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Preface

Immunology is a dynamic discipline with rapid re-
search developments unparalleled by those of any
other field except, perhaps, the neurosciences.
This research has provided valuable new data for
medicine and biology. Immunology, including its
fundamental principles and clinical applications,
is a very exciting field in which to specialize.

Nowadays, we still live to a ripe old age despite hos-
tile attacks by myriads of pathogenic organisms. Im-
munological mechanisms have become highly sen-
sitive and specific in the process. This color atlas
graphically depicts these mechanisms. Its main
goal is to explain the diverse interactions between
the fundamental principles and the laboratory and
clinical applications of immunology so as to create a
vivid mental picture. The book’s main target group
includes medical students, biology students, and
students in other branches of the biosciences. How-
ever, it also targets physicians and biologists who
are active in their respective fields.

By definition, an atlas must focus on the graphic
presentation of subject matter, the explanation of
which is limited to brief text segments. Especially
in immunology, a graphic presentation of the sub-
ject matter must depict certain processes and their
progression through time and different phases as
well as the interactions between a number of differ-
ent substances and elements. In order to present an
unmistakable picture of these “protagonists,” the
graphic designers must create archetypal models
and skillfully use colors to ensure a clear under-
standing of the subject matter. We have mainly con-
centrated on harmonization of the color plates for
different topics. The goal was to ensure that the vi-
sual elements were not overloaded with internal
structures and to have the individual pieces com-
bine to form a mosaic whole. This was sometimes
achieved at the expense of aesthetics, and there is
inevitably a certain loss of anatomical detail.

Due to space limitations and the emphasis on hu-
man medicine, the book mainly focuses on human
immunology; space does not permit us to present
all areas of the immense field of immunology in
their entirety. A number of excellent textbooks of
immunology are already on the market. Some of
our colleagues may prefer a more comprehensive
presentation of the subject matter. We must also re-
member the enormous developments in immuno-
logical research, the constant discovery of new in-
formation and processes that are still unclear today,
but will soon be well understood. A constant ex-
change of paradigms is taking place, especially on
the subject of tolerance and autoimmunity. The cur-
rent edition cannot provide full coverage of this new
information. We naturally hope that there will be
many future editions that will allow us to revise
the contents of the book to keep abreast of the latest
advances. We would greatly appreciate any sugges-
tions, additions, and corrections proposed by the
readers of this color atlas.

Gerd-Riidiger Burmester, Berlin
Antonio Pezzutto, Berlin
Jiirgen Wirth, Darmstadt

Spring 2003
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Introduction

This book targets students of medicine and bio-
sciences as well as physicians and bioscientists.
As was mentioned in the preface, the book mainly
focuses on human immunology. This information
will be conveyed in 131 color plates accompanied
by explanatory texts on the facing pages.

The atlas is broken down into three main segments.
The fundamental principles of human immunology
are presented in the opening segment, the essential
laboratory tests used in immunology are described
in the second section, and the clinical aspects of im-
munological diseases are presented in the final sec-
tion. The appendix contains a glossary of important
immunological terms and tables including CD no-
menclature for immunologically relevant mole-
cules, criteria for classification of rheumatic dis-
eases, an overview of the most important
cytokines and growth factors, and important refer-
ence values for immunology. Besides providing an
introduction to all relevant aspects of modern im-
munology, this color atlas also serves as an impor-
tant source of reference for important questions in
clinical medicine and laboratory practice.

The fundamental principles section begins with
the organs of the immune system, followed by a de-
scription of the relevant cells of the immune system
and the mechanisms by which Tand B lymphocytes
acquire high levels of specificity. Surface molecules
are described in detail in deference to the enor-
mous emphasis placed on them in most immuno-
logical publications. A description of accessory cells
and natural killer cells follows. Next, the human
lymphocyte antigen system is analyzed, followed
by the principles of antigen processing and hyper-
sensitivity reactions. Autoimmunity and tolerance
are described in the last part of the section.

The laboratory applications section describes
the most important test systems in immunology.
“Conventional” methods such as precipitation,
agglutination, and complement-binding reactions
are presented along with newer methods such
as immunoblotting, molecular biology tests, and
a number of test systems for the detection of
expressed genes.

The clinical immunology section describes immu-
nodeficiencies and the essential immunological
features of a number of immune diseases. The
main focus is on rheumatology and hematology.

