and APCs are brought into direct contact by the bridg-
ing of the constant region of class II molecules and the variable
segments of the TCR B-chain (Vp). Superantigen binding is
unique, however, in that it occurs outside the normal binding
cleft (Figure 6-7).

Staphylococcal and streptococcal superantigens have been
implicated in food poisoning, exfoliative dermatitis in infants
(scalded skin syndrome), cellulitis, scarlet fever, and toxic
shock syndrome. Staphylococcus aureus secretes five entero-
toxins (SEA, SEB, SEC2, SEE, and TSST-1). Enterotoxins are
similar to exotoxins but usually only cause moderate to severe
diarrhea. All staphylococcal enterotoxins can cause the symp-
toms of food poisoning, but only SEA and SEB are involved
in exfoliative dermatitis. Toxic shock syndrome is associated
with the TSST-1, SEB, or SEC2 superantigens.

In the last 20 years, an increase has been seen in the inci-
dence of streptococcal toxic shock syndrome associated with
necrotizing fasciitis or myositis. The etiologic agents are
invasive Group A streptococcal strains such as Streptococcus
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pyogenes. These strains produce three different superantigens
(SPE-A, SPE-B, and SPE-C) and numerous pyogenic toxins.
SPE-A is specifically associated with streptococcal toxic shock
syndrome (sTSS). Streptococcal and staphylococcal superan-
tigens act in a similar manner.

TOXIC SHOCK SYNDROME
AND TAMPON USE

An association between superabsorbent tampons and toxic
shock syndrome has been reported in the literature. In 1979,
a tampon manufacturer changed the normal tampon cotton
matrix to a highly absorbent polyacrylate. The new matrix con-
centrated water, magnesium, iron, and oxygen and enhanced
the growth of Staphylococcus or Streptococcus, which are part
of the normal vaginal flora. Increased magnesium concentra-
tions triggered the production of TSST-1 or SPE-A. The toxin
enters the blood by two mechanisms. (1) First, vaginal epi-
thelial cells have TSST-1 receptors that translocate the toxin
across the vaginal wall and into the bloodstream. (2) Second,
high-absorbency tampons decrease moisture in the vaginal

Systemic shock IL-1B
Tissue damage TNF-«
IL-2, IL-6
T-cell receptor
Superantigen ‘
Bacterial superantigens
Toxic shock antigens
Staphylococcal proteins
Clostridium enterotoxin B ! &1
R, Class Il molecule
Figure 6-7 ‘ ‘
Superantigens. T cells of various antigenic 8 s s
specificities are activated when bacterial 2 é é o2
superantigens cross-link major histocompati-
bility complex (MHC) class Il molecules with ‘ ‘

common T cell receptor (TCR) VP regions.
All' T cells that express that particular VB
region are subject fo activation, causing
massive release of cytokines and subse-
quent symptoms of shock and host injury.
This occurs regardless of antigen specificity
and the peptide that fills the MHC class I
groove. (From Acfor JK: Elsevier's integrated
immunology and microbiology, Philadelphia,
2007, Mosby.)

Helper T cell

C

ytoplasmic tails

Antigen-presenting cell




walls. During tampon removal, the vaginal wall is often torn
allowing TSST-1 and SPE-A direct access to the bloodstream.
In the 12 months following the release of the product into the
market, 1200 cases of toxic shock syndrome and significant
mortality occurred. Subsequently, the polyacrylate tampon
was removed from the market in 1983, and thereafter the inci-
dence of toxic shock syndrome has decreased significantly.

TOXIC SHOCK SYNDROME

Staphylococcal toxic shock syndrome is characterized by rapid
onset (within 8-12 hours) of fever, vomiting, diarrhea, hypo-
volemic shock, and multi-organ failure. Death usually occurs
within 24 to 36 hours. Superantigen-activated T cells produce
high levels of cytokines such as TNF-a and IL-1. These cyto-
kines plus TSST-1 promote vascular permeability and fluid
leakage into tissue and severe diarrhea. As a result of electro-
lyte and fluid loss, less blood is available for the heart to pump.
The significant reduction in cardiac output results in hypovo-
lemic shock. Reduced tissue perfusion eventually damages the
kidneys, heart, and lungs. Cardiac failure results in death.

Streptococcal superantigens and pyogenic toxins evoke
different toxic shock symptomology. sTSS is characterized by
adult respiratory distress syndrome, shock, and renal failure.
Between 30% and 70% of patients die in spite of aggressive
medical treatment.

Treatment of Toxic Shock Syndrome

The goal of pharmacotherapy is to eradicate the infective
agent. Careful consideration must be given to the identifica-
tion of the etiologic agent and the antibiotic resistance pat-
terns. Antibiotics used in the treatment of toxic shock are
shown in Table 6-2.

V; Isoforms and Superantigen-Induced

Clinical Symptoms

Only select individuals are at risk for the development of
superantigen-induced clinical symptoms. Risk is related to
the presence of genetically determied TCR Vy isoforms. Fifty-
two possible V; genes exist. Only individuals with a V2 TCR
have are at high risk for developing staphylococcal toxic shock
syndrome. Similarly, an increased risk of streptococcal toxic
shock is present in individuals expressing V8, 12, or 14 TCRs
(Table 6-3).

IMMUNODEFICIENCIES

X-Linked Immunodeficiency
with Hyper-lmmunoglobulin M

The original syndrome was named Hyper-IgM (HIGM). How-
ever, the most common form (XHIGM or HGM1) is inherited
as an X-linked recessive trait. Individuals with HIGM lack a
functioning CD40 ligand (CD40L) on activated T cells. CD40L
activation is necessary for switching between antibody classes.
These individuals have elevated levels of the high-molecular-
weight IgM antibody, but cannot form other antibody types
necessary for protection against bacteria and viruses. CD4Thl
immunity also is impaired because CD40L is necessary for
interaction with monocytes and dendritic cells. Affected indi-
viduals have repeated infections with Haemophilus influenzae
and Streptococcus pneumoniae infections. Reduced cellular
immunity is reflected in opportunistic infections with Pneu-
mocystis carinii and Cryptosporidium.
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11X N Antibiotics Indicated for Treatment

of Toxic Shock Syndrome

Mechanism
Antibiotic Indication of Action
Linezolid Treatment of both Blocks formation of
staphylococcal 70S ribosome
and streptococcal
infections
Bacteriostatic for
Staphylococcus
and bactericidal
for Streptococcus
Clindamycin Treatment of group A Blocks formation of
invasive strepto- 50S ribosomal
coccal infections subunit
Daptomycin Treatment of staphylo-  Binds to bacterial
cocci and group A membranes and
streptococci causes rapid
membrane poten-
tial depolarization
Aqueous Treatment of staphylo-  Cell wall inhibitor
penicillin G coccal and strepto-
coccal infections
Nafcillin Treatment of Cell wall inhibitor
penicillin-resistant
staphylococcal
infections
Vancomycin Treatment of Cell wall inhibitor
methicillin-resistant
staphylococcal
infections

I IEYCERR Staphylococcal and Streptococcal
Superantigens

Staphylococcal
Superantigens TCR VB
SEA V3,11
SEB Vp3,12,14,15,17,20
SEC2 Vp12,13,14,15,17,20
SEE Vp5.1,6.1,6.3,8.18
Staphylococcal toxic shock V2

syndrome (TSST-1)
Streptococcal Superantigens TCR VB
Streptococcal toxic shock Vi8,12,14

syndrome SPE-A
Streptococcal erythrogenic toxin V8

SPE-B
SPE-C Vp1,2,5.1,10

Treatment of Hyper-immunoglobulin

M Syndrome

The goal of pharmacotherapy is to prevent infections. Intrave-
nous or subcutaneous immunoglobulin replacement remains
the mainstay of therapy. Treatment significantly decreases the
incidence of lower respiratory tract infections such as bacte-
rial pneumonia but has no effect on upper respiratory tract
infections.
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OMENN SYNDROME

Omenn syndrome is an autosomal recessive form of severe
combined immunodeficiency (SCID). Neonates with Omenn
syndrome have a missense mutation in RAG-I and RAG-2
genes that assemble TCR VD] and V] genes. This defect blocks
the generation of mature T cells and some B cells. Infants lack
CD3 and a/f TCR expressing cells. However, large numbers
of y/d T cells are found in skin. Desquamation of skin is often
evident. Affected children usually do not survive without bone
marrow transplantation.

SUMMARY

o T cell receptors are present on all T cells and interact with
antigen-loaded class I and class II molecules.

« A TCR recognizes only a single epitope or antigen, and each
lymphocyte has a homogeneous population of TCRs.

o Molecules expressed on APCs skew the response to an
antibody-mediated or cell-mediated immune response.

o Interactions between co-stimulatory molecules and the
appropriate ligands are required for T cell activation.

« Toxic shock syndrome is caused by a superantigen interact-
ing with a TCR and a class I molecule.
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ASSESSMENT QUESTIONS

CENFREENTNG el

1. Which of the following is a characteristic of the T cell

receptor (TCR)?
I. Ispresentonall T cells
II. Has dual-chain structure
III. Recognizes antigen bound to class I and class II
molecules
I
11
Iand II
. IIand III
I, I1, and IIT

HOO®W e

. To which of the following can some genetic diversity in the
TCR be attributed?

I. Differences in the C-chain

II. Recombination in a/f-chains

III. Alternate joining of J-chains

I

11

Iand II

. Il and I1I

L, II, and III

HOO® >

. Which of the following occurs after the interaction between
CD40 and CD40L?

I. Secretion of interleukin 12 (IL-12)

II. Activation of CD4 and CD8

III. B cell differentiation

I

III

Iand II

. I and III

I, II, and III

HFOO% >

4. Superantigens are molecules that:

I. Interact with class I molecules

II. Interact with class II molecules and TCR outside
the binding groove

III. Indiscriminately activate T cells

I

11T

Iand II

II and III

I, II, and III

MY 0w

. Which of the following components of the CD3 complex

lacks signaling capacity?
A. TCR

B. e-chain

C. vy-chain

D. C-chain

. Which of the following is activated by the interaction

between CD28 and B7-1?
A. CD4Th2 cells

B. CD4Thl cells

C. CD8 cells

D. Natural killer (NK) cells



LEARNING OBJECTIVES

« Define autocrine signaling

o Define paracrine signaling

o Draw the immunologic synapse showing primary and sec-
ondary components

o Explain the function of adaptor proteins

o Discuss the advantages of T cell receptor (TCR) clustering

o Identify the three transcription factors necessary for inter-
leukin 2 (IL-2) synthesis

« Recognize the signaling pathways activated by T cell receptor-
human leukocyte antigen (TCR-HLA) engagement

o Identify the signaling pathway activated by CD28-B7
interactions

o Explain the relationship between the Ras—-MAP kinase and
Rac-JNK pathways and the transcription factors for IL-2

o Explain the relationship between the PLCyl calcium-
dependent pathway and PLCyl-DAG/PKC pathway and
the transcription factors for IL-2

o Identify the signaling pathways activated by CD28-B7
engagement

o Compare the mechanisms by which cyclosporine and tacro-
limus inhibit T cell signaling

« Recognize the mechanism by which sirolimus inhibits T cell
signaling

o Compare and contrast the structure of high-affinity and
low-affinity IL-2 receptors

« Explain the role of autocrine signaling in the restriction of
an immune response to a specific antigen

o Recognize the two monoclonal antibodies that block the
engagement of soluble IL-2 with the high-affinity receptor

o Identify the immunologic defect in X-linked severe com-
bined immunodeficiency (SCID)

KEY TERMS

AP-1 complex

Autocrine signaling

Cyclosporine A

Fos

Immunologic synapse

Jun

NFAT

Nuclear paracrine factor-kB (NF-kB)
Phospholipase C

Phosphokinase C

Ras
Sirolimus
Tacrolimus

INTRODUCTION

An immune response requires the activation and prolifera-
tion of antigen-stimulated T cell clones. Surface interactions
initiate intracellular signaling that results in the synthesis of
numerous proinflammatory cytokines, survival factors, and
growth factors. One of the most important growth factors is
interleukin 2 (IL-2), a 15,500-kDal protein produced by acti-
vated T cells. IL-2 has both autocrine and paracrine functions.
In autocrine signaling, activated T cells produce IL-2, which
binds to receptors on the same cell to initiate T cell growth
and proliferation. Soluble IL-2 can react with nearby activated
T cells expressing IL-2 receptors (paracrine signaling) as well.
IL-2 is also required for the survival and function of regulatory
T cells that damper the response to self-antigens.

SIGNALING PATHWAYS FOR
INTERLEUKIN 2 SYNTHESIS

Engagement of the TCR-HLA molecules and CD28-B7 mol-
ecules activates several signaling pathways, which culminate
in the translocation of three nuclear transcription factors
(NFAT, NF-«B, and an AP-1 complex consisting of Fos and
Jun proteins). In the nucleus, transcription factors bind to the
promoter regions of IL-2 genes, which begin the transcription
of messenger ribonucleic acid (RNA) and the translation of
IL-2 protein. The pathways involved in the synthesis of IL-2
are shown below.

Pathways Activated by TCR-HLA
Interactions

o Ras-MAP kinase (MAPK) pathway
o Rac-JNK pathway

o PLCylI calcium-dependent pathway
o PLCy1-DAG/PKC pathway

Pathways Activated by CD28-B7
Interactions

o PI-3 kinase pathway

IMMUNOLOGIC SYNAPSE

T cell receptor (TCR)-mediated signaling is initiated by a
structure known as the immunologic synapse or the supra-
molecular activation cluster (SMAC). The synapse is a “bull’s
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eye-like” structure with the engaged TCR-HLA class I or II
molecules and CD28-B7 molecules clustered in the center
(Figure 7-1).

Molecular clustering serves three purposes: (1) TCRs
engage antigen-loaded HLA molecules with an intermedi-
ate affinity. Although these complexes only survive for short
periods, they can transduce an activation signal to the nucleus.
However, successful activation of T cells requires serial
and sustained engagement of TCR-HLA complexes. (2)
In the clustered arrangement, multiple TCRs interact
with small numbers of antigen-loaded HLA molecules on
antigen-presenting cells (APCs). (3) Clustering also congre-
gates multiple cytoplasmic immuno receptor tyrosine-based
activation motifs (ITAMs) near adaptor proteins, which are
necessary for downstream signaling. Following the engage-
ment of CD4 or CD8 with invariant HLA molecule domains,
leukocyte-specific protein tyrosine (Ick kinase) is activated
and phosphorylates ITAMs. Activated ITAMs serve as “dock-
ing stations” for adaptor proteins.

ADAPTOR PROTEINS

Adaptor proteins form short-lived complexes with other pro-
teins to transduce membrane activation signals to the major
cytoplasmic signaling pathways. The most studied adaptor pro-
tein is zeta (C)-chain associated protein of 70 kDal (Zap-70).
Phosphorylation of two ITAMs on TCR {-molecules creates
a “docking site” for ZAP-70. CD4-activated or CD8-activated
Ick phosphorylates ZAP-70, which becomes an active kinase.
ZAP-70 phosphorylates phospholipase Cy1 and another adap-
tor protein called linker for activation of T cells (LAT).

Phosphorylated LAT serves two functions: (1) It provides
a “docking site” for growth factor receptor-bound protein 2
(Grb-2) and its associated protein son of sevenless (SOS). (2)
The GrB-2-SOS complex activates Ras, the initiating signal in
the MAPK pathway. LAT also activates phosphokinase Cyl
(PKC), the initiating signal for the NF-«B pathway.

THE RAS-MAPK PATHWAY

One component of the AP-1 transcription factor complex nec-
essary for the synthesis of IL-2 is a product of the Ras-MAPK
pathway. Rat sarcoma protein (Ras) is a small G protein, which
is regulated by guanosine diphosphate (GDP) and guanosine
triphosphate (GTP) in the cytoplasm. GTP activates the Ras
protein. Hydrolysis of GTP and removal of a phosphate inacti-
vates Ras (Figure 7-2). In T cell activation, Ras transduces sig-
nals from the surface receptor to the MAPK pathway. Hydrolysis
of GTP is controlled by the presence or absence of Grb-SOS.

When activated, Ras attaches to the membrane and under-
goes a conformational change that allows the activation
of MAP kinases. The principal kinase in the pathway is an
extracellular signal-regulated kinase called ERK. ERK phos-
phorylates a small protein called ELK, which initiates the
transcription of the Fos protein—one component of the AP-1
complex (Figure 7-3).

THE RAC-JNK PATHWAY

The second component (Jun protein) of the AP-1 complex
is activated in the Rac-JNK pathway. Protein kinase B, also
known as Rac protein kinase, is activated by a GDP-GTP
exchange protein called Vav. Activated Rac (GATP) phos-
phorylates the c-Jun N terminal kinase (JNK) which subse-
quently adds a phosphate to c-Jun. The association of Fos and
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Jun creates a functional AP-1 complex, which acts as an early
transcriptional activator.

AP-1 regulates the production of gene products necessary
for T cell division (see Figure 7-2) and the synthesis of IL-2.
The creation of the AP-1 provides the first of the three separate
nuclear transcription signals necessary for IL-2 synthesis.

CALCIUM AND PLC SIGNALING
PATHWAY

The second nuclear transcription factor (NFAT) necessary for
synthesis of IL-2 is a product of the calcium-PLC signaling
pathway. In the pathway, phospholipaseyl activated by LAT
catalyzes the cleavage of membrane phosphatidylinositol-4,
5-bisphosphate (PIP,) to yield two second messengers: ino-
sitol-1, 4, 5-trisphosphate (IP;) and diacylglycerol (DAG). In
turn, these molecules activate two distinct pathways.

In the calcium-dependent pathway, IP; translocates to the
endoplasmic reticulum and releases stored intracellular cal-
cium. To maintain cellular homeostasis and replenish intracel-
lular calcium stores, the cell activates a membrane ion channel
called calcium release activated channel (CRAC), which allows an
influx of calcium from the external milieu. Some calcium binds
to a regulatory protein called calmodulin. The calcium-calmod-
ulin complex activates a phosphatase called calcineurin. This
enzyme activates the nuclear factor of activated T cells (NFAT)
protein, which translocates to the nucleus. NFAT provides the
second transcription signal for IL-2 synthesis (Figure 7-4).

