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13.1 Innate Immunity, the Oldest Type of Defense

Franziska Roth-Walter, Angelika B. Riemer, Erika Jensen-Jarolim

Adapted with permission from “Natiirliche Abwehr” in: Krankheit, Krankheitsursachen
und -bilder, MCW Block8 (Ed. Marian B) 2012, 6th Ed., of Facultas.wuv Universi-
titsverlag & Maudrich

13.1.1 Abstract

The immune system has the challenging tasks to discriminate self from non-self,
but also to discern harmless from harmful foreign antigens or entities and to attack
and eliminate foreign threats.
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In the classical view the immune system can be divided into an innate and
adaptive branch, where the innate immune system represents a quick first-line
defense against pathogens, whereas the adaptive immune system is slower, but
more diverse and sophisticated, able to memorize pathogens, and confer long-
lasting immunity to the host. The innate immune system relies on recognition of
evolutionarily conserved pathogen-associated molecular patterns (PAMPs) by
innate pattern recognition molecules and receptors (PRMs and PRRs), whereas
the adaptive immune system is principally trained to recognize foreign molecules
and to memorize them by highly adapted, specific receptor molecules.

13.1.2 Introduction

The previous chapters focused on comparative anatomy and physiology in com-
plete health. Health is only possible when the immune defense protects the organ-
ism from harm. Immune strategies involve immediate, short-term defense called
innate immunity discussed here, and the slightly delayed but highly specific
adaptive immunity with memory function (Sect. 13.2). The evolution of innate
immunity first occurred in primitive unicellular organisms, but due to its great
overall success is highly conserved in all species. Hence, the innate immune system
is the evolutionary oldest defense strategy, which is basically found in every living
organism, from plants, fungi, insects, and up to vertebrates (Janeway et al. 2001).
With the movement from water to earth of vertebrates during the Cambrian
explosion, and in parallel rapid development of parasitic and infective life forms,
the adaptive immune mechanisms were urgently required and initiated then, some
500 million years ago (Kaufman 2010). This was not only confined to jawed
vertebrates, but also invertebrates developed specific adaptive immune mechanisms
(Adema et al. 1997; Zhang et al. 2004) (Fig. 13.1). Thus from the beginning,
disease-eliciting pathogens were a threat for higher life forms. Generally, an
agent being recognized by the immune mechanisms is called antigen; an agent
that induces an immune response is an immunogen. An antigen harbors epitopes—
specific sites that are recognized preferentially by soluble (humoral) or cellular
immune receptors. The organism being invaded is termed host in case of infec-
tious antigens.
The major functions of the innate immune system in vertebrates are to
1. Be a physical and chemical barrier to infectious agents and toxins
2. Recruit immune cells to the sites of infection through the production of humoral
factors called chemokines and cytokines
3. Activate the complement system to mark, e.g., bacteria and promote clearance of
dead cells or antibody complexes
4. Identify and remove foreign substances in the host by specialized white blood cells
5. Activate the adaptive immune system through a process known as antigen
presentation

13.1.3 Body Barriers

The epithelial barrier in the different organs represents a very effective first-line
defense against the majority of invading pathogens (see Chap. 7). Desquamation of
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Fig. 13.1 The evolution of immunity. (a) The Cambrian explosion around 542 million years ago
is characterized by the relatively rapid appearance of most major animal phyla which was
accompanied by major diversification of other organisms. With the Cambrian explosion also the
innate immune system and later the adaptive immune system evolved. Before the Cambrian
explosion organisms were simple and composed of individual cells, occasionally they were
organized into colonies (adapted with kind permission from a lecture of Dr. Alexander McLellan,
Dept. Microbiology & Immunology, University of Otago, New Zealand). (b) Both jawless and
jawed vertebrates possess acquired immune systems. However, jawless vertebrates have a unique
antigen receptor repertoire VLRA/C and VLRB using LRR-based variable segments, which seem
to exert similar function like the TCRs and BCRs in jawed vertebrates which are generated by
RAG recombinase. The acquired immune system is activated by the evolutionarily older innate
immune system that comprises pathogen recognition receptors and in nearly all living organisms
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Table 13.1 Most important examples for barrier defense mechanisms in vertebrates