Uniform symbols are used to represent the various
cell systems as well as their receptors and products.
The symbols are explained on the inside front and
inside back covers.
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The Immune System

The Immune System

It took more than 400 million years of evolution
for our immune system to develop into the
highly complex and adaptable defense mechan-
ism that it is today. Its primary task is to protect
us from foreign and harmful substances, micro-
organisms, toxins, and malignant cells. Only
through the continuous development of the im-
mune system was it possible to protect living or-
¢anisms against constant attacks from both the
external and internal environments. In the pro-
cess, the immune system has learned to inacti-
vate destructive responses to endogenous sub-
stances and to prevent irreparable damage to
the surrounding tissue. Most immunological re-
sponses are of limited duration and are re-
stricted by regulatory mechanisms to prevent
overreactions.

An essential task of the immune system is to
distinguish dangerous from harmless. Infiltra-
tion with microorganisms or bacterial toxins,
for example, is a dangerous attack on an organ-
ism, whereas the inhalation of pollen or the in-
filtration of food antigens from the stomach into
the blood system is harmless. The destruction of
malignant cells or foreign cell material is desir-
able (e.g., in parasite infestation), but direct at-
tacks against the host tissue are undesirable
g, in autoimmune disease). The processes
by which the immune system avoids the devel-
opment of destructive self-reactivity are collec-
tively referred to as tolerance. The large majority
of lymphocytes directed against self-antigens
present throughout the primary lymphoid or-
cans are destroyed in a process known as central
tolerance. Peripheral tolerance is still another
mechanism that occurs in less common endo-
venous structures or in those present only in
certain regions of the body.

Nonspecific Immune System

I'he historically older congenital defense me-
chanisms are defined as nonspecific because
they become active independently of the invad-
ing pathogen. They are also called nonclonal de-
fense mechanisms because no individual cell
clone is required for their specific development.
Some examples include the acid layer of the
<kin, the intact epidermis, the complement sys-
tem, antimicrobial enzyme systems, and non-
specific mediators such as interferons and inter-
leukins. Examples on the cellular level include

granulocytes, the monocyte-macrophage sys-
tem, and natural killer (NK) cells. The latter re-
present an interface between the specific and
nonspecific immune systems.

The inflammatory response permits an on-
the-site concentration of defensive forces via
the complex interplay of soluble and cellular
components; this is an important nonspecific
defense mechanism. The first step in this pro-
cess is the release of mediators that dilate the
blood vessels and make the capillary walls
more permeable. The site of infection is then pe-
netrated by granulocytes, which are replaced by
macrophages in the later course of the reaction.
The granulocytes carry out the “first line of de-
fense” in which the majority of invading patho-
gens are destroyed. The remaining pathogenic
organisms and waste products of this first-
line defense are phagocytosed by macrophages.

Specific Immune System

The process of such an immune response paves
the way for the specific immune response. In a
specific cytokine environment, the body can de-
cide whether to proceed to a more humoral line
of defense or a more cellular line of defense. The
migration of antigen-presenting cells (APC) to
the lymphoid organs first triggers a systemic
immune response, then a memory response.
The specific immune system consisting of T
and B lymphocytes is responsible for this. These
cell systems can produce highly specific reac-
tions to their respective antigens and undergo
clonal expansion, thus achieving a highly effec-
tive response to and memory for those antigens.




Origin of Cells of the Immune System

A. Origin of Cells of the Immune System

All components of the blood, including the cells
of the immune system, originate from pluripo-
tent hematopoietic stem cells of the bone mar-
row. With the aid of soluble mediators (cyto-
kines) and contact signals emitted by stromal
cells, these highly undifferentiated progenitor
cells can give rise to the different blood cells
(A). These cells are among the few body cells
capable of self-renewal. Hence, they can divide
without differentiating, thereby producing an
unlimited supply of blood cells. The bone mar-
row produces 175x10" erythrocytes (red
blood cells) and 7x 10" leukocytes (white blood
cells) each day and has the capacity to increase
this production up to severalfold if needed. In
vitro, these so-called progenitor cells can
form colonies of differentiated cells. Myeloid
progenitor cells can differentiate into the fol-
lowing types of cells: megakaryocytes, very
large multinucleated cells that break up into
small particles which constitute the platelets
(thrombocytes) of the blood; erythroblasts,
which further multiply and differentiate into
circulating erythrocytes (red blood cells); mye-
loblasts, which can differentiate into neutro-
phils, eosinophils, and basophils (they all
have a segmented nucleus and are therefore
called polymorphonuclear leukocytes in order
to distinguish them from the other mononuc-
lear cells); monoblasts (monocyte precursors);
and dendritic cells. Granulocytes, monocytes,
and dendritic cells have the ability to ingest par-
ticles, microorganisms and fluids and are there-
fore called phagocytes (from the Greek word
“phago” = “eat”).