PLCy1-DAG/PKC PATHWAY

Nucleotide factor-«xB (NF-«B), the third nuclear transcription
factor, is a product of the calcium-independent PLCy1-DAG/
PKC pathway. Membrane-attached DAG activates phospho-
kinase C (PKC). The activated PKC kinase adds phosphates
to a number of different target molecules, which form a
trimolecular complex that removes an inhibitor from NF-«B.
NF-«B is a peliotropic transcription factor that promotes cell
growth, cell survival, and the synthesis of IL-2 (Figures 7-4
and 7-5).

CD28-B7 SIGNALING PATHWAY

NF-«B is also the downstream target of CD28-B7 signaling.
In the activation pathway, ITAMs on the cytoplasmic tails of
CD28 are phosphorylated and recruit PI-3 kinase. The PI-3
kinase activates a number of different pathways, including
the Ras-MAP and Jak-STAT (Janus tyrosine kinase-signal
transducer activator of transcription) signaling pathways. In
the Jak-STAT pathway, PI-3 kinase phosphorylates Jakl and
recruits STATS to the cytoplasmic tail of CD28. In turn, Jakl
phosphorylates STATS, which are released into the cytoplasm.
Dimerization of phosphorylated STATSs allows translocation to
the nucleus and activation of multiple genes. The Jak-STAT
pathway is much simpler and shorter than other pathways,
and the cellular response is extremely rapid. The PI-3 phos-
phorylates at position 3 on the inositol ring creating PI-3, 4,
5-triphosphate (PI-3, 4, 5), which accelerates the removal of
the inhibitor of NF-«B.

AGENTS THAT INHIBIT T CELL RECEPTOR
SIGNALING

Several therapeutic agents inhibit T cell signaling and down-
regulate immune responses. Cyclosporine A (CsA) is used
as prophylaxis to prevent organ rejection or severe, active
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Figure 7-1

The immunologic synapse. A, Two views of the immunologic synapse in a T cell-APC (antigen-presenting
PKC-0, which associates with the TCR complex, was visualized by antibodies conjugated to a red fluores-
D-F, A three-dimensional view of the entire region of cell-cell contact along the x-z axis. Note, again, the
Lichtman AH, Pillai S: Cellular and molecular immunology, ed ¢ [updated edition], Philadelphia, 2010,

l Class Il l l
cell) conjugate (shown as a Nomarski image in panel C). Talin, a protein that associates with the cyto-
cent dye. Panels A and B, A two-dimensional optical section of the cell contact site along the x-y axis,
central location of PKC-6 and the peripheral accumulation of talin. B, A schematic view of the synapse,
Saunders. Reprinted with permission from Macmillan Publishers Lid.; Monks CRF, Freiburg BA, Kupfer H, ef al:
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plasmic tail of the LFA-1 integrin was revealed by an antibody labeled with a green fluorescent dye, and
revealing the central location of PKC-9, and the peripheral location of talin, both in the T cell. Panels
showing talin and LFA-1 in the p-SMAC (green) and PKC-0 and the TCR in the c-SMAC (red). (In Abbas AK,
Three dimensional segregation of supramolecular activation clusters in T cells, Nature, 395:82-86, 1998
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Figure 7-2

Model for action of RAS genes. When a normal cell is stimulated through a growth factor receptor, inac-
tive (GDP-bound) RAS is activated to a GTP-bound state. Activated RAS recruits RAF-T and stimulates the
MAP-kinase pathway to transmit growth-promoting signals to the nucleus. The MYC gene is one of several
targets of the activated RAS pathway. The mutant RAS protein is permanently activated because of inabil-
ity to hydrolyze GTP, leading to continuous stimulation of cells without any external trigger. The anchoring
of RAS to the cell membrane by the farnesyl moiety is essential for its action, and drugs that inhibit farnesyl-
ation can inhibit RAS action. (From Vinay K: Robbins basic pathology, ed 8, Philadelphia, 2003, Saunders.)

Recruitment and activation || Ras GTP/GDP
of adapter proteins exchange

MAP kinase
cascade

of transcription factors
(e.g., AP-1)

Figure 7-3

The Ras—MAP kinase pathway in T cell activation. ZAP-70 that is activated by antigen recognition phos-
phorylates membrane-associated adapter proteins (such as LAT), which then bind another adapter, Grb-2,
which provides a docking site for the GTP-GDP exchange factor SOS. SOS converts Ras GDP to Ras GTP.
Ras GTP activates a cascade of enzymes, which culminates in the activation of the MAP kinase ERK. A par-
allel Rac-dependent pathway generates another active MAP kinase, JNK (not shown). (From Abbas AK, Lich-
tman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders.)
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T cell signaling downstream of PLC+y1. The LAT (linker for activation of T cells) adapter protein that is phos-
phorylated on T cell activation binds the cytosolic enzyme PLC+y1, which is phosphorylated by ZAP-70
and other kinases, such as Itk, and activated. The active PLC-y1 hydrolyzes membrane PIP; to generate
IP3, which stimulates an increase in cytosolic calcium and DAG, which activates the enzyme PKC. Deple-
tion of endoplasmic reticulum (ER) calcium is sensed by stromal interaction molecule 1(STIM1), which
induces the opening of the calcium release activated channel (CRAC) that facilitates the entry of extracel-
lular calcium into the cytosol. Orai is a component of the CRAC channel. Increased cytosolic calcium and
phosphokinase C (PKC) then activate various transcription factors, leading to cellular responses. (From
Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed é [updated edition], Philadelphia,

2010, Saunders.)

rheumatoid arthritis. Although the exact mechanism has not
been clearly defined, it is believed that CsA binds to a pro-
tein called cyclophilin in the cytoplasm. The complex blocks
T cell activation by inhibiting calcineurin phosphatase. As a
result, NFAT is not translocated to the nucleus, and IL-2 is not
synthesized.

Cyclosporine has serious and life-threatening side effects,
including neural, hepatic, and renal toxicity. Neurotoxicity
is usually mild and manifests as tremors, but seizures have
been described. Cyclosporine A-induced cholestasis and
hepatocyte destruction are characteristic of hepatotoxicity.
In the kidney, CsA produces a dose-dependent vasoconstric-
tion of renal arteries, which results in mild-to-moderate renal
dysfunction. Manifestations of renal dysfunction include a
reduced glomerular filtration rate, increased sodium resorp-
tion, and hypertension.

Tacrolimus (FK506) has replaced CsA as an anti-rejection
agent. It is 10- to 100-fold more active than CsA and has less
toxicity. Tacrolimus binds to a cytoplasmic protein called
FK506-binding protein 12 (FKBP-12) and blocks the activ-
ity of calcineurin (Table 7-1) in the calcium-PKC signaling
pathway.

INTERLEUKIN 2 RECEPTORS

Autocrine IL-2 stimulation of high-affinity IL-2 receptors is
necessary for T cell growth and proliferation. High-affinity
IL-2 receptors are only expressed on activated T cells and
consist of three chains (a, , and ). a-chains and p-chains

bind IL-2 and are involved in intracellular signaling. The
v-chain serves as a support structure and is common to a
number of cytokine receptors (IL-2, IL-4, IL-7, IL-9, and
IL-15).

AGENTS THAT BLOCK AUTOCRINE
INTERLEUKIN 2 SIGNALING

Sirolimus has a biochemical structure similar to CsA and
tacrolimus, but it blocks T cell activation by preventing
autocrine IL-2 signaling from the high-affinity receptor to
the nucleus. In the signaling pathway, sirolimus binds to
cytoplasmic FKBP-12 but does not block the activity of cal-
cineurin. Rather, a bi-molecular complex binds to a third
protein called rapamycin-associated protein (RAP). The
three-component complex inactivates the protein target of
rapamycin (TOR), which is important in accelerating cell
division.

Monoclonal antibodies are also used to block the inter-
action between the high-affinity receptor and the soluble
IL-2. Antibody blockade of the IL-2 receptor prevents T
cell growth, and proliferation and induces T cell apoptosis
(Table 7-2).

Basiliximab is a monoclonal antibody directed at the IL-2
receptor a-chain (also known as IL-2R-a-chain, CD25, or TAC).
Another humanized monoclonal antibody, called daclizumab,
also is directed at the IL-2R-a-chain. Both antibodies have
proven useful in the treatment of acute rejection of trans-
planted kidneys.
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Activation of transcription factors in T cells. Multiple signaling pathways converge in antigen-stimulated T
cells to generate transcription factors that stimulate expression of various genes (in this case, the interleukin
2 [IL-2] gene). The calcium—calmodulin pathway activates NFAT (nuclear factor of activated T cells), and
the Ras and Rac pathways generate the two components of AP-1. Less is known about the link between T
cell receptor (TCR) signals and NF-«B activation. (NF«B is shown as a complex of two subunits, which, in
T cells, are typically the p50 and p65 proteins, named for their molecular sizes in kiloDaltons [kDal].). PKC
is important in T cell activation, and the PKC- isoform is particularly important in activating NF-«B. These
transcription factors function coordinately to regulate gene expression. Note also that the various signaling
pathways are shown as activating unique transcription factors, but considerable overlap may be present,
and each pathway may play a role in the activation of multiple transcription factors. (From Abbas AK, Licht-
man AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders. )

Figure 7-5

Fungal Immunosuppressive Agents That DEFECTIVE T CELL SIGNALING
Inhibit T Cell Activation and Signaling AND IMMUNODEFICIENCIES
LT;‘:.::;ive X-Linked Severe Combined
Agent Source Mechanism Immunodeficiency

X-linked severe combined immunodeficiency (SCID) is

Cyclosporine A Cy:lg:dzizgdsy Inhibits calcineurin a life-threatening primary immunodeficiency, which is
Tolypocladium characterized by a lack of T and B lymphocytes or by dys-
inflatum functional lymphocytes. Most infants with the disease die

Tacrolimus Macrolide produced by  Inhibits calcineurin within 1 year as a result of recurrent infections by opportu-

(FK506) Streptomyces nistic pathogens. Several defects in cellular signaling have
tsukubaensis been described. In X-linked SCID, the major defect is an

Sirolimus Produced by Inhibits IL-2 recep- inability to synthesize a receptor y-chain, which is part of
Streptomyces tor signal the IL-2 high-affinity receptor and a number of different IL
hygroscopicus ieselyciie receptors (IL-2, IL-4, IL-7, IL-9, and IL-15). Engagement of

Modifed from Actor JA: Immunology and immunobiclogy, Philadelphia, these receptors is critical to lymphocyte activation, synthe-

2007, Elsevier. sis of different types of antibodies, TCR re-arrangements,
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Name Origin Reagent Type Target Application
Basiliximab Chimeric Monoclonal antibody IL-2R a-chain (CD25 or TAC) Prevention of acute organ rejection
Daclizumab Humanized Monoclonal antibody ILR-2 a-chain Prevention of acute kidney rejection

and natural killer (NK) cell development. X-linked SCID is
the most common form of immunodeficiency, affecting 1 in
50,000 to 100,000 births.

ZAP-70 Immunodeficiency

The ZAP-70 protein kinase is expressed on T cells and is asso-
ciated with the CD3 C-chain of the TCR complex. Dysfunc-
tional ZAP proteins cannot phosphorylate ITAMs, which are
critical to the initiation of the signaling process and for T cell
differentiation. Mutations in Zap-70 are responsible for a rare
autosomal recessive form of SCID in humans. This syndrome
is characterized by CD8 cells and CD4 cells that are refractory
to T cell stimulation.

Treatment of Severe Combined
Immunodeficiency

Unfortunately, treatment options for SCID are limited to
isolating the patient to protect against microbial infections.
Aggressive broad-spectrum antimicrobial treatment must be
initiated at the first sign of infection. Affected individuals may
also receive intravenous immunoglobulin replacement ther-
apy. The only cure for the disease is bone marrow transplanta-
tion or, in select cases, gene therapy.

SUMMARY

o Interleukin 2 (IL-2) synthesis is essential for T cell
stimulation.

o IL-2 synthesis requires the activation of three different
transcription factors produced in five different signaling
pathways.

o Cyclosporine and tacrolimus block the activation of the
transcription factors for IL-2.

o Autocrine IL-2 stimulation is required for the growth and
proliferation of T cells.

o Sirolimus blocks the signaling from the high-affinity IL-2
receptor.
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ASSESSMENT QUESTIONS

1.

Self-stimulation of IL-2 receptors is called:
A. Paracrine stimulation

B. Autocrine stimulation

C. Hormonal stimulation

D. Neuronal stimulation

. Which of the following is not a transcription factor for

IL-2?

A. AP-1
B. NFAT
C. NF-«xB
D. Zap-70

. In the phospholipase Cy1 pathway, which of the following

is responsible for the release of calcium from intracellular
stores?

A. Inositol 1,4,5, triphosphate

B. Diacetylglycerol

C. Phosphokinase C

D. NFAT

. Which of the following therapeutic agents block the activa-

tion of calcineurin?
A. Cyclosporine
B. Sirolimus

C. Basiliximab

D. Corticosteroids

. The major defect in X-linked severe combined immunode-

ficiency is an:

A. Inability to synthesize receptor a-chains
B. Inability to synthesize receptor y-chains
C. Inability to synthesize receptor 3-chains
D. Inability to synthesize the Tac protein

. Which of the following pathways downstream target is

NF-kB?

I. Ras-MAP kinase (MAPK) pathway

II. Calcium-independent DAG-PKC signaling pathway
III. PI-3 kinase pathway

I

III

Iand II

IT and III

L, I, and III

OO w



LEARNING OBJECTIVES

o Describe the structure of the B cell receptor (BCR) complex

« Differentiate between the signaling and nonsignaling com-
ponents of the BCR

o Define the role of CD2 in intracellular signaling

o Explain the usefulness of BCR cross-linking in the intracel-
lular signaling process

o Identify the intracellular signaling pathways activated by
cross-linked BCRs

» Recognize the definition of thymus-dependent (TD) antigen

o Identify the definition of a thymus-independent (TT) antigen

o Compare and contrast the molecular structure of TD and TI
antigens

o Explain the interactions between TI types I and II antigens
and cellular ligands

« Compare and contrast the antibody responses elicited by TI
types I and II antigens

o Explain the role(s) of the B lymphocyte stimulator (BLyS)
in B cell differentiation to plasma cells

o Identify the role of CD22 in B cell regulation

« Examine therole of atacicept in blocking B cell differentiation

o Explain how belimumab and epratuzumab inhibit B cell
differentiation

o Recognize the key immunologic defect in early-onset
X-linked agammaglobulinemia (XLA) and its role in intra-
cellular signaling

o Describe treatment modalities commonly used to treat XLA

KEY TERMS

B cell receptor (BCR)

B lymphocyte stimulator (BLyS)
Brutons tyrosine kinase (BTK)
Plasma cell

Thymus-dependent (TD) antigens
Thymus-independent (TI) antigens
Type I thymus-independent antigens
Type II thymus-independent antigens
X-linked agammaglobulinemia

INTRODUCTION

B cells are the major effector cells in an antibody-mediated
immune response. The production of antibodies to protein
antigens often requires interactions among T cells, B cells, and
monocytes. The response is termed thymus-dependent (TD)

antibody production. B cells are activated by the engagement of
two receptors on the cell surface. However, some antigens can
initiate antibody production without antigen processing or the
help of T cells. These antigens are termed thymus-independent
(TI) antigens. The activation of B cells may require the engage-
ment of one or more receptors. As a consequence of intracel-
lular signaling, B cells differentiate into antibody-producing
plasma cells.

B CELL RECEPTOR COMPLEX

In the initial stage of B cell activation, antigens react with the
membrane B cell receptor (BCR), which is a monomeric form
of an antibody called immunoglobulin M (IgM; see Chap-
ter 9). Monomeric IgM consists of two mu (p)-heavy chains
and two kappa (k)- or lambda (M)-light chains. M-heavy
chains have four constant regions (Cy1-Cy4) and one vari-
able domain (Vy). Light chains are connected to the p-chains
and have one constant C; domain and one V; domain. Within
the variable regions of both heavy and light chains are hyper-
variable regions. The combination of hypervariable regions in
the heavy and light chains creates a three-dimensional pocket
that determines antigen specificity (Figure 8-1). Each B cell
expresses a homogeneous population of BCRs that recognize
only one antigen. Therefore, 1 x 10! B cell clones are needed
to respond to all known antigens.

The BCR has a short intracytoplasmic tail and cannot
transduce signals to the nucleus. To transduce signals, the
BCR forms complexes with invariant immunoglobulin-alpha
(Ig-a) and immunoglobulin-beta (Ig-f) molecules, which
contain multiple immunoreceptor tyrosine-based activation
motifs (ITAMs).

B CELL RECEPTOR SIGNALING

Activating signals are initiated by the cross-linkage of two
BCRs by multi-valent antigens. Cross-linkage of two BCRs
brings activated a sarcoma (v-src) kinase into the proper
position for the activation of cellular signaling. The v-src
enzyme phosphorylates the tyrosine residues on the Ig-o and
Ig-p ITAMs (Figure 8-2). Phosphorylated ITAMs also act as
“docking sites” for syk, an enzyme analogous to ZAP-70 in
T cells. Syk activates two downstream signaling pathways
whose products promote the synthesis of antibodies.

In one pathway, phosphorylation of phospholipase Cy2
(the B cell isoform of phospholipase 1) activates the PLC cal-
cium-dependent and DAG pathways. Activation results in the
translocation of nuclear factor of activated T cells (NFAT) and
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Figure 8-1

B cell antigen receptor complex. Membrane immunoglobulin M (IgM)
on the surface of mature B cells is associated with the invariant Ig-a
and Ig-B molecules, which contain immuno-receptor tyrosine-based acti-
vation motifs (ITAMs) in their cytoplasmic tails that mediate signaling
functions. Note the similarity to the T cell receptor (TCR) complex. (From
Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology,
ed 6 [updated edition], Philadelphia, 2010, Saunders.)

nuclear factor-kappaB (NF-«xB) to the nucleus. In a second
pathway, phosphorlyation of an adaptor protein called SLP-
65 (SH-2 binding leukocyte protein) allows interaction with
Btk and Grb kinases. The Grb-SLP-65 complex recruits SOS
(son of sevenless), which acts as a guanosine triphosphate—
guanosine diphosphate (GTP-GDP) exchange protein that
activates Ras and Rac. In turn, the MAP (mitogen-activated
protein) kinase and the JNK (c-Jun N terminal kinase) path-
ways are activated with translocation of AP-1 to the nucleus.
In B cells, AP-1 accelerates for cell division, which creates B
memory cells and B cell differentiation into plasma cells.