Anatomical barriers in animals Additional defense mechanisms
Skin, skin derivatives, and Sweat, desquamation, camouflage, toxin release
appendices

Gastrointestinal tract
— Stomach — Peristalsis
— Gastric acid, digestive enzymes

— Intestine — Bile acids, mucus, lysozyme, lactoferrin, thiocyanate,
defensins, tight junctions

— Gut flora: E. coli produce “colicins” in mammalians
Respiratory tract
— Nasopharynx — Mucus, saliva, lysozyme
— Bronchi — Surfactant, defensins

— Mucociliary apparatus

— Smooth muscle contraction and expulsion

Secretions, such as tears from Contain soluble defense molecules of innate and adaptive
eyes immunity

skin epithelium removes bacteria and other infectious agents, the hostile environ-
ment in the gut with digestive enzymes, low pH, and mucus helps in degrading and
trapping infectious agents. Movement due to peristalsis or cilia in the respiratory
system as well as the flushing action of tears and saliva helps to remove agents
(Table 13.1). The gut flora can prevent colonization of pathogenic bacteria by
competing for nutrients and attachment to cell surfaces as well as by secreting
toxic substances (Mayer and Shao 2004a).

13.1.4 Inflammation

Any physiological response to exogenous stimuli such as infections and injuries, as
well as to endogenous aberrant cell development such as in cancer and autoimmu-
nity, involves local inflammation first. At the second level of escalation, the local
events may lead to a systemic response, also called acute phase reaction (APR).

Stimuli, which affect the integrity of barriers, will lead to activation of the innate
immune response constituted by soluble molecules followed by cellular infiltration
(Table 13.2). In the following, inflammation is discussed which is a comparable,
multicellular process in vertebrates. Interestingly, key molecules and principles can
be found in non-vertebrates and monocellular organisms, too, and seem thus to be
important for survival of a species.

13.1.4.1 Acute Inflammation

Acute inflammation is a short-term process, which usually appears within minutes
or hours and ceases upon the removal of the injurious stimulus (Chandrasoma and
Taylor 1998). It is characterized by five cardinal signs:
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Table 13.2 Types of stimuli leading to inflammation

Classification of stimuli Specification

Exogenous triggers

— Mechanical Pressure, cuts

— Physical Radiation, heat/cold

— Chemical Acidic or alkaline solutions, toxins, enzymes

— Infectious microorganisms Viruses, bacteria, fungi, protozoa, and derived
toxins

— Parasites Worms, insects

— Innocuous antigens eliciting Allergens

hypersensitivity

Endogenous triggers
Benign or malignant neoplasms

(a) Rubor (redness)

(b) Calor (heat)

(c) Tumor (swelling)

(d) Dolor (pain)

(e) Functio laesa (loss of function)

At the very beginning of a pathogenic stimulus, a short constriction of the
capillaries due to catecholamine release may be visible (paleness at the injury
site); however, this is quickly followed by a pronounced dilation of the capillaries
initiated by the release of histamine from mostly mast cells. This leads to an
increased blood flow into the injury site perceptible as redness and heat (rubor,
calor), in order to bring in soluble and cellular defense tools. Postcapillary vaso-
constriction is maintained to keep the pathogen at the site of entry. All this lowers
the blood flow rate already in the beginning of the reaction. Optimally, the agent
will be removed, leading to restitutio ad integrum (complete healing).