In response to soluble mediators called che-
mokines, the leukocytes migrate from the blood
into the tissue, where they repair damaged tis-
sue and remove bacteria, parasites, and dead
cells that induce inflammation. After migration
into the tissue, the blood monocytes differenti-
ate into macrophages.

The most important cells of the immune sys-
tem are the lymphocytes, which originate from
a common progenitor cell in the bone marrow.
Two types of lymphocytes can be distin-
guished: T lymphocytes, which are responsible
for the cellular immune reponse, and B lym-
phocytes, which produce antibodies (humoral
immune response). Cells of a third type, the
natural killer cells, are also part of the lymphatic
system. These cells are related to T lympho-
cytes, but their origin is still a matter of debate

since they also express some features of mye-
loid cells.

B. Defense Mechanisms against Infections

The primary function of the immune system is
the protection of the organism against infec-
tion. Innate immunity is a more ancient line
of defense, which is highly conserved between
the different species. It consists mainly of pha-
gocytic cells, blood proteins, and natural killer
cells. All of its strategies are based on the recog-
nition of typical molecular structures that are
shared among different pathogens. The me-
chanisms of innate immunity are deployed
shortly after the body has been invaded by a
pathogen—usually within hours.

Phagocytosis is the main mechanisms of in-
nate immunity. In this process, the microorgan-
ism is coated with blood components such as
complement, which induces lysis of the invader
or the release of cytotoxic lytic enzymes from
killer cells.

Adaptive immunity, the phylogenetically
modern mechanism, is based on the presence
of receptors that are highly specific for certain
regions (epitopes) of the pathogens. These re-
ceptors are either cell-bound (T lymphocytes
and some B lymphocytes) or secreted (antibo-
dies produced by B lymphocytes). A single T or
B lymphocyte proliferates and produces large
quantities of identical daughter cells (clonal ex-
pansion). This specific response process takes
days to weeks.

C. Plasticity of Stem Cells

When present in specialized tissue, hemato-
poietic progenitor cells can differentiate into
various different blood cells or tissue-specific
cells, such as hepatocytes, neurons, muscle
cells, or endothelial cells. The signals that reg-
ulate their differentiation into specialized cells
are still largely unknown. Hematopoietic stem
cells circulate in small numbers in the peri-
pheral blood. They are morphologically indis-
tinguishable from small lymphocytes.
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Organs of the Lymphatic System

A. Structure of the Lymphatic System

All blood cells develop from common, pluripo-
tent bone marrow stem cells. They can be de-
tected in the fetal liver, which has hematopoie-
tic properties, from the 8th week of gestation
until shortly before birth. The stem cells give
rise to the precursor cells of the lymphatic
and myelopoietic systems. Erythrocytes, granu-
locytes, and thrombocytes have common pre-
cursor stages (progenitor cells), whereas lym-
phatic cells develop early into separate cell
lines. Starting from the 13th week of gestation,
some stem cells migrate to the thymus and
bone marrow, which are referred to as the pri-
mary lymphoid organs. There, the cells continue
to proliferate and differentiate. T lymphocytes
require passage through the thymus to com-
plete their maturation, whereas B lymphocytes
complete their maturation in the bone marrow
(equivalent to the bursa of Fabricius in birds).

Specialized receptors are located on the sur-
face of T and B lymphocytes (antigen receptors
made of two glycoprotein chains). The structure
of the receptors varies from one cell to another.
Each receptor recognizes and binds with only
one specific antigen (“lock-and-key” principle).
Unlike T lymphocytes, B lymphocytes can ma-
ture into plasma cells, produce large quantities
of receptors in modified form, and enter the
bloodstream as circulating antibodies.

Immature T lymphocytes make contact with
specialized epithelial cells, dendritic cells, and
macrophages in the thymus, which provides
an opportunity for the selection and differen-
tiation of T cells useful to the immune system.
Cytokines (soluble regulatory factors or “mes-
sengers” for the immune system), such as inter-
leukins 1,2, 6,and 7, also play an important role.
A large number of lymphocytes, especially
those which recognize self-components of
the body, are destroyed during this process of
selection.