AMPLIFICATION OF THE B CELL SIGNAL

Like T cells, B cells require a second signal for activation. The
second signal is provided by a B cell co-receptor complex that
consists of CR2, CD19, and CD81 (TAPA-1). The CR2 mol-
ecule recognizes a decay product of complement called C3d
that is bound to large-molecular-weight antigens or bacteria.
Complement is a series of serum proteins that can be activated
by polysaccharides (innate immunity) or antigen-antibody
complexes (acquired immunity). Complement is discussed in
detail in Chapter 11.

Amplification occurs when the multi-valent antigen binds
to CD2 and cross-links multiple BCRs. Engagement of the
BCR and CR2 activates a lyn kinase that phosphorylates
the Ig-a and Ig-p ITAMs. Binding also reorients CD19 and
CD81 to bring them into proximity with Ig-a and Ig-p ITAMs
(Figure 8-3).

S

Phosphorylation of CD19 activates a PI-3 kinase, which
initiates the Ras-MAP and Jak-STAT signaling pathways that
stimulate B cell differentiation, survival, and growth.

THYMUS-DEPENDENT ANTIGENS

Some antigens require the help of T cells for the stimulation
of B cells to produce antibodies. In the parafollicular cortex
(T cell zone) of the lymph node, dendritic cells process and
present antigens in the context of class II molecules. Antigens
are presented to CD4Th2 cells. At this point, the T cell is acti-
vated but does not know which B cell needs help to produce
antibodies.

B cell activation occurs in the lymph node B cell zone. The
unprocessed antigens that activated the T cell bind to antigen-
specific BCRs. After interaction between the BCR and anti-
gens, B cells internalize, process, and present epitopes in the
context of class II molecules (Figure 8-4).

Under the influence of chemokines, B cells translocate to
T cell-rich zones. T cells and B cells come together, and B
cells present antigens in the context of class I molecules to
the T cell receptors (TCRs) on the activated T cell. As a con-
sequence, activated T cells begin to help B cells to produce
antibodies. Secondary signals from CD28-B7-1 and CD40-
CDA40L interactions are necessary to amplify the help from
T cells. Small-molecular-weight cytokines produced by
CDA4Th2 cells cause the proliferation and differentiation of
B cells in defined foci. Within 4 to 7 days, cytokine-stimulated
B cells migrate back to lymph node follicles, where they form
germinal centers containing proliferating B cells, memory
B cells, and plasma cells. A summary of T helper cell-mediated
B cell activation is shown in Figure 8-5.

THYMUS-INDEPENDENT ANTIGENS

Antigens that do not require the help of T cells to initiate
antibody production are termed thymus-independent (TI)
antigens. B cells that respond to TI antigens are found in the
spleen, bone marrow, peritoneal cells, and mucosa. In the
spleen, specialized subsets of marginal-zone B cells interact
with the native, unprocessed TI antigens bound to the sur-
face of marginal-zone macrophages. In the peritoneum and
mucosa, another specialized B cell population, called B-1 cells,
recognizes TT antigens. B-1 cells are derived from the fetal liver
and may represent a separate B cell lineage. Both marginal-
zone B cells and B-1 cells produce natural antibodies that are
important in the defense against encapsulated bacteria.

In general, TI antigens are linear carbohydrate molecules
and have repeating epitopes that engage and cross-link mul-
tiple BCRs. On the basis of the necessity for ancillary or sec-
ondary receptor interactions, TT antigens can be classified into
type I or type Il antigens. Bacterial endotoxins, glycolipids, and
nucleic acids are type I antigens and require interaction with
a BCR and a second signal to activate B cells. Type II antigens
directly cross-link multiple BCRs to activate B cells. Natural
and synthetic polysaccharides are considered type II antigens.
Both type I and type Il antigens elicit antibody production, but
they are poor inducers of memory cells.

Type | Thymus-Independent Antigens

Lipopolysaccharide (LPS) endotoxins are normal constituents
of a gram-negative bacterial cell wall and are released when the
bacterium dies or is killed by antibiotics. Endotoxins consist
of three domains: (1) the O-polysaccharide region, (2) a core
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Signal transduction by the B cell receptor (BCR) complex. Antigen-induced cross-linking of membrane
immunoglobulin (IgM) on B cells leads to clustering and activation of Srcfamily tyrosine kinases and tyro-
sine phosphorylation of the immuno-receptor tyrosine-based activation motifs (ITAMs) in the cytoplasmic
tails of the Ig-a and Ig-B molecules. This leads to docking of Syk and subsequent tyrosine phosphorylation
events as depicted. Several signaling cascades follow these events, as shown, leading to the activation
of several transcription factors. These signal transduction pathways are similar to those described in
T cells. (From Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed ¢ [updated edition],

Philadelphia, 2010, Saunders.)

region, and (3) lipid A. The outer O-polysaccharide contains
repeating immunogenic epitopes of three to five units that
evoke an antibody response. The core polysaccharide region
is intermediate between the O-region and lipid A. It contains
d-manno-oct-2-ulosonic acid and glycerol-d-manno-heptose.
The membrane-anchoring domain, or lipid A, consists of a
highly conserved, phosphorylated dimer of N-acetylglucos-
amine with five to seven attached fatty acids. Both the O-region
and lipid A bind to receptors on mammalian cells.

Endotoxin-induced B cell stimulation requires interaction
with two receptors. The O-region polysaccharide reacts with
antigen-specific BCRs. Lipid A binds to a Toll-like receptor
(TLR-4) that has associated ITAMs. In some instances, endo-
toxins binding is nonspecific and multiple B cell clones are
stimulated (polyclonal B cell activation) to produce an anti-
body called IgM.

Type Il Thymus-Independent Antigens

Type II antigens are polysaccharide antigens with repeating
epitopes that cross-link multiple BCRs to stimulate B cell acti-
vation. For example, capsular polysaccharides from the highly
virulent Pneumococcus, Haemophilus, and Meningococcus

species are classic type II antigens. Antibodies resulting from
type II antigen stimulation are usually low-affinity antibodies,
called natural antibodies, which are produced without overt
exposure to antigens.

PLASMA CELL DIFFERENTIATION

The driving forces for B cell differentiation into plasma cells are
two cytokines produced by T cells, monocytes, dendritic cells,
and macrophages. (1) One cytokine, called the B lymphocyte
stimulator (BLyS), interacts with the TACI (membrane-activated
calcium-modulator cyclophilin ligand-interactor) and the
BLyS-receptor 3 (BLySR3). Engagement of BLyS with its ligands
promotes B cell survival and differentiation into plasma cells. (2)
The second cytokine is a proliferation-inducing ligand (APRIL),
which binds to the B cell maturation antigen (BCMA). APRIL
acts a co-stimulator of B cell proliferation and supports antibody
switching from one class to another (Figure 8-6).

PLASMA CELL LONGEVITY

Depending on the nature of the antigen, plasma cells are either
shortlived or long lived. Short-lived plasma cells are generated
during TT responses and allow rapid production of protective
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Role of complement in B cell activation. B cells express a complex of the
CR2 complement receptor, CD19, and CD81. Microbial antigens that
have bound the complement fragment C3d can simultaneously engage
both the CR2 molecule and the membrane immunoglobulin (IgM) on the
surface of a B cell. This leads to the initiation of signaling cascades from
both the B cell receptor (BCR) complex and the CR2 complex, because of
which the response to C3d antigen complexes is greatly enhanced com-
pared with the response to antigen alone. (From Abbas AK, Lichiman AH,
Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Phila-
delphia, 2010, Saunders.)

antibodies to Pneumococcus, Haemophilus, and Meningococ-
cus. These plasma cells are localized in secondary lymphoid
tissue such the splenic periarteriolar lymphoid sheath (PALS)
and lymph node germinal centers. Long-lived plasma cells are
generated after stimulation by TD antigens. Approximately
7 weeks after immunization with a TD antigen, plasma cells
in the germinal center migrate to bone marrow and become
long-lived plasma cells. These cells continue to produce anti-
bodies for months or years and provide protection against
previously encountered antigens. Approximately 80% of anti-
bodies directed at TD antigens found in serum are produced
by long-lived plasma cells in bone marrow.

AGENTS THAT BLOCK B CELL
DIFFERENTIATION INTO PLASMA CELLS

Blockade of B cell differentiation into plasma cells is an impor-
tant goal of therapy. Inhibition of B cell differentiation can
involve the use of fusion proteins or monoclonal antibodies.
For example, atacicept is a soluble recombinant fusion protein
that contains the binding portion of the B cell TACI receptor
that binds both BLyS and APRIL and the distal portion of an
antibody molecule. The fusion protein binds and neutralizes
soluble BLyS and APRIL cytokines before they can react with
stimulatory ligands on the B cell surface. Atacicept has been
used successfully in the treatment of systemic lupus erythema-
tosus (SLE) and rheumatoid arthritis.

Two monoclonal antibodies directly prevent B cell differ-
entiation. Belimumab is a humanized monoclonal antibody

Microbial
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Antigen processing
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Activated
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T cell recognition
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Figure 8-4

B cell antigen presentation to activated helper T cells. Protein antigens
bound to membrane immunoglobulin (IgM) are endocytosed and pro-
cessed, and peptide fragments are presented in association with class Il
HLA molecules. Activated helper T cells recognize the MHC-peptide
complexes and then stimulate B cell responses. Activated B cells also
express co-stimulators (e.g., B7 and CD28 molecules) that enhance
helper T cell responses. (From Abbas AK, lichiman AH, Pillai S: Cellular
and molecular immunology, ed 6 [updated edition], Philadelphia, 2010,
Saunders.)

directed at soluble BLyS. It is currently in clinical trials for the
treatment of SLE. Epratuzumab, another humanized mono-
clonal antibody, is directed at CD22 expressed on the surface
on B cells. Antibody engagement of CD22 activates the pro-
tein tyrosine phosphatase called SHP1, a negative regulator of
BCR signaling. Epratuzumab is useful in the treatment of non-
Hodgkin’s lymphoma and SLE (Table 8-1).

IMMUNODEFICIENCIES

Bruton Agammaglobulinema
(X-Linked Agammaglobulinemia)

In 1952, Colonel Ogden Bruton, an Army pediatrician,
reported the first known immunodeficiency. The patient
was a 9-year-old boy, who had no measurable antibody lev-
els. The immune defect was originally named Bruton agam-
maglobulinemia. Additional studies showed that 90% of the
patients were male, and the name was changed to X-linked
agammaglobulinemia (XLA), or early-onset agammaglobu-
linemia. Patients with this immunodeficiency have recurrent
episodes of otitis media, pneumonia, and sinusitis caused by
Streptococcus pneumoniae or Haemophilus influenzae. Diar-
rhea caused by Giardia and Campylobacter is also common.
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The interactions of helper T cells and B cells in lymphoid tissues. CD4+ helper T cells recognize processed
protein antigens displayed by professional antigen-presenting cells (APCs) and are activated to prolifer-
ate and differentiate into effector cells. These effector T cells begin to migrate toward lymphoid follicles.
Naive B lymphocytes, which reside in the follicles, recognize the antigens in this site and are activated
to migrate out of the follicles. The two cell populations come together at the edges of the follicles and
interact. (From Abbas AK, lichtman AH: Basic immunology: functions and disorders of the immune system,

ed 2 [updated edition], Philadelphia, 2006, Saunders.)
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The interaction between a T cell-derived cytokine called the B lymphocyte stimulator (BlyS) and a
proliferation-inducing ligand (APRIL) and their receptors on B cells. BlyS interacts with TACI (membrane-
activated calcium-modulator cyclophilin ligand-interactor) and the BlyS-receptor 3 (BLySR3). Engagement
of BlyS with its ligands promotes B cell survival and differentiation into plasma cells. APRIL binds to the
B cell maturation antigen (BCMA).

The incidence of XLA is unclear; an estimated frequency of
1 per 250,000 live births is considered to be an underestimation.

The immunologic defect has been mapped to the Bruton’s
kinase gene (BTK) which is important in B cell maturation and
intracellular signaling pathways. In the maturation process,
the pro-B cell is the first committed cell in the B cell lineage
that is sensitive to interleukin 7 (IL-7). When stimulated with
IL-7, the pro-B cell re-arranges BCR heavy chains to increase
the antigen-binding repertoire. BTK controls the rearrange-
ment of the p-chain. A dysfunctional BTK gene restricts the
p-chain re-arrangements, which limits the antigen specificity

of the BCR. As a consequence, patients with early-onset agam-
maglobulinemia fail to respond to most antigens.

Treatment of Early-Onset
Agammaglobulinemia

To restore normal antibody levels, patients are treated with
pooled immunoglobulin administered by the intravenous or
the subcutaneous route. Most preparations contain antibod-
ies to bacterial agents and reduce the incidence of pneumo-
nia, meningitis, and intestinal infections. Some intravenous
immunoglobulin preparations (RSV-IVIG) contain high



CHAPTER 8 B CELL ACTIVATION AND SIGNALING

ICIER Fusion Proteins and Monoclonal Antibodies That Inhibit B Cell Differentiation

Name Origin Reagent Type Target Application

Atacicept Fusion protein TACI receptor Soluble BlyS Relapsing multiple sclerosis (RMS)

BR3-Fc Fusion protein Binding portions of BlyS- TACI and BR3 on Systemic lupus erythematosis (SLE)
receptor 3 B cells

Belimumab Humanized Monoclonal antibody Soluble BlyS SLE

Epratuzumab ~ Humanized Human monoclonal antibody ~ CD22 Non-Hodgkin’s lymphoma and SLE

TACI, membrane-activated calcium-modulator cyclophilin ligand-inferactor.

levels of antibodies to respiratory syncytial virus (RSV). RSV
infections are common in children under 2 years of age, and
usually, RSV does not replicate outside the respiratory tract.
However, RSV infection in children with agammaglobulin-
emia can cause a fatal pneumonia. A more directed therapy
for RSV infection is palivizumab, a humanized monoclonal
anti-RSV antibody. It is licensed for use in high-risk infants
with chronic lung disease and congenital heart diseases.

In patients with chronic sinus infections and respiratory
infections, long-term broad-spectrum antibiotic therapy is
indicated. Oral antibiotics such as amoxicillin, amoxicillin/
clavulanate, and cefuroxime axetil can be used. Intravenous
ceftriaxone may be required to treat chronic pulmonary infec-
tion or pneumonia.

SUMMARY

o B cells differentiate into plasma cells, which produce
antibodies.

o B cell response to protein antigens requires interactions
among T cells, B cells, and macrophages.

o B cells can trap, process, and present antigens in the context
of class IT molecules.

« Endotoxins and polysaccharides can directly activate B cells
by cross-linking surface receptors.

o Fusion proteins and monoclonal antibodies can block B cell
differentiation into plasma cells.
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ASSESSMENT QUESTIONS

1. Which of the following are characteristics of a thymus-
independent type II antigen?

I.  Lipopolysaccharide endotoxins

II. Cross-links B cell receptors (BCRs)

III. Stimulates B cells to produce low affinity antibodies

I

11

Iand II

. Il and I1I

L, I, and III

HOO® >

2. B cell differentiation to plasma cells is driven by a cytokine
called:
A. BLyS
B. PALS
C. TACI
D. BCMA

3. Which of the following is a biotechnology-derived fusion
protein that blocks B cell differentiation into plasma cells?
A. Abatacept
B. Alefacept
C. Atacicept
D. Efalizumab

4. Which of the following is a characteristic of the B cell
receptor?

I. Resembles an immunoglobulin M (IgM) antibody

II. Binds to only one type of antigen

III. Signals to activation pathways

I

III

Iand II

. ITand III

L, II, and III

Moo >

5. Which of the following interactions are required to pro-

duce antibodies to a thymus-dependent antigen?

I.  Antigen and a BCR

II. CD2 and antigen-bound C3d

III. B cell class II molecules and the T cell receptor
(TCR) on activated T cells

I

III

Iand II

ITand ITI

L, II, and IIT

ISRl S

. Thymus-independent type I antigens stimulate B cells to

produce antibodies by:

A. Cross-linking BCRs

B. Binding to BCRs and Toll receptors
C. Binding to BCRs and CR2

D. Binding to class II antigens



Antibodies

LEARNING OBJECTIVES KEY TERMS
o Describe the basic structure of antibodies Affinity
o Discuss the function of the variable and hypervariable por-  Avidity

tion of antibodies

« Identify the functions of the C ;j1-C 43 regions

« Recognize the definition of the complementarity-determin-
ing regions (CDRs)

o Compare and contrast antibody affinity and avidity

o Compare and contrast the structure and antigen-binding
capability of Fab and F(ab’),

o Describe the usefulness of Fab fragments in treating drug
overdoses

o Compare and contrast the structure and function of immu-
noglobulin M (IgM) and IgG

o Identify the structure and biologic functions of IgG
subclasses

« Identify the clinical implications of IgG subclasses

« Compare and contrast the structure and function of IgA and
secretory IgA (sIgA)

o Understand the mechanism used to transport IgA to the
exterior

o Understand the role of mucosal-associated lymphoid tissue

(MALT) and sIgA in vaccination

Relate the structure and function of IgD

Restate the biologic function of IgE

Locate the IgE Cy4 domain

Identify the definition of an anamnestic response

Understand the mechanisms involved in the generation of

an anamnestic response

« Understand the role of cytokines in isotypic switching

o Discuss the immunologic defects in transient hypogamma-
globulinemia of infancy (THI)

o Discuss the immunologic defects associated with common
variable immunodeficiency (CVID)

o Identify symptoms and immunologic defects associated

with hyperimmunoglobulinemia E (Job syndrome)

Describe the drugs used to treat Job syndrome

Understand the pathophysiology of multiple myeloma

Define monoclonal antibody

Describe Bence Jones proteins

Identify the drugs used to treat multiple myeloma

Understand the pathophysiology of Waldenstrom’s

macroglobulinemia

70

Anamnestic response

Bence Jones proteins
Complementarity-determining regions (CDRs)
Fab

F(ab’),

Fc

IgM

IgG

IgA

IgD

IgE

Isotypes

Multiple myeloma

Waldenstrém’s macroglobulinemia

INTRODUCTION

Antibodies are soluble proteins produced by plasma cells.
They are normally found in peripheral blood and external
body fluids such as saliva, tears, and colostrums. Antibodies
neutralize viruses or mark antigens or microbes for destruc-
tion by phagocytosis or complement lysis. A number of dif-
ferent synonyms for antibodies exist. When serum is placed
in an electrical field, blood proteins migrate at different rates,
depending on size and charge. Small-molecular-weight albu-
mins migrate rapidly, whereas globulin fractions migrate more
slowly. Antibodies are localized in the slow-migrating gamma
(y) fractions and are termed gammaglobulins. Ultra-centrifu-
gation also can be used to separate immunoglobulins on the
basis of size. On the basis of the sedimentation rate (Svedberg
units) in a centrifugal field, antibodies are divided into three
different molecular weights: (1) the 7S antibody fraction with
a molecular weight of 150,000, (2) the 11S fraction with a
molecular weight of 300,000, and (3) the 19S fraction with a
molecular weight of 900,000.