However, if the innate defense mechanisms are not able to remove the stimuli,
the lowered blood flow rate results in a postcapillary lack of oxygen. This leads to
postcapillary dilation, endothelial leakage, and to a loss of fluid into the interstitial
tissue—swelling (zumor) occurs. When fluid also contains cells, it is called inflam-
matory exudate. Compression of lymphatic vessels hinders draining of the tissue
for a prolonged time. Simultaneously, remaining blood cells get concentrated and
slower, or even get stopped at inflamed endothelial cells expressing adhesion
molecules (stasis). As a result a blood clot may be formed, in the worst case leading
to necrosis around the injury due to hypoxia. During the whole process, white blood
cells (leukocytes) slow down, roll along the endothelium, and enter the interstitium
(diapedesis) (Fig. 13.2). In this acute response, the most important leukocytes are
neutrophil granulocytes, which eradicate particulate antigens by phagocytosis
(described in more detail below). Other cells with phagocytic function are
macrophages and dendritic cells, which are key elements for innate and adaptive
immunity. Like neutrophils they are able to recognize pathogens via their surface
receptors and eliminate them via phagocytosis in an innate response. They may
escalate the reaction by transporting these antigens to the next immunocompetent
site, e.g., lymph nodes, and initiating a specific immune response. Similar functions
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Fig. 13.2 The initial response to a harmful stimulus (injury, pathogen) by acute inflammation in
mammals. Upon entrance of a foreign body or pathogen, resident macrophages, dendritic cells, and
mast cells initiate inflammation by releasing inflammatory mediators. Vasodilation causes accu-
mulation, followed by migration of leukocytes, mainly neutrophils to the injured/infected tissue.
Leukocytes extravasate the blood vessel by margination and diapedesis, before migrating to the
site of infection by chemotaxis and removing of the stimulus by phagocytosis. The depicted
inflammation is caused by innate immune mechanisms. ©) [Alila Medical Images]—Fotolia.com

can be found in insects, where the so-called hemocytes are capable of phagocytosis
(Bergin et al. 2005). In fact, the famous immunologist Metchnikoff detected
phagocytosis in the invertebrate starfish; it might be the oldest form of cellular
defense and can be tracked down to protozoans like amoeba. It is a “combination of
food-getting and defense” (Cooper 2001).

Pain (dolor) is the result of liberation of potassium ions from intracellular
compartments of destroyed tissue cells, and a release of histamine, substance P, kinines,
and prostaglandins into the injured tissue capable of stimulating sensitive nerve
endings. Itch is a minor form of pain and leads to scratching as a defense reaction.

13.1.4.2 Chronic Inflammation
When repair cannot be achieved, prolonged, chronic inflammation results. It is
accompanied by a progressive shift in the type of cells present and is characterized
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by simultaneous destruction and healing of tissue caused by the inflammatory
process.

Several diseases like asthma, periodontitis, atherosclerosis, rheumatoid arthritis,
and even cancer (e.g., gallbladder carcinoma) are the results of chronic inflamma-
tion. Implants in modern regenerative medicine are complicated by chronic inflam-
mation. Also cancer and autoimmune disease is characterized by chronic
inflammation, as the antigens cannot be eradicated.

Macrophages play an important role here, since they are typically the cells that
capture particulate antigens. After their activation they produce interleukin IL-1,
which activates collagen synthesis in fibroblasts for repairing the tissue defect.
Capture and storage of antigens that cannot be broken up and killed, such as a
foreign body or some bacteria, lead to chronic macrophage activation. The typical
result of chronic inflammation is a granuloma, containing a center with the stimuli,
surrounded by macrophages, which may phenotypically be changed to flat
epitheloid cells, or multinuclear giant cells, as well as lymphocytes. A collagen
capsule around the site of chronic inflammation may aim at limiting the damage.
Typically granulomas are found in diseases like tuberculosis, sarcoidosis, and
Crohn’s disease.

13.1.4.3 Acute Phase Reaction

When damage or noxious stimuli overwhelm local defense mechanisms and
become systemic, the organism initiates the so-called APR, which is characterized
by (1) leukocytosis, (2) fever, (3) generation of acute phase proteins, and (4) an
increase of the erythrocyte sedimentation rate.