B lymphocytes start to develop from stem
cells in the bone marrow around the 14th
week of gestation. Contact with stromal cells
of the bone marrow and cytokines is important
for the differentiation of B cells. Interleukins 1,
6, and 7 are the most important cytokines in
this process. The bone marrow is the lifetime
production site of B lymphocytes.

Mature T and B lymphocytes leave their dif-
ferentiation sites and migrate to peripheral or
secondary lymphoid organs (e.g., spleen, lymph
nodes, and mucosa-associated lymphoid tissue).

Mucosa-associated  lymphoid tissue
(MALT) is a collection of lymphatic cells in
the submucosal tissue of the gastrointestinal
(GI) tract, bronchial tract, urinary tract, and la-
crimal glands. Organized lymphoid tissue (e.g.,
tonsils or Peyer’s patches) and a large number
of lymphatic cells loosely distributed through-
out the pericapillary and periendothelial tissue
can be found there.

B. Lymphatic Recirculation

The cells of the lymphatic system circulate con-
tinuously and reach all parts of the body with a
few exceptions (e.g., vitreous body, brain, testi-
cles). They reach the lymph nodes, skin, and in-
testine via a specialized endothelium of postca-
pillary venules, the so-called high endothelial
venules (HEV). The cells of this endothelium
are much higher than normal endothelial cells.
They express high levels of adhesion molecules
that serve as homing receptors for lympho-
cytes. In response to certain chemotactic fac-
tors, lymphocytes migrate to the underlying tis-
sue (diapedesis). The lymphatic cells reenter
the circulation through efferent lymph vessels
that merge into the thoracic duct. The lympho-
cytes enter the spleen via arterioles and sinu-
soids and exit the organ via the splenic vein.
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Organs of the Lymphatic System

The thymus is the central organ for the differ-
entiation and functional maturation of T lym-
phocytes. Like the bone marrow and bursa of
Fabricius (in birds), it is one of the primary
lymphoid organs and is distinguished from
secondary lymphoid organs, such as the spleen,
lymph nodes, and mucosa-associated lym-
phoid tissue.

A. Anatomy and Development of the
Thymus

1 In the ontogenic sense, the thymus develops
as an outgrowth of the third branchial pouch
and later migrates through the anterior med-
iastinum to its final destination between the
sternum and the major vessel trunks. It consists
of two lobes that unite cranially to form the
horns of the thymus, which sometimes extend
to the thyroid gland.

2 The size of the thymus is age-dependent.
It reaches a maximum weight of around 40g
around the 10thyear of life and then undergoes
a continuous process of involution. As a result,
the parenchyma of the thymus consists almost
entirely of fat and fibrous tissue in old age. Only
a few clusters of parenchyma and lymphocytes
remain intact (see also paragraphs 3 and 4).
In many cases, it is not possible to reliably
differentiate between the involuted organ
and the surrounding mediastinal fat by macro-
SCOpic means.

3, 4 Each lobe of the thymus is subdivided
by fibrous septa (trabeculae) into smaller lobes,
each of which consists of an outer layer (cortex)
and an inner layer (medulla). The cortex con-
tains a dense cluster of lymphocytes; the ab-
undance of mitoses is indicative of extensive
proliferation. The medulla, on the other hand,
has a much smaller population of lymphatic
cells. It also contains structures known as
Hassall's bodies that are made of densely
packed cell layers. These structures may be
the remnants of degenerated epithelial
cells. An intrathymic barrier similar to the
blood-brain barrier divides the cortex from
the circulating blood. No such barrier exists
for the marrow.

The lymphocytes that mature into T cells in
the thymus are often called thymocytes
for functional and anatomical reasons. The
specific combination of important surface
markers permits immunophenotypic differen-
tiation between thymocytes and mature T cells.
Thymocytes are extremely cortisone-sensitive

in the early stages of development (important
for maturation studies), but as the process of
differentiation continues, they become more
and more cortisone-resistant. The cortisone-
sensitive, immature thymocytes are located
mainly in the cortex, and the cortisone-in-
sensitive ones are mainly localized in the
medulla.

5 Apart from lymphocytes and Hassall's
bodies, the thymus also contains epithelial cells
with a large cytoplasm and dendritic cells and
macrophages (the latter cell groups are not
shown in the illustration). Moreover, the
thymus contains a large number of blood ves-
sels and efferent lymphoid tissues that drain
into the mediastinal lymph nodes.
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