ANTIBODY STRUCTURE

Antibodies have a basic structure which consists of pairs of
heavy (H) and light (L) chains. Each heavy chain has a molec-
ular weight of 50,000 Daltons. The weight of light chains is
approximately 25,000 Daltons. Disulfide bonds link heavy
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The N terminal end of immunoglobulin G (IgG) is characterized by
sequence variability (V) in both the heavy and light chains, referred to
as the Vi and V, regions, respectively. The rest of the molecule has a
relatively constant (C) structure. The constant portion of the light chain
is termed the C; region. The constant portion of the heavy chain is
further divided into three structurally discrete regions: Cy1, C42, and
Ch3. These globular regions, which are stabilized by intrachain disul-
fide bonds, are referred to as domains. The sites at which the antibody
binds antigen are located in the variable domains. The hinge region is a
segment of heavy chain between the Cy1 and Cj2 domains. Flexibility
in this area permits the two antigen-binding sites to operate indepen-
dently. There is close pairing of the domains except in the Cy2 region.
Carbohydrate moieties are attached to the Cy2 domains. (From Roitt |,
Brostoff ], Male D, et al: Immunology, ed 7, Philadelphia, 2006, Mosby.)

chains and attach light chains to heavy chains. Heavy and light
chains consist of several different globular domains that have
constant or variable amino acid sequences (Figure 9-1).

Heavy-chain constant domains are called constant regions
(Cyl, Cy2, and Cy3). Heavy-chain Cyl segments are linked
to the variable (Vi) domain, which is part of the antigen-
combining site. The Cy2 region is the hinge region that ensures
antibody flexibility—the larger the hinge region, the more
flexible is the antibody (Figure 9-2). Flexibility is essential
because epitopes are often widely spaced on protein molecules
or microbes. Attachment to cellular receptors is facilitated by
the antibody Cy3 region. However, some antibody subpopu-
lations express an additional heavy-chain region (Cy4) that
restricts binding to select cells.

Light chains attached to the heavy chains also have con-
stant (Cp) and variable region (V) domains. The V| domain
contributes to antigen binding. These 24-kiloDalton (kDal)
light chains are covalently linked to heavy chains via disulfide
bonds.

Antibody specificity is determined by the association of V
regions from both heavy and light chains. In essence, V seg-
ments form a three-dimensional pocket that is the mirror
image of the antigen that elicited its production (Figure 9-3).

Within the antigen-binding pocket, small 10-amino-acid
hypervariable regions determine specificity at the molecular
level. Amino acid sequences that form the three-dimensional
antigen pocket are termed complementarity-determining
regions (CDRs). Each heavy- and light-chain variable region
contains three CDRs.
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Flexibility of antibody molecules. The two antigen-binding sites of an
immunoglobulin (Ig) monomer can simultaneously bind to two determi-
nants separated by varying distances. A, An immunoglobulin molecule
is depicted binding to two widely spaced determinants on a cell surface.
B, The same antibody is binding to two determinants that are close
together. This flexibility is mainly caused by the hinge regions located
between the Cyy1 and Cy2 domains, which permit independent move-
ment of antigen-binding sites relative to the rest of the molecule. (From
Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed
6 [updated edition], Philadelphia, 2010, Saunders.)
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Antigens can bind in pockets or grooves or on extended surfaces in the
binding sites of antibodies. Schematic representations of the different
types of binding sites in a Fab fragment of an antibody are shown: left,
pocket; center, groove; right, extended surface.

AFFINITY AND AVIDITY

Antibody binding is described in terms of affinity and avid-
ity. The binding strength or affinity is the result of the interac-
tion between an antibody and a single antigenic determinant.
From a practical perspective, antibody affinity is important in
determining the rate at which an infection is terminated. Anti-
bodies with high affinity will tightly bind lower concentrations
of microbes and quickly terminate an infection. Low-affinity
antibodies are most efficient when large antigen concentra-
tions are present, which means that it takes longer to terminate
the infections. Antibody avidity is dependent on the number
of antibody-combining sites and the number of epitopes in a
single antigen. It is the combined strength of multiple interac-
tions between antibodies and epitopes. Avidity will always be
geometrically higher than the affinity.

ANTIBODY FRAGMENTS

Porter delineated antibody structure by digesting antibodies
with proteolytic papain and pepsin. Papain cleaves the heavy-
chain Cy2 domains above the disulfide bonds that connect
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Proteolytic fragments of an immunoglobulin G (IgG) molecule. IgG molecules are cleaved by the enzymes
papain (A) and pepsin (B) at the sites indicated by arrows. Papain digestion allows the separation of two
antigen-binding regions (the Fab fragments) from the portion of the IgG molecule that binds to comple-
ment and Fc receptors (the Fc fragment). Pepsin generates a single bivalent antigen-binding fragment,
F(ab’),. (From Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition],

Philadelphia, 2010, Saunders.)

heavy chains and yields three different fragments. The resultant
pieces are identical in structure and consist of constant and
variable regions of heavy (Vy and Cyl) and light (V; and C;)
chains linked by disulfide bonds. These two fragments, each
having a molecular weight of 60,000, are called Fab (fragment
antigen binding). Each Fab binds a single antigen. The remain-
ing fragment, which consists of Ci2 and Cy3 heavy-chain units,
is easily crystallized and is called Fc (fraction crystallized). Later
studies showed that the Fc portion of antibodies binds to recep-
tors (FcR) on immunocompetent cells (Figure 9-4).

Pepsin cleaves IgG heavy chains at a point below the disul-
fide bond that links two heavy chains. The resulting fragment
consists of two Fab linked together by heavy-chain disul-
fide bonds. The large-molecular-weight fragments are called
F(ab’),. Each F(ab’), can bind two antigens. The remainder of
the antibody is reduced to small peptide fragments that have
no biologic function.

CLINICAL USEFULNESS
OF FAB FRAGMENTS

Fab fragments are used in the clinic to treat select drug over-
doses and envenomations. For example, Fab fragments are
commonly used to treat digoxin overdoses or North American

Crotalidae (rattlesnake) envenomations. Fab fragments neu-
tralize the drug or the venom in blood, and the resulting
equilibrium shifts away from target cell binding. Since the
molecular weight of the antigen-Fab complexes are usually less
than 65,000 molecular weight (MW), they pass through the
kidneys and are eliminated in urine. Patients usually begin to
recover within 30 minutes of receiving a bolus of Fab fragments.

ANTIBODY ISOTYPES

The five antibody isotypes (IgM, IgG, IgA, IgD, and IgE) are
differentiated by the chemical structure of the heavy chain.
Antibody isotypes have different molecular structures, have
different affinity constants, appear at different times in an
immune response, and have different functions (Figure 9-5).

Immunoglobulin M Isotype

Immunoglobulin M (IgM, or 19S) is the antibody formed dur-
ing the initial response to an antigen or microbe. Following
antigen stimulation, IgM-producing plasma cells migrate from
the lymph node to bone marrow, where they become long-
lived plasma cells. A 5- to 10-day lag time occurs before IgM
antibodies appear in blood, and peak IgM levels occur at 21
days. During the response, memory B cells are also produced,
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Carbohydrate side chains are shown in blue. Inter-heavy (H)-chain disulfide bonds are shown in red, but
interchain bonds between H and light (L) chains are omitted. 1, A model of IgG1 indicating the globular
domains of H and L chains. Note the apposition of the Ci3 domains and the separation of the Cy;2
domains. The carbohydrate units lie between the Cjy2 domains. 2, Polypeptide chain structure of human
IgG3. Note the elongated hinge region. 3, IgM H- chains have five domains with disulfide bonds cross-
linking adjacent Cy3 and Cp4 domains. The possible location of the J chain is shown. IgM does not have
extended hinge regions, but flexion can occur about the Cjj2 domains. 4, The secretory component of
slgA is probably wound around the dimer and attached by two disulfide bonds to the C;2 domain of one
IgA monomer. The J chain is required fo join the two subunits. 5, This diagram of IgD shows the domain
structure and a characteristically large number of oligosaccharide units. Note also the presence of a
hinge region and short octapeptide tailpieces. 6, IgE can be cleaved by enzymes to give the fragments
F(ab’),, Fc, and Fc'. Note the absence of a hinge region. (From Roitt I, Brostoff ], Male D, et al: Immunclogy,
ed 7, Philadelphia, 2006, Mosby.)
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and they remain in the lymph node germinal centers or recir-
culate between the lymph node and the spleen.

IgM has the basic heavy- or light-chain antibody structure
but exists in pentameric, secretory, and monomeric configura-
tions. In the pentameric configuration, five antibody units are
covalently linked by disulfide bonds at adjacent Cy;3 domains.
An additional molecule, called a J-chain, also is attached to the
penultimate cysteines of the mu (u) heavy chains. The five-unit
IgM molecule has a molecular weight of 970,000 kDal and has
10 antigen-combining sites that bind antigen with high avidity.
In serum, the normal range for IgM is 85 to 350 mg/100 mL,
and the half-life is 5 to 6 days.

Secretory IgM (sIgM) is produced by glandular-associated
B cells. During synthesis, a specialized J-chain is added to the
molecule. The J chain serves two functions. Along with the Fc
portion of the antibody;, it is required for binding to the poly-Ig
receptors (pIgRs) that mediate transcytosis through epithelial
cells. In addition to its role in transportation to the exterior,
the addition of the J chain causes a conformational change
in the molecule, which allows the addition of an 83,000-MW
fragment of the pIgR as it traverses through epithelial cells into
extracellular fluids. The pIgR fragment, now called the secre-
tory piece, protects the sIgM from enzymatic degradation.

Monomeric IgM is localized in B cell membranes and func-
tions as a B cell antigen receptor (BCR). The membrane form
has an additional 41 amino acids in a Cy4 domain, and 25
hydrophobic amino acids are found in the transmembrane
portion. The remaining cytoplasmic portion contains 16 polar
amino acids (see Chapter 8).

THE ANAMNESTIC RESPONSE

In the lymph node, IgM-positive (IgM+) and IgG+ B cells
serve as memory cells. After a second antigenic challenge, the
IgG+ B cells rapidly differentiate into plasma cells that pro-
duce antigen-specific IgG antibodies. The proliferation and
differentiation of memory B cells into IgG-producing plasma
cells is called the anamnestic response (Figure 9-6). In isotypic
switching, light chains and Vy segments remain intact, but
v-chain-constant regions replace IgM-constant regions in
the final antibody structure to create monomeric IgG. IgM+
memory cells function to replenish the memory cell pool.
They undergo rapid proliferation and isotype switching to
become IgG+ memory cells. In the anamnestic response, large
concentrations of high-affinity IgG appears in serum 1 to 3
days after exposure to antigens.

Immunoglobulin G Isotype

Immunoglobulin G (IgG, or 7S) antibodies consist of two H
chains and two L chains. Unlike IgM, the smaller IgG is able
to penetrate extracellular and intracellular spaces. IgG binds
antigens with both high affinity and low avidity. Normal adult
serum levels range from 640 to 1350 mg/100 mL. In peripheral
blood, the IgG antibody population has an average half-life of
23 days and is the only isotype that crosses the placenta.

Immunoglobulin G Subclasses

Subclasses IgG1, IgG2, IgG3, and IgG4 are differentiated on
the basis of the size of the hinge region, position of interchain
disulfide bonds, and molecular weight. IgG3 has a molecular
weight of 170 kDal, whereas the other subtypes have a molecu-
lar weight of 146 kDal. IgG1 and IgG3 are usually produced
in response to proteins. Carbohydrate antigens elicit the

production of IgG2 and IgG4. The subclasses differ in their
ability to activate complement (see Chapter 11) or bind and
react to Fc receptors on phagocytic cells. Complement activa-
tion by IgG1 and IgG3 is 40 times higher than that by IgG2.
The IgG4 subclass appears to inhibit complement activation.

Clinical Implications of Inmunoglobulin G Subtype

Common vaccines such as those for Haemophilus, Pneumo-
coccus, and Neisseria meningitides require a vigorous IgG2
response for host protection. In most infants, synthesis of
IgG2 and IgG4 begins between 2 and 4 months of age. Some
children, however, have a developmental block that pre-
vents the production of subclasses until 2 and 6 years of age.
These children may fail to produce protective antibodies after
administration of the Haemophilus and meningococcal vac-
cines containing carbohydrate antigens.

Immunoglobulin A Isotype

Immunoglobulin A (IgA, or 11S) is a dimeric antibody found
in both serum and external secretions such as tears, saliva
colostrums, and intestinal secretions. The basic dimeric IgA
unit consists of alpha (a) heavy chains and two light chains.
Two IgA molecules are usually joined together by a J-chain.
Two IgA subclasses have different bonding between heavy
chains, light chains, or both and resistance to proteases
secreted by microbes. Most IgAl is found as a dimer with
covalently linked heavy chains. In the IgA2 form, both the
heavy and light chains are linked by ionic bonds.

Lymphoid tissues such as lymph nodes and the spleen contain
a predominance of IgA1-synthesizing cells. Secretory lymphoid
tissues contain a high proportion of IgA2-producing cells. In the
gut, IgA2 is particularly important in the defense against Salmo-
nella and against Vibrio cholerae. The ratio of IgA subclasses in
serum or external secretions depends on the nature of the anti-
gens that elicit their production. Thymus-dependent antigens
(proteins) induce the production of IgA1 antibodies. Conversely,
thymus-independent type I antigens (lipopolysaccharide endo-
toxins) stimulate the production of IgA2 antibodies.

Human infants are capable of synthesizing IgA at 2 to 3
weeks of age. IgA is the first line of defense against respiratory
and intestinal infections.

Secretory IgA

Secretory IgA (11S) is the major antibody found in bodily
secretions. It is produced by a small population of plasma cells
that secrete a dimeric form of serum IgA containing a J chain.
The transport of IgA from blood to external fluids is identical to
that described for secretory IgM. IgA binds to a polymeric Ig Fc
receptor (pIgR) on the internal surface of epithelial cells. Endo-
cytosis creates intracellular vesicles containing IgA-pIgR com-
plexes. The secretory piece, which is a cleavage fragment of pIgR,
is added to the IgA in the intracellular vesicles. The secretory
piece coils around IgA and prevents its digestion in the acidic
external fluids. During exocytosis, a fragment of the secretory
piece is removed, and free sIgA is secreted into external fluids.
In external fluids, sIgA is dimeric with a J chain and the secre-
tory piece. The transport process for IgA is shown in Figure 9-7.

Clinical Importance of Secretory IgA

Lymphocytes producing sIgA are localized in the mucosal
associated lymphoid tissue (MALT). Because the MALT is
interconnected, stimulation of one mucosal surface ultimately
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Figure 9-6

In a primary immune response, naive B cells are stimulated by the antigen, become activated, and dif-
ferentiate into antibody-secreting cells that produce antibodies specific for the eliciting antigen. Some of
the antibody-secreting plasma cells survive in bone marrow and continue to produce antibodies for long
periods. Long-lived memory B cells are also generated during the primary response. A secondary immune
response is elicited when the same antigen stimulates these memory B cells, leading to more rapid pro-
liferation and differentiation and production of greater quantities of specific antibody than are produced
in the primary response. The principal characteristics of primary and secondary antibody responses are
summarized in the table. These features are typical of T cell-dependent antibody responses to protein

antigens. (From Abbas AK, Lichtman AH, Pillai S: Ce
Philadelphia, 2010, Saunders.)

provides protection to all mucosal surfaces. The mechanism
for providing protection to all mucosal surfaces is simple.
Antigen-stimulated MALT lymphocytes enter the lymph and
migrate to a regional lymph node. Antigen-specific IgA-pro-
ducing B cells from the lymph node enter the bloodstream
and localize in all mucosal lymphoid tissues, thereby provid-
ing widely distributed protection. Vaccine makers make use of
this interconnection for their purposes. For example, intrana-
sal administration of attenuated influenza vaccine stimulates
the MALT and provides protection to all respiratory mucosal
surfaces.

llular and molecular immunology, ed 6 [updated edition],

Immunoglobulin D (IgD)

Immunoglobulin D (IgD) is composed of two delta (8) heavy
chains and two light chains. IgD is bound to B cells via the Fc
receptor or is free in serum. Because it has a half-life of 2 to
3 days, the plasma concentration is less than 1% of the total
immunoglobulin in serum.

Emerging evidence suggests that IgD-producing B cells
are auto-reactive lymphocytes that have escaped clonal dele-
tion. IgD-expressing B cells may actually represent a separate
lineage of B cells called B-1 lymphocytes. Autoantibodies pro-
duced by these lymphocytes react with epithelial tissue, red




CHAPTER 9 ANTIBODIES

; ; Mucosal
Lamina propria epithelial cell Lumen
Poly-Ig
. _ receptor with
Dimeric poynd IgA Secreted
IgA

J chain 19A
OB 4+

IgA- -
producing Endocytosed Microbe!
plasma cel %JA“ g#iixpgly- Proteolytic
Ig receptor cleavage
Figure 9-7

Transport of immunoglobulin A (IgA) through the epithelium. In the
mucosa of the gastrointestinal and respiratory fracts, IgA is produced by
plasma cells in the lamina propria and is actively transported through
epithelial cells by an IgA-specific Fc receptor (called the poly-lg receptor
because it recognizes IgM as well). On the luminal surface, the IgA with
a portion of the bound receptor is released. Here the antibody recog-
nizes ingested or inhaled microbes and blocks their entry through the
epithelium. (From Abbas AK, Lichiman AH: Basic immunology: functions
and disorders of the immune system, ed 2 [updated edition], Philadelphia,
2006, Saunders.)

blood cell membranes, cellular receptors and, single-stranded
or double-stranded deoxyribonucleic acid (DNA) and cause
autoimmune disease. Autoantibodies produced by B-1 lym-
phocytes mediate disorders such as systemic lupus erythe-
matosus (SLE), myasthenia gravis, autoimmune hemolytic
anemia, and idiopathic cytopenia purpura.