Leukocytosis

During leukocytosis increased numbers of leukocytes (white blood cells) are found
in the peripheral blood, which can be determined by a white blood count. In a
Gaussian curve, immature cells are found on the left side, normal cells in the
middle, and aberrant cells on the right. 70 % of peripheral leucocytes are neutrophil
granulocytes characterized by a segmented nucleus.

Leukocytosis is frequently a sign of inflammation, but may also occur after
strenuous exercise, e.g., convulsions, labor, or crying of infants. In these cases, the
increase of leukocytes is due to recruitment of mature cells (leukocytosis by
re-distribution) from other tissues into the blood.

Leukocytosis may also be due to the generation of new immune cells (leukocy-
tosis by production), induced in the bone marrow by granulocyte-macrophage-
derived colony-stimulating factor, GM-CSF, from macrophages during inflamma-
tion. Newly produced immature granulocytes are characterized by an unsegmented
nucleus, rendering a “left shift” in the Gaussian curve of the hemogram.
Granulozytes appear in the blood within 6-12 h, monocytes upon 48 h, whereas
lymphocytes appear at much later time points as a sign of involvement of the
adaptive immune response.
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Fever

Warm-blooded animals, mammals, and birds have a constant body temperature
between, e.g., 31 °C (echidna), 35 °C (kangaroo), 37 °C (human, dog), and up to
40 °C in birds, with some variations caused by circadian rhythm or during hiberna-
tion. Most other animals show body temperatures adapted to the surroundings. John
Hunter described this phenomenon first (see Chap. 1). Some animals like lizards
may actively move into the sun during infections to collect warmth and elevate the
body temperature passively.

However, active fever production is a phenomenon in warm-blooded animals
only. Fever is due to an elevation of the temperature regulatory set-point directly in
the hypothalamus by pyrogens (fever-producing agents). An exogenous pyrogen
may be, e.g., bacterial products, causing the release of endogenous pyrogens like
the cytokines IL-1, IL-6, TNFa, and prostaglandin E2, mostly from activated
macrophages.

In warm-blooded animals and humans, an increase of body temperature is
achieved by heat production through enhanced muscle tone and shivering (release
of energy by exothermic reactions), and hormones like epinephrine (adrenaline), as
well as in preventing heat loss by vasoconstriction (paleness). Further, in
vertebrates, small hair-erecting muscles are contracted rendering an increase of
an isolating layer of air within the animals’ coat. In humans, a rudimentary
phenomenon can be observed called gooseskin. In fact, the replication rate of
some bacteria is inhibited by fever. Upon a temperature of 41.5 °C fever becomes
life-threatening due to a denaturation of body proteins. The type of fever may be
characteristic for a specific disease (e.g., continuous type in pneumonia or typhus,
intermittent in malaria).

Acute Phase Proteins (APPs)

There are over 400 APPs known, which are produced in response to inflammation
during the acute phase predominantly in the liver. APPs belong to the innate
immune defense and are often highly conserved molecules suited for recognition
of foreign (or altered self-) antigens (see below) (Manley et al. 2006). The most
prominent ones are C-reactive protein (CRP) which is used in diagnostics as an
inflammation marker, Mannan-binding lectin (MBL) able to activate complement
by the lectin-way, fibrinogen an important coagulation factor, as well as serum
amyloid protein A (SAA), which is an apolipoprotein, often found in chronic
inflammation in the inflamed tissue as well as in tumors. SAA deposits in kidney,
spleen, and gastrointestinal tract can lead to organ failure (secondary amyloidosis).

Erythrocyte Sedimentation Rate

The rate, in which red blood cells sediment in a period of 1 h, is a marker of
inflammation, but can also be elevated in physiological processes (older age,
pregnancy). During inflammation, the elevated fibrinogen in the blood causes that
negatively charged red blood cells form rouleaux and as a consequence sediment
faster. In some animals like dogs and cats rouleaux formation is seen in healthy
condition, too. The basal ESR is slightly higher in female humans (Feldman
et al. 2013). The physiology behind may be to support the traffic of erythrocytes
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in small capillaries; however, there is a tight balance between enhanced flow rate
and coagulation.