Immunoglobulin E

Immunoglobulin E (IgE) is the major mediator of asthma,
urticaria, and rhinitis, which are classified as immediate
allergic reactions. IgE is similar to IgG in structure, but IgE
has two unique features: (1) The epsilon (&) heavy chain has
a high (12%) carbohydrate content and has an additional
constant region (Cy4). The unique Cy4 region restricts IgE
binding to high-affinity receptors (Fce-RI) on basophiles and
mast cells, which contain preformed granules of heparin and
histamine.

Antigen-induced cross-linkage of receptor-bound IgE ini-
tiates a process that culminates in the release of histamine and
heparin, which increase vascular permeability and promote
contraction of smooth muscle. In addition to a role in allergic
reactions, IgE plays a critical role in the immune response to
parasites such as Schistosoma mansoni and Trichinella spiril-
Ium. Histamine induces muscular contractions in the intes-
tine, which aid in the expulsion of parasites.

PRIMARY IMMUNODEFICIENCIES

Transient Hypogammaglobulinemia
of Infancy

In most infants, transient hypogammaglobulinemia of infancy
(THI) is short lived and related to the catabolism rate of pas-
sively acquired maternal antibodies that provide protective
immunity in the infant. Rapid catabolism of maternal anti-
bodies may occur before the infant can synthesize his or her
own antibodies. The lack of antibodies creates a “physiologic
antibody trough” that puts the infant at risk for infection. The

S

trough is more pronounced in premature babies born between
26 and 32 weeks of gestation. At 3 to 6 months, the infant
begins to synthesize antibodies.

Some infants also have a developmental block that prevents
both IgG and IgA synthesis until reaching the age of 6 years.
The pathophysiology of the developmental block is not fully
delineated, but it may be caused by the aberrant synthesis of
cytokines. Infants with THI have increased synthesis of tumor
necrosis factor alpha (TNF-a), TNF-f}, and interleukin 10 (IL-
10). Increased TNF suppresses the IgG and IgA responses.
IL-10 induces isotypic switching from the IgG family to IgD.
Infants with THI cannot produce antibodies to carbohydrate
antigens and are at risk for developing infections with Strepto-
coccus pneumoniae and Haemophilus influenzae type B.

Common Variable Inmunodeficiency

Common variable immunodeficiency (CVID) is a primary
immunodeficiency. The prevalence of CVID in the United
States is approximately 1 per 50,000 live births. This immu-
nodeficiency is characterized by a paucity of B cells that are
capable of producing antibodies. Molecular defects in sur-
face interactions and signaling pathways are common in
CVID pathways. Patients have reduced numbers of cell sur-
face CD40, which is critical to B cell proliferation. Defective
protein kinase C activation and tyrosine phosphorylation
also are found in the BCR signaling pathway. Individuals with
CVID have recurrent infections with Haemophilus influenzae,
Streptococcus pneumoniae, Moraxella catarrhalis, and Staphy-
lococcus aureus. Some patients also may have infections by
uncommon pathogens such as Pneumocystis carinii, Giardia
lamblia, and Mycoplasma pneumoniae.

Treatment of IgG Immunodeficiencies

For most primary immunoglobulin immunodeficiencies,
the cycle of recurrent infections can be interrupted by
immunoglobulin replacement therapy. However, patients
with IgG subclass immunodeficiency are usually not treated
with immunoglobulin replacement therapy unless they fail
to respond to both protein and polysaccharide antigens.
Aggressive antibiotic therapy is indicated for preventing
S. pneumoniae and H. influenzae infections. Patients with
immunoglobulin deficiencies also have a high frequency of
G. lamblia infections, which require a course of metronida-
zole to reduce diarrhea.

Selective IgA Deficiency

IgA deficiency is a common immunodeficiency with an esti-
mated frequency between 1 per 200 and 1 per 1000 live births.
In children, recurrent infections are not normally associated
with IgA deficiency, which can be attributed to a compensa-
tory mechanism involving secretory IgM. Many adults with
IgA deficiency, however, have recurrent otitis media, sinus-
itis, bronchitis, and gastrointestinal (GI) infections. Between
10% and 40% of adults also have anti-IgA antibodies and
have severe allergic or immune complex reactions follow-
ing administration of immunoglobulins during replacement
therapy.

Defects in IgA production may be the result of an intrin-
sic B cell defect; inadequate or defective CD4+ helper T cells;
excessive IgA suppressor cells; and the suppressive effects of
maternal IgA. The presence of anti-IgA antibodies in patients
also suggests that a break occurs in peripheral tolerance.



Treatment of IgA Deficiency

No treatment for IgA deficiency is currently available. Antibi-
otic treatment of sinopulmonary and GI infections are indi-
cated. To boost immunity, patients can be immunized with
the pneumococcal polysaccharide vaccine. However, not all

patients are capable of mounting an immune response to car-
bohydrate antigens.

Hyperimmunoglobulinemia E

(Job Syndrome)

Job syndrome consists of a constellation of eczematous der-
matitis, recurrent skin boils, skin abscesses, and cystic lung
disease caused by S. aureus. Patients also have coarse facial
features as well as abnormalities in the skeleton, connective
tissue, and dentition.

Several immunologic defects are associated with Job syn-
drome. A reversal of the Th1:Th2 ratio in peripheral blood
is seen. Th2 cells and IL-4 are elevated, which results in iso-
typic switching to IgE production. The low number of Thl
with defective production of cytokines and adhesion factors
impairs inflammatory responses.

Treatment of Job Syndrome

Each clinical problem is usually treated separately. Topical
steroids and tacrolimus are used to control skin eruptions.
Drug coverage for staphylococcal infections is dependent on
whether the Staphylococccus is resistant or sensitive to com-
mon cell wall inhibitors.

PLASMA CELL DYSCRASIAS
Multiple Myeloma

Multiple myeloma is a neoplasm within the marrow of the axial
skeletal system. It is characterized by the uncontrolled prolif-
eration of a single plasma cell clone. In bone marrow, prolifera-
tion of plasma cells causes soft tissue masses (plasmacytomas).
Because the plasmacytoma is derived from a single plasma cell
clone, antibodies have the same isotype, antigen specificity, and
affinity constant. These antibodies are called monoclonal antibod-
ies because they are produced by a single B cell clone and have
striking homogeneity. Some free antibody light chains are found
in serum from patients with multiple myeloma. Light chains
excreted into urine are termed Bence Jones proteins, thus named
after the British physician who first described the proteins.

Bone destruction is also associated with multiple myeloma.
High levels of IL-6 produced by a plasmacytoma cause the
release of osteoclast-stimulating factor (OSF). Activated
osteoclasts destroy the mineralized bone matrix and release
calcium into blood.

Bone marrow destruction often results in compression frac-
tures of the spine and weight-bearing bones. Increased calcium
levels in the blood also damage the kidneys. Kidney failure is
the leading cause of death in patients with multiple myeloma.

Treatment of Multiple Myeloma

Treatment of multiple myeloma is complicated. Several combina-
tions of chemotherapeutics have been used to reduce the tumor
mass. The most commonly used regimen is melphalan and pred-
nisone. However, quicker therapeutic results have been reported
with a combination of vincristine, Adriamycin, and dexametha-
sone (VAD) therapy. Bisphosphonates are also administered to
increase bone healing and prevent hypocalcemia.

CHAPTER 9 ANTIBODIES

Waldenstrom’s Macroglobulinemia

Waldenstrém’s macroglobulinemia is a rare non-Hodgkin’s lym-
phoma, which causes an overproduction of monoclonal IgM.
IgM levels above 40 g/L increase the viscosity of serum. Hyper-
viscosity causes headaches, confusion, dizziness, and deafness.

Treatment of Waldenstrom’s Macroglobulinemia

Plasmapheresis is used to reduce the levels of serum IgM and
restore normal viscosity. Maintenance plasmapheresis may be
required to keep the patient asymptomatic. Chemotherapy must
also be used to control the proliferation of IgM-secreting cells.

SUMMARY

« Antibodies are the first line of defense against exogenous
antigens.

« Antibodies mark the targets for destruction by phagocytosis
or complement lysis.

o The five different antibody isotypes differ in structure and
function.

o On second exposure to an antigen, an anamnestic response
occurs, with isotypic switching from IgM to IgG.

o Secretory IgA and IgM are found in external secretions and
are the first line of defense against respiratory pathogens.

o IgE is the antibody that is involved in immediate allergic
reactions such as asthma, urticaria, and rhinitis.

o Transient or variable immunoglobulin deficiencies increase
the risk of infections with Streptococcus pneumoniae, Hae-
mophilus influenzae type B, and Staphylococcus aureus.

« Multiple myeloma is a B cell malignancy that is character-
ized by destruction of skeletal bone and the production of
monoclonal antibodies.
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ASSESSMENT QUESTIONS

e o

1. Which of the following antibodies is the first antibody pro-

duced during an immune response?
A. IgM
B. IgE
C. IgA
D. IgD

. IgE antibodies bind to:
I. Basophiles

II. Mast cells

III. Monocytes

I

III

Iand II

. Il and III

L, 11, and 11T

mOO%e

. Which of the following antibodies is found in external
secretions?

IgD

IgG

sIgA

IgE

SO

4. Bone destruction in multiple myeloma patients is caused

by:

A. Activation of osteoclasts
B. Activation of osteoblasts
C. Production of IL-4

D. Production of IL-2

. Which of the following antibody fragments can bind two

antigens?
A. Fc
B. Fab
C. F(ab),
D. Fd

. Antibody isotypes are differentiated on the basis of:

I.  Heavy chain structure

II. Light chain structure

III. Variable region of light chains
I

III

ITandII

IT and III

L, 1L, and III

mm oW >



LEARNING OBJECTIVES

o Recognize the three theories that explain antibody diversity

o Compare and contrast genes that code for light chains and
heavy chains

« Recognize the key features of combinatorial diversity

« Explain the biologic function of complementarity regions 1,
2,and 3

o Discuss the role of the recognition signal sequence (RSS) in
recombination

o Relate the biologic significance of the 12/23 rule in the
recombination of V(D)] genes

 Understand the role of RAG-1 and RAG-2 in recombination

o Identify the role of the Artemis enzyme in recombination

o Understand how messenger ribonucleic acid (mRNA) slic-
ing attaches C regions to VJ or VDJ

o Define junctional diversity

« Relate junctional diversity to the antigen-combining pocket

o Compare and contrast recombination events conferring
diversity in the T cell receptor (TCR), B cell receptor (BCR),
and antibodies

o Compare and contrast the functions of P-nucleotides and
N-nucleotides in generating junctional diversity

o Identify the definition of allelic exclusion

o Explain the role of affinity maturation in immune response

KEY TERMS

Affinity maturation

Allelic exclusion

Artemis

Combinatorial diversity
Deoxynucleotidyl transferase
Junctional diversity

Ligase

Messenger ribonucleic acid (mRNA) splicing
Nonhomologous end joining
One turn-two turn rule
P-nucleotides and N-nucleotides
RAG enzymes

Recognition signal sequences
Somatic mutation

Signal joints

INTRODUCTION

Three theories have been put forth to explain antibody diver-
sity, which allows B cells to generate an antibody repertoire
capable of reacting with a wide range of antigens: (1) The
germ-line theory postulates that separate genes exist for each
antibody molecule and that the antibody repertoire is largely
inherited. (2) The deoxyribonucleic acid (DNA) rearrangement
theory proposes that a limited number of genes undergo genetic
rearrangements to create antibody populations. (3) Finally, the
somatic mutation theory proposes that a limited number of
inherited genes undergo mutations to general antibody rep-
ertoires. In vivo and in vitro studies have demonstrated that
both the DNA rearrangement theory and the somatic muta-
tion theory provide the most plausible explanations for anti-
body diversity.

Antibodies are encoded by different germ-line genetic
loci. Variable (V) region, joining (J) region, and constant (C)
region gene products are assembled into a functional anti-
body. Variable portion genes (V) code for amino acids that
constitute the framework regions of the variable region, and
three hypervariable complementarity-determining regions
(CDRI, CDR2, and CDR3). The hypervariable regions form
the three-dimensional antigen-binding pocket. Antibody
specificity is determined by the specific amino acid sequences
in CDR3. The joining (J) segment is, in reality, part of the V
region and provides some of the framework for the antigen-
binding pocket. Only heavy chains have an additional diver-
sity (D) gene.

Antibody diversity is generated from the large number
of V, ], D, and C genes available for recombination. Light-
chain loci have 30 to 35 genes encoding for the variable (V)
regions (Table 10-1). Five to seven genes code for J; segments
in kappa (k) or lambda (M) light chains, respectively. Lambda
and kappa light chains have one highly conserved constant
region.

Heavy chains are larger than the light chains. A hundred
genes code for heavy-chain variable (Vy) regions. Diver-
sity (D) genes (N=23) are inserted between V and ] genes.
J genes (N=5) are linked to the constant region (N=5). The
constant region may be from one of the five antibody iso-
types (mu [u], gamma [v], alpha [a], epsilon [g], or delta
[8]). An assembled heavy chain consists of V]DC gene prod-
ucts (Figure 10-1).

79



CHAPTER 10 ANTIBODY DIVERSITY

COMBINATORIAL DIVERSITY

The rearrangement of genes takes advantage of recognition
signal sequences (RSS) flanking the V, J, and D sequences.
The RSSs consist of a heptamer (5'CACAGTG-3’) followed by
either 12 bases (RSS 12) or 23 bases (RSS 23) and an AT-rich
nonamer (5'-ACAAAAACC-3'). Genes can only recombine
when they are located on the same side of the chromosome.
RSSs align genes on the same side of the DNA because the
spacer placement also corresponds to one (12 AA) or two turns
(23 AA) of DNA. This recombination restriction is called the
12/23 rule or the one turn-two turn rule. Only RSS 12 and RSS
23 segments can combine.

IR OAN Number of Genes Coding for V, D, J,

and C Regions in Light and Heavy Chains

Kappa

Light Lambda Heavy

Chains Chains Chains
Variable segments 30 35 100
Diversity segment 0 0 23
Joining segment ) 7 5
Constant region 1 1 5
Potential different 150 245 115,000

antibodies

“Constant region for immunoglobulin G (IgG), IgM, IgA, IgD, and IgE.
Total possible antibodies based on recombination of lambda, kappa, and

heavy chains: 150 x 245 x 115,500 = 4,226,255,000 = 4.2 x 107

-

LIGHT CHAIN VJ RECOMBINATION

The two types of antibody light chains are called lambda and
kappa light chains. A single antibody can have either two
kappa light chains or two lambda light chains, but not both.
Recombination of light chain V and ] provides the simplest
example of recombination. Vi RSSs have a 23-base spacer on
the 3’ end. Joining genes have a 12-base RSS on the 5" end.

Light chain V and ] coding genes or exons are separated by
a single intron, and the assembly of the light chain requires
only one recombination event. RAG-1 and RAG-2 enzymes,
which are part of a recombinase family, facilitate the recom-
bination of genes. Tetrameric complexes of RAG-1 and RAG-2
bind to 23-base RSSs on a V| gene and a 12-base spacer on the
J1 gene and bring the genes close. As the genes move closer, a
large loop, called a signal joint, is created. The loop contains
introns located between the two coding genes. As the signal
joint is deleted from the chromosome, RAG-I nicks one strand
of the double-stranded DNA between the coding gene and the
RSS heptamer. The 3’OH group from the nicked strand reacts
with 5'OH on the same strand to form a hairpin. RAG-I then
attacks the second strand and forms another strand-specific
hairpin curve (Figure 10-2).

The hairpins must be removed from the coding ends before
V and J genes can be ligated. The opening of the hairpins is
facilitated by a nuclease called Artemis and DNA-dependent
kinase (DNA-PK). Using ligase IV, the double strands are tied
together by using a specialized process called nonhomologous
end joining (NHE]). The process is nonhomologous because
strand breaks are ligated without requiring a template.

|H chain locus (1250 kb; chromosome 14)| R

(n=~100)
LVl LVuyn Dy (n=23)

s

I \ Cy Ays Cy1

| k chain locus (1820 kb; chromosome 2) |

(n=~35)

LV LVen Ji

s {i-A——H—— -

| A chain locus (1050 kb; chromosome 22) |

(n=~30)
LVy1 LVyn Ji1 Gy

o (Wince Ming

Figure 10-1

b2 C2 #Hh3 C3 U7 C7
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enh

Germ-line organization of human immunoglobulin (Ig) loci. The human heavy chain, «light chain, and
Mlight chain loci are shown. Only functional genes are shown; pseudogenes have been omitted for simplic-
ity. Exons and introns are not drawn to scale. Each CH gene is shown as a single box but is composed of
several exons, as illustrated for CH. Gene segments are indicated as follows: L, leader (often called signal
sequence); V, variable; D, diversity; J, joining; C, constant; enh, enhancer. (From Abbas AK, lichiman AH,
Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders.)



Vi Spacer Spacer Jie
23 b
Heptamer Nonamer
CACAGTG ACAAAAACC
GTGTCAC TGTTTTTGG
i 23 12 =
P> o> <<€

DH JH

©

Eaan s S ot o s

! \
5~»—’—//—w
R
4
— -« N *
5' ; 3

Figure 10-2

V(D)) recombination. The deoxyribonucleic acid (DNA) sequences and mechanisms involved in recombina-
tion in the Ig gene loci are depicted. The same sequences and mechanisms apply to recombinations in the
T cell receptor (TCR) loci. A, Conserved heptamer (7-bp) and nonamer (9-bp) sequences, separated by
12-bp or 23-bp spacers, are located adjacent to V and J exons (for k- and Moci) or to V, D, and J exons (in
the H-chain locus). The V(D)J recombinase recognizes these recombination signal sequences and brings the
exons together. B, Recombination of V and J exons may occur by deletion of intervening DNA and ligation
of the V and J segments. €, Or, it may occur if the V gene is in the opposite orientation, by inversion of
the DNA followed by ligation of adjacent gene segments. Red arrows indicate the sites where germ-line
sequences are cleaved prior to their ligation to other Ig or TCR gene segments. (From Abbas AK, Lichiman
AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders.)
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CHAPTER 10 ANTIBODY DIVERSITY
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Figure 10-3

Sequential events during V(D)) recombination. Synapsis and cleav-
age of deoxyribonucleic acid (DNA) at the heptamer—coding segment
boundary is mediated by Rag-1 and Rag-2. The coding end hairpin is
opened by the Arfemis endonuclease, and broken ends are repaired
by the nonhomologous end joining (NHEJ) machinery. (From Abbas AK,
Lichtman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated
edifion], Philadelphia, 2010, Saunders.)

In 50% of the kappa chains, V genes have a reverse orienta-
tion and transcriptional direction. In this case, looping inverts
the DNA to align the V and ] segments. Recombination still
occurs at the heptamer regions, but the RSSs are retained in the
chromosome in an inverted orientation (Figures 10-2 and 10-3).

HEAVY CHAIN VDJ RECOMBINATION

Heavy chains have a complex RSS system. V; genes have a
23-base spacer on the 5’ end, and ] genes have a similar base
pair spacer on the 3’ end. The genes will not recombine until
a diversity gene is inserted between V and ] genes. Diversity
genes have 12 base-pair RSSs at both the 3" and 5" ends, which
allows binding to both V and J genes. The partially assembled
heavy chain consists of VDJ genes.

Attachment of Constant Regions

When V] or VD] genes are ligated, a promoter in the V region
initiates transcription of an mRNA that contains introns
between J and C genes. A process called mRNA splicing is used
to remove introns. After transcription of mRNA, specialized
small nuclear RNA (snRNA) and small nuclear riboprotein
(snRAP) combine to form a stable complex. The first three
base pairs of the snRNA attach to complementary sequences
in the intron. The 3’ and 5" ends of the intron are brought
together to form a spliceosome, or extended loop. Cleavage of
the spliceosome at the intron removes the intron separating J
and C genes. Following removal of the intron, the coding units
are ligated. A summary of the recombination and expression
of light chains and heavy chains is provided in Figure 10-4.

Junctional Diversity

Junctional diversity occurs at the junction of the V and J seg-
ments. This region codes for the hypervariable CR3 region
in the antigen-combining pocket. Changes in the amino acid
sequence change the specificity of the antibody. The joining
of gene V(D)J is often imprecise, and nucleotides can be lost
from the ends of each gene segment. Diversity is increased by
the addition of P-nucleotides and N-nucleotides. P-nucleo-
tides are added because Artemis cleavage is often asymmet-
rical and creates one long DNA strand and one short DNA
strand. For proper ligation, the short strand must be extended
by the addition of P-nucleotides to the length of the long
strand. A random addition of 2 to 20 base pairs, which are
called N-nucleotides, also occurs. The addition of N-nucleo-
tides changes the amino acid sequence in the hypervariable
CR3 region. Addition of P-nucleotides and N-nucleotides is
mediated by a unique enzyme called terminal deoxynucleotidyl
transferase (Figure 10-5).

Nucleotides also can be removed from | genes during
recombination. Following the cleavage of hairpin turns,
endonucleases may inadvertently remove sequences from the
exon.
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Figure 10-4

Immunoglobulin (Ig) heavy-chain and lightchain gene recombination and expression. The sequence of
deoxyribonucleic acid (DNA) recombination and gene expression events is shown for the Igp heavy chain
(A) and the Igk light chain (B). In the example shown in A, the V region of the u heavy chain is encoded
by the exons V1, D2, and J1. In the example shown in B, the V region of the k<hain is encoded by the
exons V1 and J1. (From Abbas AK, Lichiman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated
edition], Philadelphia, 2010, Saunders.)
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P-nucleotides

Junctional diversity. During the joining of different gene segments, the addition or removal of nucleotides
may lead to the generation of novel nucleotide and amino acid sequences at the junction. Nucleotides (P
sequences) may be added to asymmetrically cleaved hairpins in a templated manner. Other nucleotides
(N regions) may be added to the sites of VD, VJ, or DJ junctions in a nontemplated manner by the action
of the enzyme TdT. These additions generate new sequences that are not present in the germ-line. (From
Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia,

2010, Saunders.)

Addition or removal of nucleotides often disrupts the open
reading frames and the structure of the antibody. Over 66%
of rearrangements in the J regions results in nonfunctional
antibodies.

SUMMARY OF MECHANISMS INVOLVED
IN THE GENERATION OF DIVERSITY

For the host to survive, antibodies must be able to recognize
1013 different antigens. Antibody diversity is generated by a
number of different mechanisms that include combinatorial
diversity and junctional diversity, insertion and deletion of
random nucleotides, and somatic mutations. The product of
these V(D)J recombinations generates 2x10° antibodies with
different specificities. P-nucleotide and N-nucleotide addi-
tions and somatic mutations account for 1x10* different anti-
bodies (Box 10-1).

ALLELEIC EXCLUSION

Since both maternal and paternal V(D)J and C genes are
inherited, an antibody-producing B cell is diploid. Genes from
only one parent (heavy) are rearranged to produce antibod-
ies. H-chain genes from the other parent are excluded or not
productively rearranged. Allelic exclusion is the term used to
describe antibody production from a single rearranged set of
parental genes.

BOX 10-1

Mechanisms for Generation of Antibody Diversity

Mutiple-germ-line V genes

VJ and VJD recombinations

N-nucleotide and P-nucleotide recombinations
Gene conversion

Recombinational inaccuracies

Somatic point conversion

Assorted heavy chains and light chains

Modified from Male D, Brostoff ], Roth DB, et al: Immunology, ed 7,
20006, Mosby.

AFFINITY MATURATION

Somatic hypermutation of V genes occurs in B cells in germi-
nal centers. In V genes, “hotspots” in the hypervariable region
are present and are easily mutated. Mutations in the V region
CDRs create IgM B cell receptors (BCRs) with increased affin-
ity for antigen.

During antigen-driven B cell expansion, these cells are
preferentially stimulated to produce high-affinity antibodies.
This process is termed affinity maturation.




SUMMARY

« Antibodies must be diverse to interact with 10'® different
antigens.

o Diversity is localized in the variable (V) and joining (J)
regions of the antigen-binding site.

o Combinatorial diversity and junctional diversity, combined
with additional somatic mutations, generate antibodies with
a wide range of antigen specificities.

o During an immune response, the antibody affinity will
increase as a consequence of mutations in the B cell genome.
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ASSESSMENT QUESTIONS

1. V(D)]J gene recombination would be included in the defini-

tion of:

A. Combinatorial diversity
B. Junctional diversity

C. Somatic mutation

D. P-nucleotide additions

. Which of the following are characteristics of diversity (D)
genes?
I. Have 12 base-pair sequences at each end
II. Join V and J genes in antibody heavy chains
I Join V and J genes in antibody heavy and light
chains
I
111
Iand II
. ITand III
L, 11, and III

HFOO% >

. In the recombination of light chain V and J regions, which
of the following removes the hairpin curves in DNA?

A. Ligase IV

B. Artemis

C. RAG-1and RAG-2

D. Recognition signal sequences

. Which of the following is used to join the V(D)] and con-

stant (C) region genes?
A. Signal joint

B. RAG-1

C. P-nucleotide addition
D. mRNA splicing

. The rearrangement of antibody genes from one parent and

nonproductive rearrangement of genes from the other par-
ent is called:

A. Junctional diversity

B. Affinity maturation

C. Allelic exclusion

D. Hypervariable exclusion

. Which of the following theories provides the most plausible

explanations for antibody diversity?
I. Germ-line theory
II. DNA rearrangement theory
III. Somatic mutation theory
I
III
Iand II
IT and ITI
L, II, and IIT

MO 0w



LEARNING OBJECTIVES

o Recognize the biologic functions of the complement cascade

o Identify the components of the classic complement pathway

« Discuss the roles of anaphylatoxin in an immune response

« Recognize the biologic function of C2b

o Name the complement components in classic pathway C3
convertase

o Relate complement activation to microbial insolubility,
osponization, and phagocytosis

o Recognize the three different anaphylatoxins generated in
complement pathways

o Identify the components and function of the membrane
attack complex (MAC)

o Differentiate between the classic complement pathway and
the alternative complement pathway

o Describe the unique structure and function of C9

o Identify the molecules involved in the control of the classic
recognition complex

o Describe the function of proteins that inhibit the activa-
tion of the classic antigen recognition, activation, and MAC
steps

o Analyze the role of C3 in the activation of the alternative
complement pathway

o Name the components of the C3 convertase in the alterna-
tive complement pathway

o Recognize the proteins that control the activation of the
alternative C3 convertase

o List the seven molecules expressed on mammalian cell
membranes that inhibit complement activation

o Identify the role of complement in B cell activation

o Identify the role of complement in the generation of mem-
ory cells

o Describe the immunologic defect in hereditary angioneu-
rotic edema (HANE)

o Design a successful treatment regimen for HANE

o Describe the immunologic defects in paroxysmal nocturnal
hemoglobulinuria (PNH)

o Design a treatment regimen for PNH

KEY TERMS

Activation complex
Anaphylatoxin

Antigen recognition complex
Alternative complement pathway

C1 esterase inhibitor (C1INH)
C3 convertase

C4 binding protein (C4BP)

C5 convertase

CD59

Classic complement pathway
Complement receptor I

Decay accelerating factor (DAF)
Factor H

Factor I

Hereditary angioneurotic edema
Homologous restriction factor (HRF)
Membrane activation complex
Membrane cofactor protein (MCP)
Metastable C3

Paroxysmal nocturnal hemoglobulinuria
Properdin

S protein (vitronectin)

INTRODUCTION

Complement is a family of more than 20 plasma proteins that
includes enzymes, proenzymes, enzyme inhibitors, and gly-
coproteins. Components interact in cascades and assist in the
resolution of a microbial infection. For example, fragments
indirectly render the microbe insoluble and draw phago-
cytic cells to the area of infection. Other fragments coat the
microbe and act as opsonins, which promote phagocytosis. In
a third function, complement components create lesions in
the microbial cell wall that result in osmotic lysis. Comple-
ment fragments also provide the second signal necessary for
B cell activation.

Three different complement cascades have been described—
classical, alternative, and the mannose-binding lectin (MBL)
pathways (see Chapter 2). Only the classic pathway requires an
antibody for complement activation. In the MBL and alterna-
tive pathways, complement components are directly activated
by highly conserved microbial antigens.

CLASSIC COMPLEMENT PATHWAY

The classic pathway was the first described using sheep red
blood cells (SRBCs) coated with anti-SRBC immunoglobulin
M (IgM). Over a number of years, nine complement proteins
were found to be involved in the cascade. These proteins inter-
act in the following sequence: Ab:C142356789. On the basis
of function, the classic cascade is subdivided into recognition,
activation, and membrane attack complexes.
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Recognition Complex

The recognition complex consists of antibody (Ab) and CI.
The C1 component is a complex of three proteins (Clq, 1, and
s). Clq is composed of polypeptide chains with a triple helix
“collagen-like” amino terminus and a globular structure at the
carboxyl terminus (Figure 11-1). Clr and Cl1s are inactive ser-
ine esterases.

When the antibody binds to the antigen, a conformational
change occurs in the hinge region, which exposes comple-
ment receptors. Although both IgG and IgM can activate
the complement cascade, IgM is more eflicient because of
the proximity of multiple hinge regions. In the initial step of
complement activation, C1q bridges two hinge regions. In the
next step, Clr and Cls associate to form a tetrameric complex
(two molecules of each protein), which binds to C1q. In the
presence of calcium, Clr activates the serine esterase activity
of Cls.

Activation Complex

Activated Cls cleaves multiple C4 and C2 molecules. C4
is a large 210-kDal trimeric polypeptide, which contains an
unusual thioester group. C4 is cleaved into C42a and C4b. C4a
is a soluble protein that attracts phagocytic cells into the area
where complement is being fixed. The C4b fragment is coupled
to the microbial cell. Cleavage of C2 results in the production
of C2a and C2b. The larger C2a (75-kDal) fragment remains
in contact with C4b to create an AbC4b2a complex on the cell
surface. Plasmin cleavage of the smaller, soluble C2b fragment
creates a kinin, which causes leakage of fluid from vessels and
tissue edema.

Ciq

C1

1ros
complex Clrzsz
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antibody
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surface
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Figure 11-1

Structure of C1. C1q consists of six identical subunits arranged to form
a central core and symmetrically projecting radial arms. The globular
heads at the end of each arm, designated H, are the contact regions
for immunoglobulin. C1r and C1s form a tetramer composed of two
C1r and two Cls molecules. The ends of C1r and Cls contain the
catalytic domains of these proteins. One Clrys, tetramer wraps around
the radial arms of the C1q complex in a manner that juxtaposes the
catalytic domains of C1r and Cls. (From Abbas AK, Lichiman AH, Pillai S:
Cellular and molecular immunology, ed 6 [updated edition], Philadelphia,
2010, Saunders.)
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C3 Convertase

The C4b2a complex, or C3 convertase, catalyzes the cleavage
of C3 into C3a and C3b. This is the most important step in the
complement cascade and occurs in the classic, alternative, and
MBL pathways. C3b is a highly unstable molecule that has a
unique thioester that allows covalent binding to a microbial
cell. Some C3b fragments bind to the target cell, where they
act as opsonins. In the classic pathway, most C3b is found in
an AbC4bC2aC3b complex on the cell surface, which is called
the C5 convertase.

The soluble C3a fragment acts as an anaphylatoxin. By
definition, an anaphylatoxin is a molecule that induces
the movement of eosinophils and phagocytic cells (che-
motaxis) toward increasing concentrations of C3a (Figure
11-2). Anaphylatoxins also release histamine and hepa-
rin from basophils and mast cells. Histamine and heparin
cause vasoconstriction and increased vascular permeability,
which reduce the solubility of microbes or antigen—antibody
complexes.

Membrane Attack Complex

The C5 convertase cleaves C5 into C5a and C5b fragments.
The C5b binds to the cell surface and serves as a platform
for the membrane attack complex (MAC), which consists of
C5bC6789 (Figure 11-3). C5a is the most potent anaphyla-
toxin (100-1000 times more potent than C3a) in the comple-
ment cascade.

Binding of the C6C7 component creates a trimolecular,
lipophilic complex, which is inserted into cell membranes.
C8 also is inserted into the microbial cell wall or membrane,
further increasing the stability of the C5b678 complex (Figure
11-3). Polymerized C9 is inserted into the cell membrane and
creates pores in the cell membrane that cause osmotic lysis
(Figure 11-4).

Control of the Classic Complement

Cascade

Inadvertent or aberrant complement activation is controlled
by soluble proteins that inhibit the antigen recognition, activa-
tion, and membrane attack complexes.

Control of the Recognition Complex

C1 esterase inhibitor (C1INH) is a soluble protein that inhibits
C1 activation by disassociating Clr and Cls and preventing
the activation of C4 (Figure 11-5).

Control of the Activation Complex

The C4 binding protein (C4BP) is a plasma protein that inhib-
its the classic and MBL complement pathways by blocking the
interaction between C4b and C2a (Table 11-1).

Control of the Membrane Attack Complex

S Protein (vitronectin) is a plasma protein that associates
C5bC6C7 with C8.

ALTERNATIVE PATHWAY
OF COMPLEMENT ACTIVATION

Because it is inherently unstable, serum C3 spontaneously
fragments into C3a and C3b. Metastable C3b covalently binds
to highly conserved microbial polysaccharides (e.g., inulin,
zymosan) and lipopolysaccharides (Figure 11-6).
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Figure 11-2

The classic pathway of complement activation. Antigen—-antibody com-
plexes that activate the classic pathway may be soluble, fixed on the
surface of cells (as shown), or deposited on extracellular matrices. The
classic pathway is initiated by the binding of C1 to antigen-complexed
antibody molecules, which leads to the production of C3 and C5 con-
vertases attached to the surfaces where the antibody was deposited.
The C5 convertase cleaves C5 to begin the late steps of complement
activation. (From Abbas AK, Lichtman AH, Pillai S: Cellular and molecular
immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders.)
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Activation Complex

Binding of C3b causes a conformational change that exposes a
binding site for factor B. On the cell surface, factor B complexes
with C3b. Factor D, a serine protease, cleaves factor B into a soluble
Ba and a Bb fragment. The C3bBb fragment becomes a C3 con-
vertase, which is stabilized by another molecule called properdin.

Some C3b is liberated by the novel convertase and binds
to the complex itself, creating a C3bBbC3b. The new complex
acts as a C5 convertase that hydrolyzes the alpha chain, liber-
ating C5a and C5b (Figure 11-7). C5b catalyzes the formation
of the MAC.

Control Mechanisms for the Alternative
Pathway

Soluble factor H downregulates the alternative pathway by
inactivating soluble or bound C3b and amplifying the decay
of the C3bBb complex. Factor I is a serine protease that cleaves
C3b and C4b and prevents further activation of complement.

MAMMALIAN CELL INACTIVATION OF
COMPLEMENT

Activated C3b from either the classic pathway or the alter-
native pathway can bind to mammalian cell membranes and
activate the complement MAC. To prevent lysis, mammalian
cells express molecules that inactivate individual complement
components or accelerate the destruction of C3 convertases
formed by the classic and alternative pathways. The following
are known membrane-bound complement inhibitors:

o Factor H binds to sialic residues on cell membrane and inac-
tivates C3b inadvertently bound to cells.

o Membrane cofactor protein (MCP; CD46), in combination
with other proteins, inactivates C4b.

o Decay accelerating factor (DAF; CD55) is a glycopro-
tein that is anchored in the membrane by a covalent link-
age to glycosylphosphatidylinositol (GPI). It functions to
disassociate the C3 convertases by releasing C2a from the
AbC4bC2a complex in the classic pathway and C3b and Bb
in the alternative pathway (Figure 11-8).

o Complement receptor 1 (CR1) is found on erythrocytes and
inhibits the formation of the classic and alternative pathway
C3 convertase. It often acts in concert with DAE

o Membrane cofactor protein (MCP or CD56) is a single-
chain glycoprotein that interacts with membrane-bound
factor I to cleave C3b and C4b.

o CD59 is a GPI-linked protein that binds to C8 and C9 and
inhibits complement-mediated lysis of red blood cells,
platelets, and leukocytes (Figure 11-9).

« Homologous restriction factor (HRF) is a 20,000-molecular
weight (MW) protein that inhibits the interaction of the C8
and C9 terminal complement components.

COMPLEMENT, B CELL ACTIVATION,
AND IMMUNOLOGIC MEMORY

Assuming a multi-valent antigenic molecule, two signals are
necessary to activate B cells. The second signal is provided by
a B cell co-receptor complex that consists of CR2, CD19, and
CD81 (TAPA-1). The complement C3d decay fragment binds
to the B cell CD2 molecule. At the same time, other epitopes
bind to the B cell receptor (BCR). Complement binding acti-
vates kinases, which phosphorylate the CD19 cytoplasmic tail
and activation of PI-3 signaling pathway.
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Late steps of complement activation and formation of the membrane attack complex (MAC). A schematic
view of the cell surface events leading to formation of the MAC is shown. Cell-associated C5 convertase
cleaves C5 and generates C5b, which becomes bound to the convertase. Cé and C7 bind sequentially,
and the C5b,6,7 complex becomes directly inserted into the lipid bilayer of the plasma membrane, fol-
lowed by stable insertion of C8. Up to 15 C9 molecules may then polymerize around the complex to
form the MAC, which creates pores in the membrane and induces cell lysis. C5a released on proteolysis
of C5 stimulates inflammation. (From Abbas AK, Lichtman AH, Pillai S: Cellular and molecular immunology,

ed 6 [updated edition], Philadelphia, 2010, Saunders.)

Immunologic memory is also potentiated by the comple-
ment decay products iC3b and C3dg. Antigens coated with
these fragments bind to iccosomes on follicular dendritic cells.
Iccosome-bound antigens continually stimulate B cells which
differentiate into plasma and memory cells.

COMPLEMENT DEFICIENCIES

Hereditary Angioneurotic Edema

In addition to its role in complement activation, C1 INH inhib-
its the activation of the clotting, kinin, and plasmin pathways
(Figure 11-10). In the absence of C1 INH, precursors are con-
verted to plasmin, bradykinin, and coagulation pathways. Acti-
vated C2 kinins allow fluid to escape into tissue, causing edema.

Hereditary angioneurotic edema (HANE) is caused by
C1 INH deficiency. During a clinical episode, well-circum-
scribed edema is localized to the face, tongue, and larynx
(Figure 11-11). Edema in the larynx is often severe and
restricts normal breathing.

Over 66% of patients with HANE require emergency medi-
cal intervention during a clinical episode of laryngeal edema.
Without adequate medical treatment, 33% of these patients
die during a clinical episode.

Inherited and acquired forms of HANE exist. The inher-
ited form is an autosomal dominant trait and appears during
the first decade of life. It is characterized by normal levels of
nonfunctional C1 INH. Acquired HANE is often associated
with lymphoproliferative disorders or the presence of specific
autoantibodies directed toward the C1 INH molecule. Most
patients with acquired HANE have increased catabolism of
C1 INH, which is reflected in the low serum levels of C1 INH.

Treatment of Hereditary Angioneurotic Edema

Oral androgens, anabolic steroids, and antifibrinolytic agents
are commonly used to treat HANE. In cases of acquired
C1 INH deficiency, glucocorticosteroids are effective as an

emergency treatment and are usually tapered off when the
patient begins taking androgens. Long-term treatment usu-
ally involves androgens and aminocaproic acid. Although the
mechanism of action is unclear, it is presumed that synthetic
androgens (e.g., danazol) increase the production of C1 INH
and C4 by the liver. Aminocaproic acids function as an antifi-
brolytic agent that prevents plasmin activation.

Pooled human C1 INH concentrate and recombinant
C1 INH are also currently undergoing investigational studies
in the United States and Europe and may be highly effective in
emergency treatment.

Paroxysmal Nocturnal Hemoglobulinuria

Paroxysmal nocturnal hemoglobulinuria (PNH) is associ-
ated with short, rapid episodes (paroxysmal) of red blood
cell lysis occurring only at night (nocturnal). However, the
terms “nocturnal” and “paroxysmal” are incorrect when
describing the disease. Lysis of red blood cells is not exclu-
sively nocturnal and occurs continuously throughout the
day.

PNH is the result of a somatic mutation in the pig-A
gene that synthesizes the GPI protein. Mutant GPI cannot
covalently bind the complement regulatory proteins DAF
(CD55), HRE and CD59. Individuals with PNH are missing
both DAF and CD59 and have increased sensitivity to com-
plement lysis. This results in intravascular red cell hemolysis
and hematoglobinuria (loss of iron) that is characteristic of
the disease.

The absence of CD59 on platelets also contributes to recur-
rent thrombosis that is often fatal in individuals with PNH.
MAC localization on platelets creates membrane pores that
allow exovesiculation of platelet vesicles. These vesicles, which
localize on the platelet surface, contain a membrane receptor
for coagulation factor VI. Activation of the clotting sequence
creates thrombi, which localize in the mesenteric, hepatic, and
cerebral veins.



Figure 11-4

Structure of the membrane attack complex (MAC) in cell membranes. A, Complement lesions in eryth-
rocyte membranes are shown in this electron micrograph. The lesions consist of holes approximately
100A in diameter that are formed by poly-C9 tubular complexes. B, For comparison, membrane lesions
induced on a target cell by a cloned cytotoxic T lymphocyte (CTL) line are shown in this electron micro-
graph. The lesions appear morphologically similar to complement-mediated lesions, except for a larger
internal diameter (160A). CTlL-induced and natural killer (NK) cell-induced membrane lesions are formed
by tubular complexes of a polymerized protein (perforin), which is homologous to C9. €, A model of the
subunit arrangement of the MAC is shown. The transmembrane region consists of 12 to 15 C9 molecules
arranged as a tubule, in addition to single molecules of C6, C7, and C8 o- and y-chains. The C5ba,
C5bB, and C88 chains form an appendage that projects above the transmembrane pore. (From Abbas
AK, lichiman AH, Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010,
Saunders. From Podack ER: Molecular mechanisms of cytolysis by complement and cytolytic lymphocytes, | Cell
Biochem 30:133, 1986. Copyright 1986 Wiley-liss. Reprinted by permission of Wiley-liss, Inc., a subsidiary
of John Wiley & Sons, Inc.)

C1q binds to antigen- C1INH Molecules and Receptors That Inhibit
complexed antibodies, prevents C1rasp Complement Activation
resulting in activation from becoming Inferacts

of C1rosz proteolytically active Receptor with Function

C1 esterase inhibitor Clr, Cls Binds to C1r and C1s
W W and disassociates

them from Clq

C4 binding protein C4b Binds C4b and
S r N%*’ e ﬁ&\f N%*‘ displaces C2
Membrane cofac- C3b, C4b Cofactor for factor |

Antibody C1roso tor protein (MCP, mediated cleavage
C1INH CD46) of C4b
C1q C1roso Decay accelerating C4b, C2a Displaces C2a from

. . factor (DAF) C4b
Figure 11-5 Factor | C4b, C3b Cleaves C3b and
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Internal thioester bonds of C3 molecules. A schematic view of the internal thicester groups in C3 and their
role in forming covalent bonds with other molecules is shown. Proteolytic cleavage of the a-chain of C3
converts it info a metastable form in which the internal thicester bonds are exposed and are susceptible
to nucleophilic aftack by oxygen (as shown) or nitrogen atoms. The result is the formation of covalent
bonds with proteins or carbohydrates on the cell surfaces. C4 is structurally homologous to C3 and has
an identical thioester group. (From Abbas AK, Lichiman AH, Pillai S: Cellular and molecular immunclogy, ed

6 [updated edition], Philadelphia, 2010, Saunders.)

Treatment of Paroxysmal Nocturnal

Hemoglobulinuria

In the treatment of PNH, clinicians must deal with five sepa-
rate problems: (1) the lack of red blood cells, (2) deficient
erythropoiesis, (3) increased thrombosis, (4) loss of iron
(hematoglobinuria), and (5) persistent complement activation.
Transfusion of packed red blood cells can replace lost cells.
Androgens and recombinant erythropoietin are commonly
used to accelerate erythropoiesis. Thrombotic complications
are reduced by standard therapy, which includes heparin and
maintenance doses of common anticoagulants. Iron loss is cor-
rected by the administration of supplemental iron. To reduce

complement activation, eculizumab can be used to block the
activation of C5 and the generation of the MAC.

DEFECTS IN COMPLEMENT
COMPONENTS

Genetic defects are present in the synthesis of complement
components. A defect in C2 synthesis is the most commonly
identified deficiency and increases the risk for neisserial infec-
tions. Conversely, C2 and C4 defects are not associated with
an increased risk of fatal bacterial infections. This may be due
to the alternative complement pathway and Fc receptors on
phagocytic cells which compensate for the loss of C2.
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The dlternative pathway of complement activation. Soluble C3 in plasma undergoes slow, spontaneous
hydrolysis of its internal thicester bond, which leads to the formation of a fluid-phase C3 convertase (not
shown) and the generation of C3b. If the C3b is deposited on the surfaces of microbes, it binds factor B and
forms the alternative pathway C3 converfase. This convertase cleaves C3 to produce more C3b, which binds
to the microbial surface and participates in the formation of a C5 convertase. The C5 convertase cleaves C5
to generate C5b, the initiating event in the late steps of complement activation. (From Abbas AK, Lichiman AH,
Pillai S: Cellular and molecular immunology, ed 6 [updated edition], Philadelphia, 2010, Saunders.)

Deficiencies in complement components that form or sta-
bilize the classic or alternative C3 convertase increase the risk
of pyogenic (pus-forming) infections with streptococcal and
staphylococcal species. Individuals with a C3 deficiency usually
have recurrent infections of the respiratory tract, gut, and skin.

Life-threatening meningitis is associated with defects in
properdin, factor H, factor I, and the complement MAC. Pro-
perdin deficiencies are usually X linked, and meningococcal
infections are usually fatal.

Treatment of Complement Deficiencies

Individuals with C2, properdin, factor H, factor I, or comple-
ment MAC deficiency have a significant risk of developing
meningococcal infections. Vaccination is indicated to create
high levels of protective antibodies. In the choice of vaccines,
the age of the individual and the meningococcal serotype
should be considered.




Figure 11-8
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Inhibition of the formation of C3 convertases. Several membrane proteins
present on normal cells displace either C2a from the classic pathway C3
convertase (A) or Bb from the alternative pathway C3 convertase (B)
and stop complement activation. (From Abbas AK, Llichiman AH, Pillai S:
Cellular and molecular immunology, ed 6 [updated edition], Philadelphia,
2010, Saunders.)
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Regulation of formation of the mem- Y
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end result of complement activation. insertion of
The membrane protein CD59 and S C5b-C7

protein in the plasma inhibit formation
of the MAC. (From Abbas AK, Lichtman
AH, Pillai S: Cellular and molecular
immunology, ed 6 [updated edition],
Philadelphia, 2010, Saunders.)
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C1 inhibitor (CTINH) is involved in the inactivation of elements of the
kinin, plasmin, complement, and clotting systems, all of which may be
activated following the surface-dependent activation of factor XIl. The
points at which C1INH acts are shown in red. Uncontrolled activation
of these pathways results in the formation of bradykinin and C2 kinin,
which induce edema. (From Roitt |, Brostoff J, Male D, et al: Immunology,
ed 7, Philadelphia, 2006, Mosby.)

Figure 11-11

The clinical appearance of hereditary angioedema, showing the local
transient swelling that affects mucous membranes. (From Roitt |, Brostoff J,

Male D, et al: Immunology, ed 7, Philadelphia, 2006, Mosby.)

CHAPTER 11  COMPLEMENT

SUMMARY

o The complement system consists of 9 proteins that interact
in cascades to resolve microbial infections.

o Three different cascades have been described. Only the clas-
sic cascade requires antibodies for activation.

o Complement components play critical roles in the immo-
bilization of microbes, opsonization, chemotaxis, and B cell
activation.

o Hereditary angioneurotic edema is caused by failure to reg-
ulate complement activation.

o Paroxysmal nocturnal hemoglobulinuria (PNH) is caused
by lack of membrane-bound complement inhibitors.

» Complement deficiencies in C2, alternative pathway com-
ponents, or the membrane attack complex (MAC) increase
the risk of life-threatening neisserial infections.
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ASSESSMENT QUESTIONS

1. Which of the following are functions of complement?

I.  Opsonization
II.  Cell lysis

III. B cell activation
I

11

Iand II

. ITand III

I, II, and III

HOO®Wpe

. The classical pathway C3 convertase consists of:
A. AbCl1

B. AbC1C4bC2a

C. C3bBb

D. AbC1C4aC2bC3b

. Which of the following are membrane-expressed molecules
that inhibit complement deposition on mammalian cells?
I.  Decay accelerating factor (CD55)

II. C4 binding protein

III. Cl1 esterase inhibitor

I

III

Iand II

. ITand III

L, II, and IIT

HOO®W e

4. Hereditary angioneurotic edema is caused by:

A. Defective C1 esterase

B. Defective CD59

C. Defective C1 esterase inhibitor

D. Defective homologous restriction factor

. Which of the following are characteristics of the alternative

complement pathway?

I.  C4 activation

II. Spontaneous fragmentation of serum C3

III. Formation of a membrane attack complex (MAC)
I

III

Iand II

IT and IIT

L, 1T, and 11T

OO ®

. Which of the following is an anaphylatoxin?

A. C3a
B. C4b
C. C2a
D. C5b



LEARNING OBJECTIVES

o Restate the role of precipitin reaction in phagocytosis

o Define the zone of equivalence

o Identify the three different antibody Fc receptors in phago-
cytic cell membranes

« Compare and contrast pinocytosis and phagocytosis

o Explain the respiratory burst

o Identify the role of superoxide dismutase in the generation
of hydrogen peroxide (H,0,)

o Define the reactive oxygen species

o Compare and contrast intracellular killing of microbes by
superoxide (O, ), H,0,, and hydroxyl (OH-) radicals

o Identify the role of myeloperoxidase in intracellular killing

o Differentiate between oxygen-dependent intracellular kill-
ing and oxygen-independent intracellular killing

o Recognize the constituents of primary, secondary, and ter-
tiary granules

o Explain the relationship between chronic inflammation and
cancer

o Understand the alternative mechanism for generating muta-
genic nitrosoamines or N-nitrosoamides

o Explain why catalase-producing and peroxidase-producing
bacteria can survive oxygen-dependent intracellular killing

« Recognize the immunologic defect in Gaucher’s disease

« Design a therapeutic regimen to treat Gaucher’s disease

o Recognize the immunologic defect in chronic granuloma-
tous disease (CGD)

o Analyze the importance of cytochrome b588 in respiratory
burst

o Design acceptable treatment modalities for CGD

o Identify the fungal species that commonly infect patients
with myeloperoxidase (MPO) deficiency

o Explain the relationship between CR3 and leukocyte adhe-
sion deficiency type I

KEY TERMS

Catalase

Chronic granulomatous disease
Gaucher’s disease

Myeloperoxidase

Oxygen-dependent intracellular killing
Oxygen-independent intracellular killing
Peroxidase

Phagocytosis

Pinocytosis

Reactive oxygen species
Respiratory burst
Singlet oxygen
Superoxide dismutase

INTRODUCTION

Phagocytosis and intracellular killing comprise the final step
in the resolution of extracellular microbial infections. Phago-
cytic cells express receptors for the Fc domain of bound anti-
body and opsonizing complement fragments. After binding
to the receptors, antigens or intact microbes are ingested and
destroyed by oxygen-dependent and oxygen-independent kill-
ing mechanisms. As a prelude to phagocytosis, microbes are
rendered insoluble by the chemical properties of the antigen-
antibody complexes and the action of anaphylatoxins.

PRECIPITATION OF ANTIGEN-ANTIBODY
COMPLEXES

Phagocytosis is more efficient when antigen-antibody com-
plexes are insoluble. The molar concentration of antigens
and antibodies in plasma determines immune complex
solubility. In the early phase of the immune response to the
foreign protein, few antibodies are directed at antigens, and
the very small immune complexes can pass through the kid-
ney. As the concentration of antibodies increases, the ratio
of antibodies to antigens decreases, and very large immune
complexes are formed. When equimolar concentrations of
antigens and antibodies are present (the equivalence zone),
large complexes are deposited in small capillaries and in
the renal glomeruli. Deposition of immune complexes is
augmented by anaphylatoxins released during complement
activation.

CELLULAR RECEPTORS FOR
COMPLEMENT

CR1 Complement Receptor

The CR1 complement receptor (CD35) is expressed on a
number of blood cells, including polymorphonuclear leuko-
cytes, monocytes or macrophages, and follicular dendritic
cells. These receptors are single-chain membrane proteins
with multiple short consensus receptors (SCRs). Binding of
complement fragments occurs some distance from the cell.
The CR1 complement receptor recognizes C3b, iC3b, and
C4b.
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CR2 Complement Receptor (CD21)

The CR2 membrane glycoprotein receptor (CD21) binds
the complement decay fragments iC3b and C3dg. CR2 is
expressed by follicular dendritic cells in the germinal cen-
ters and serves to trap antigen—antibody complexes on
iccosomes.

CR3 Complement Receptor
(Mac-1, CD11b/CD18)

Complement receptor type 3 (CR3, Mac-1, and CD11b/
CD18) is found on monocytes, neutrophils, natural killer
(NK) cells, and dendritic cells. CR3 is composed of a and 3
chains. The CD11b receptor interacts with cell-bound iC3b
to initiate phagocytosis. CD18 forms the f3,-chain of CD11a,
CD11b, and CD11c (leukocyte adhesion molecule). CD18 is
the major component of lymphocyte function-associated
antigen 1 (LFA-1), macrophage antigen 1 (Mac-1), and
CD4 integrins, which bind leukocytes to the capillary
endothelium.

Fc Receptors for Inmunoglobulin G

Three different immunoglobulin G (IgG) receptors (CD64,
CD16, and CD32) are expressed on phagocytic cells. Fc-
gamma receptor I (FcyRI or CD64) is a high-affinity, isotype-
restricted receptor that is present on most phagocytic cells,
eosinophils, and dendritic cells. CD16 (Fc receptors FcyRIIla
and FcyRIIIb) is a low-afhinity Fc receptor expressed on neu-
trophils, NK cells, eosinophils, and macrophages. The CD32
receptor is expressed on B lymphocytes and cells of macro-
phage or monocyte lineage. It is also known as a low-affinity
Fc-gamma receptor II (FcyRII), which binds immune
complexes.

INGESTION OF ANTIGENS OR
MICROBES

Endocytosis is a general term describing a process by which
cells absorb external material by engulfing it with the cell
membrane. Endocytosis is usually subdivided into pino-
cytosis and phagocytosis. If the antigen is a small-molecu-
lar-weight protein or a polysaccharide, the cell membrane
invaginates in a process called pinocytosis, and the protein
or carbohydrate is placed in a fluid-filled sack called a ves-
icle. Large-molecular-weight antigens or intact microbes
are internalized by a different form of endocytosis, which
is called phagocytosis. During phagocytosis, the membrane
envelopes the particle to form an internal vacuole termed
phagosome.

INTRACELLULAR KILLING OF BACTERIA

In the phagosome, bacteria are killed by two different mecha-
nisms. One mechanism is dependent on the presence of oxy-
gen, a respiratory burst, and the generation of reactive oxygen
species. The second mechanism (which is independent of oxy-
gen) uses preformed granules containing proteolytic enzymes
to kill microbes.

Oxygen-Dependent Respiratory Burst

Following the ingestion of microbes, an oxygen-dependent
respiratory burst occurs, with rapid production of singlet
oxygen (O,) and hydrogen peroxide (H,0,) and energy in
the form of adenosine triphosphate (ATP). In the oxidative
phosphorylation pathway, nicotinamide adenine dinucleotide
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phosphate (NADPH) oxidase generates singlet oxygen as it
transfers electrons to the cytochrome system.
20, + NADPH 20, + NADP* + H*

Electrons are transported through the cytochrome system
by a series of oxidation reduction reactions to generate both
singlet oxygen (O, ) and ATP. A cytochrome known as cyto-
chrome b588 is the major producer of singlet oxygen.

Some singlet oxygen is released into the phagosome as free
radical oxygen. Most singlet oxygen, however, interacts with
an enzyme called superoxide dismutase, which converts singlet
oxygen to oxygen (O,) and H,0,.

20, +2H* 0, + H,0,

Additional dismutations occur between O, and H,0, to
form hydroxyl (OH") radicals. Singlet oxygen can also partici-
pate in other reactions. O, can react with nitric oxide (NO~)
to form peroxynitrite anion (ONOO-) or the conjugate acid
(ONOOH). The reactive peroxynitrite molecule also can react
with phenolic compounds, proteins, lipids, and deoxyribonu-
cleic acid (DNA). A slow decomposition of protonated per-
oxynitrite (ONOOHY) produces hydroxyl radicals, protons,
and peroxynitrous acid.

The major reactive oxygen species (singlet oxygen, hydro-
gen peroxide, and hydroxyl radicals) are toxic to microbes.
Singlet oxygen disrupts bacterial cell walls. Hydrogen per-
oxide and hydroxyl radicals attack cell membranes and also
cause damage to bacterial DNA.

Myeloperoxidase (MPO) catalyzes an additional microbial
killing mechanism. MPO is stored in the azurophilic granules
of neutrophils and the lysosomes of monocytes. Fusion of the
granules and phagosome membranes deposits MPO into the
phagosome. In the presence of a halide, which is usually CI-,
MPO interacts with hydrogen peroxide to form hypochlo-
rous acid. The acid pH kills the microbe and dissolves the cell
walls.

The reaction is shown below:

Cl” + H,0, + MPO H,0 + OCI™

A summary of the oxygen-dependent killing process is

shown in Figure 12-1.

Oxygen-Independent Intracellular Killing

Oxygen-independent intracellular killing uses preformed
cytoplasmic granules containing antimicrobial agents. Pri-
mary, secondary, and tertiary granules fuse with the phago-
some membrane and empty their contents into the phagosome.
Each type of granule has a different array of cytotoxic mol-
ecules that have different microbial targets.

Primary granules fuse with the phagosome membrane and
secrete a number of antimicrobial agents, including protein-
ases, and lysozyme. Lysozyme attacks the bacterial cell wall at
the beta 1, 4 glucosidic linkages between N-acetyl muramic
acid and N-acetylglucosamine residues and destroys the integ-
rity of the cell wall.

Secondary granules are usually smaller than primary gran-
ules and deposit lactoferrin and a unique family of proteins
called defensins into the phagosome. Lactoferrin chelates iron
and prevents bacterial synthesis of heme-containing cyto-
chromes. Defensins are a family of small cationic proteins
that induce osmotic lysis by forming pores in bacterial cell
walls.

Tertiary granules also are abundant in phagocytic cells.
These granules contain gelatinase, acetyltransferase, and
lysozyme.

-
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Oxygen-dependent killing by phagocytic cells. 1, Liberation of singlet oxygen by NAD and cytochrome sys-
tem, and conversion of singlet oxygen. 2, Conversion of singlet oxygen to hydrogen peroxide. 3, Myelo-
peroxidase formation of hypochlorous acid and bacterial protein halogenation. 4, Superoxide dismutase.
5, Catalase. 6, Breakdown of hydrogen peroxide by glutathione peroxidase (GSH-PO) and reduced

glutathione (GSSG-RED).

INFLAMMATION, TISSUE DAMAGE,
AND CANCER

As a consequence of continual or chronic inflammation,
reactive oxygen species and hypochlorous acid leak from the
phagocytic cell and injure host tissue. Chemical reactions in the
injured tissue transform reactive oxygen species into mutagens,
which cause changes in host cell DNA. In one chemical reac-
tion, highly mutagenic chloramines also are created when pri-
mary amines react with hypochlorous acid. In another reaction,
activation of nitric oxide synthase converts L-arginine to citrul-
line with the liberation of NO~. Reactions between NO~ and
O, generate dinitrogen trioxide (N,O3). In turn, this compound
reacts with water to form mutagenic nitrates. Other reaction
products interact with secondary amines or amides in protein
to form mutagenic N-nitrosamines or N-nitrosoamides.
Cancers may arise as a result of rapid cell division, which is
usually part of the tissue repair process. In the repair process,
normal cells and cells with mutated DNA undergo cell divi-
sion at the same rate. Expansion of the mutated cell population
and subsequent changes in the genome of mutated cells cause
the uncontrolled division and development of cancerous cells.

Microbial Evasion of Intracellular Killing

Bacteria have developed mechanisms to prevent intra-
cellular killing. Some aerobic bacteria produce catalase
and peroxidase, which break down H,O, into water and

oxygen. These bacteria can live and replicate within the
phagosome.
The catalase reaction is as follows:
2H202 g 2H20 + 02
The peroxidase reaction is as follows:
HzOz + 2H+ d Hzo

IMMUNODEFICIENCIES ASSOCIATED
WITH PHAGOCYTOSIS

Gaucher’s Disease

In Gaucher’s disease, patients have a deficiency in f-glucosidase
or glucosylceramidase, which is necessary for the intracellular
degradation of senescent red blood cells—a normal function
of macrophages and monocytes. As a consequence, glucocere-
broside (a membrane lipid component) accumulates in phago-
cytic cells in the liver, spleen, bone marrow, lymph nodes, and
alveolar capillaries. The high lipid concentration inhibits pro-
tein kinase C that is necessary for macrophage activation and
phagocytosis.

Non-neurologic and neurologic forms of the disease exist.
Non-neurologic disease is common in adult Ashkenazi Jews
and is characterized by hepatosplenomegaly, pancytopenia,
and skeletal disease. Neurologic forms of the disease occur in
infants and are characterized by seizures, epilepsy, learning
disabilities, and dementia.




Treatment of Gaucher’s Disease

Imiglucerase, a recombinant glucocerebrosidase, can be used
in enzyme replacement therapy (ERT) in patients with the
non-neurologic form of the disease. ERT reduces the hepa-
tosplenomegaly and increases red cell and platelet counts. In
some cases, splenectomy is indicated for refractory spleno-
megaly. ERT efficacy in patients with the neurologic form of
the disease is variable.

Chronic Granulomatous Disease

Patients with chronic granulomatous disease (CGD) can-
not generate normal concentrations of singlet oxygen and
hydrogen peroxide. Failure to produce reactive oxygen spe-
cies increases the risk of infection with catalase-producing
or peroxidase-producing microbes, which are resistant to
oxygen-independent killing. Infection with fungal and bac-
terial pathogens such as the Aspergillus species, Staphylococ-
cus aureus, Burkholderia cepacia, Serratia marcescens, and
Nocardia species are common in patients with CGD. Failure
to resolve the intracellular infections evokes an inflamma-
tory response that attempts to wall off the infected phagocytic
cells. These spherical masses of immunocompetent cells are
known as granulomas. In patients with CGD, granulomas usu-
ally form in the lymph nodes, liver, lungs, and gastrointestinal
tract. Despite aggressive therapy, the disease is often fatal.

The defective respiratory burst is attributed to a defective
cytochrome b588. This cytochrome is composed of membrane-
bound (gp91phox and gp22phox) and cytosolic (p47phox,
p67phox, and p40phox) components. In patients with CGD,
gp91phox or p47phox proteins are defective, and the cyto-
chrome is inactive.

Treatment of Chronic Granulomatous Disease

Administration of antibiotics is necessary to control infec-
tions. Acceptable medical treatment includes first-line antibi-
otics such as trimethoprim-sulfamethoxazole (antibacterial),
and itraconazole (antimycotic). Patients with active disease
and granuloma often benefit from parenteral antibiotics and
intravenous corticosteroids. Interferon-gamma (IFN-y) treat-
ment is recommended for patients who have some residual
O, production. Human stem cell transplantation is the only
available curative therapy. At this juncture, 24 patients have
undergone transplantations with moderate success.

Myeloperoxidase Deficiency

MPO deficiency is relatively common (1 per 2000 to 1 per
4000 live births). In most individuals with MPO deficiency,
Staphylococcus and Escherichia coli can be killed by using oxy-
gen-independent mechanisms. Fungi, however, pose a more
serious problem. Candida species such as C. albicans, C. kru-
sei, C. stellatoidea, and C. tropicalis survive in MPO-deficient
phagocytic cells.

Treatment of Myeloperoxidase Deficiency

Because bacterial or fungal infections are rare in patients with
MPO deficiency, prophylactic antibiotic treatment is not rec-
ommended. However, individuals with both diabetes melli-
tus and MPO deficiency have a high risk of invasive Candida
infections. After identification of the infectious fungi, prompt
and aggressive antibiotic therapy should be initiated.

CHAPTER 12 PHAGOCYTOSIS AND INTRACELLULAR KILLING g

Complement Receptor Deficiency

Expression of CR1 and CR2 receptor is associated with auto-
immune diseases such as systemic lupus erythematosus (SLE),
autoimmune hemolytic anemia, juvenile rheumatoid arthritis
(JRA), and Sjogren syndrome. The role of complement recep-
tors in the pathophysiology of these diseases is unclear. Failure
to express CR3 (CD11bCD18) results in recurrent cutaneous
infections and gingivitis in leukocyte adhesion deficiency syn-
drome type I (see Chapter 2).

Treatment of Complement Receptor Deficiency

The treatment of SLE, JRA, and autoimmune hemolytic ane-
mia is discussed in Chapter 16. Leukocyte adhesion deficiency
type I is characterized by severe or moderate gingivitis and
skin ulcerations caused by Staphylococcus, Pseudomonas, Kleb-
siella, and Enterococcus species and E. coli. Surgical treatment
is indicated for severe necrotic or infected tissue. After identi-
fication of the etiologic infective agent, microbe-specific anti-
biotic therapy should be initiated. Often, patients with severe
defects are treated with first-line intravenous antibiotics.
Moderate forms of the disease can be treated with appropriate
oral antibiotics. Despite surgical intervention and aggressive
antibiotic therapy, most patients succumb to virulent infec-
tions during the first 2 years of life.

SUMMARY

« Phagocytosis and intracellular killing are the final steps in
the resolution of extracellular microbial infections.

o Intracellular killing involves oxygen-dependent and oxy-
gen-independent intracellular killing mechanisms.

o Chronic inflammation and leakage of reactive oxygen spe-
cies and hypochlorous acid from phagocytic cells increases
the risk of deoxyribonucleic acid (DNA) mutations and
cancer.

o Failure to generate reactive oxygen species allows catalase-
producing or peroxidase-producing bacteria to survive and
replicate in phagosomes.
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ASSESSMENT QUESTIONS

1. Which of the following is not generated during an oxygen-
dependent respiratory burst?
A. H,0,
B. ONOO-
C. ONOOH
D. H,SO,

2. Oxygen-independent killing is associated with:

I. Fusion of preformed granules with phagosome
membrane

II. Activation of the cytochrome system

III. Conversion of L-arginine to citrulline

I

III

Iand II

. ITand III

L, I, and III

OO

3. Which of the following are characteristics of phagocytosis?

I. Ingestion of large-molecular-weight antigens or
intact microbes

II. Membrane envelopment of the antigen or intact
microbe

III. Ingestion of low-molecular-weight antigens

I

III

Iand II

. ITand III

L, I, and III

OO

4. Gaucher’s disease is associated with:
A. Defective respiratory burst
B. Defective phosphatidylinositol synthesis
C. Defective cytochrome b588
D. Defective phagocytosis

5. Chronic granulomatous disease is caused by:
I.  Defective singlet oxygen production
II. Defective cytochrome b588

III. Defective H,0, production

I

III

Iand II

I and III

L, II, and IIT

MO0 w

6. Myeloperoxidase (MPO) catalyzes the production of:
A. Singlet oxygen
B. H,0,
C. Hypochlorous acid
D. L-arginine



LEARNING OBJECTIVES

o Discuss the problems associated with the use of animal antisera

o Explain the immunologic mechanisms involved in the evo-
lution of serum sickness

« Recognize the constituents of fractionated immunoglobulin
(Ig)

o Identify the conditions and diseases treated with intrave-
nous immunoglobulin (IVIG)

o Identify the signs and symptoms of idiopathic thrombocy-
topenic purpura (ITP)

o Recognize the immunologic mechanism involved in ITP

o Explain the role of IVIG in inhibiting the progression of ITP

« Discuss the pathophysiology of Kawasaki disease

o Explain the relationship between IVIG and complement in
Kawasaki disease

o Recall the role of pooled Ig in treatment of Rh blood group
incompatibility

o Identify the role of IVIG in the downregulation of T cell-
mediated autoimmune diseases

o Compare and contrast the advantages and limitations of
pooled human Ig, and monoclonal antibodies

o Compare and contrast DNA de novo synthesis and the
nucleic acid salvage pathways

« Explain the biologic basis for HAT (hypoxanthine-aminop-
terin-thymidine) selection

o Compare and contrast murine, chimeric, humanized, and
human monoclonal antibodies

o Recall the guidelines used in the generic names for mono-
clonal antibodies used in immunotherapy

o Using the naming guidelines, describe how murine, human-
ized, and human monoclonal antibodies are designated

o Define bi-specific antibodies

o Recognize the characteristics of bi-functional and flex
antibodies

o Define single-chain variable fragments (scFv)

o Restate the three critical issues in the development of radio-
labeled antibodies

o Identify two antibodies used for the treatment of non-
Hodgkin’s lymphoma

KEY TERMS

Active immunity
Chimeric antibodies
Classic nucleic acid pathway
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Erythroblastosis fetalis

HAT selection

Hybridoma

Humanized monoclonal antibodies
Idiopathic thrombocytopenic purpura
Kawasaki disease

Monoclonal antibody

Nucleic acid salvage pathway

Passive immunity

Serum sickness

Single-chain variable fragment (scFv) protein

INTRODUCTION

Immunity can be generated by active or passive means. Active
immunity results from exposure to microbes such as Strepto-
coccus and Pneumococcus or vaccination with dead or weak-
ened microbes. In contrast, the administration of antibodies
to correct an immunodeficiency or provide short-term immu-
nity against microbial infections is called passive immunity.
Transfer of antibodies in colostrum from mother to child or
administration of pooled immunoglobulins are examples of
natural and artificial passive immunity.

HETEROLOGOUS ANTISERA TO PROVIDE
PASSIVE IMMUNITY

The administration of antibodies to provide passive immunity
is not a new concept. In the 1890s, Emil von Behring intro-
duced the concept of passive immunity for the treatment of
diseases. He demonstrated that equine polyvalent antiserum
was efficacious in the treatment of diphtheria infections in
children. In the early 1900s, equine antiserum therapy was
used to treat streptococcal pneumonia, bacterial meningi-
tis, and Haemophilus infections. By 1950, antibody therapy
had been supplanted by antibiotics, which were cheaper to
produce. However, equine antisera are still used for the neu-
tralization of anthrax, tetanus, gas gangrene and diphtheria
exotoxins; snake venoms; and the rabies virus. Immunoge-
nicity is a major problem associated with heterologous anti-
sera. Anaphylaxis and serum sickness have been frequently
encountered in their use.

Serum Sickness

Serum sickness is caused by the administration of large amounts
of any foreign protein. Within 7 to 10 days after administra-
tion, an immunoglobulin M (IgM) antibody response to the
foreign protein develops. When equal molar concentrations of
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antigens and antibodies are generated, large complexes settle
out in the internal elastic lamina of arteries and perivascular
regions. Activation of the complement cascade and the release
of cytotoxic factors from endothelial cells cause the necrosis of
the capillary vessels in the skin and kidneys.

Patients develop clinical manifestations of fever, arthral-
gia, lymphadenopathy, and skin eruptions. Serious side effects
also have been reported as a consequence of antibody therapy.
High concentrations of infused antibody (0.5 to 2.0 mg/kg)
can cause renal failure, aseptic meningitis, and thrombosis.

POOLED HUMAN IMMUNOGLOBULIN

To reduce the morbidity associated with heterologous anti-
sera, fractionated human immunoglobulin is now used as a
therapeutic agent. Pooled human immunoglobulin is prepared
from a panel of 3000 to 10,000 donors and contains 95% intact,
unmodified IgG with trace amounts of IgA and IgM. Prepara-
tions also contain the macrophage-granulocyte stimulating
factor, interleukin 1 (IL-1), and complement regulators.

Initially, pooled human immunoglobulin was administered
by the intramuscular (IM) route. Although effective in reduc-
ing the frequency of infections, it was difficult to maintain
optimal antibody levels in blood. In 1981, intravenous prepa-
rations of human immunoglobulin (IVIG) became available.
IVIG allows the infusion of large volumes of antibodies while
reducing the cost and the pain associated with intramuscular
administration.

IVIG has been used to treat immunodeficiencies, human
immunodeficiency virus (HIV) infection in infants, lympho-
proliferative malignancies, and infections in low-birth-weight
infants. It is also used to treat a wide range of autoimmune
diseases such as myasthenia gravis, systemic lupus erythema-
tosus, and autoimmune neuropathies (Box 13-1).

IVIG is particularly useful in the treatment of diseases such
as idiopathic thrombocytopenic purpura (ITP) and Kawasaki
disease and for the prevention of erythroblastosis fetalis.

Idiopathic Thrombocytopenic Purpura

ITP is a pediatric disease that is associat