13.1.5 Host Defense by Phagocytosis

Extracellular antigens (toxins, viruses, bacteria, other noxious agents) can be
cleared from the system by phagocytosis.

Immune cells capable of phagocytosis are leukocytes comprising neutrophilic,
basophilic, and eosinophilic granulocytes as well as macrophages and dendritic
cells. Phagocytes are able to recognize pathogen-associated molecular patterns
(PAMPs) of pathogens by their pattern recognition receptors (PRRs).

PAMPs are composed by repetitive, uniform membrane antigens, typically
expressed by bacteria, viruses, protozoa, and parasites, e.g., lipoproteins on gram-
negative bacteria, proteoglycan on gram-positive bacteria, or S-layers on bacteria,
and archea.

PRRs are germ line-encoded and hence inherited. Due to a much shorter
replication time of primitive organisms, they can adapt quickly to new pathogens
by usage of the innate receptors. Moreover, PRRs are directed against essential
pathogen structures, which the invading pathogen usually cannot change fast.
However, for hosts with longer life cycles like mammals, the innate system was
no more sufficiently flexible, prompting the development of the more advanced
adaptive immune system (see Sect. 13.2).

The phagocyte by its PRRs is prepared to meet both extracellular and intracellu-
lar pathogens (Table 13.3) (Mogensen 2009). The most prominent surface-
expressed PRRs are Toll-like receptors (TLRs); intracellular PRRs recognizing
predominantly viral pathogens are (a) retinoic acid-inducible gene 1 (RIG-1)-like
receptors (RLRs), melanoma differentiation-associated gene 5 (MDAS), and
LGP2 proteins, (b) nucleotide oligomerization domain (NOD)-like receptors
(NLRs), e.g., NODI1 and NOD?2 sensing peptidoglycan moieties, and (c) cytosolic
DNA sensors like DAI (DNA-dependent activator of IFN-regulatory factors) or
AIM2 (absent in melanoma 2) (Hornung et al. 2009; Mogensen 2009).

For improved recognition of infectious agents, phagocytes get help through
soluble innate (secreted PRRs) or adaptive molecules (immunoglobulins) that are
able to mark the pathogen and hence support phagocytosis. This process is called
opsonization. Opsonin molecules include the following:

— Components of the complement system: C3b, C4b, and iC3b (see below)
— Acute phase proteins (CRP, MBL, Fibrin)
— Immunoglobulins (IgG and IgM)

13.1.5.1 Neutrophils

Neutrophilic granulocytes are the most abundant type of white blood cells in
mammals and are an essential part of the innate immune system. They are derived
from the myeloid lineage of hematopoietic stem cells (Fig. 13.3). Approximately
10" are produced daily in humans and they account for approximately 50-70 % of
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Table 13.3 Pathogen recognition receptors and their ligands (Mogensen 2009)

Receptor
TLRs

TLR1/
TLR2
TLR2/
TLR6

TLR2

TLR3

TLR4

TLR5
TLR7/8
TLRY
RLRs
RIG-I

MDAS
NLRs

NOD1
NOD2

NALP1

NALP3

Cellular
localization

Cell surface

Cell surface

Cell surface

Cell surface/
endosomes

Cell surface

Cell surface
Endosome
Endosome

Cytoplasm
Cytoplasm

Cytoplasm
Cytoplasm

Cytoplasm

Cytoplasm

Miscellaneous

DAI
AIM2
PKR
FPR

Cytoplasm
Cytoplasm
Cytoplasm
Plasma

membrane

microbial component(s)
Triacyl lipopeptides

Diacyl lipopeptides
Lipoteichoic acid
Lipoproteins
Peptidoglycan

Lipoarabinomannan
Porins
Envelope glycoproteins

GPI-Mucin
Phospholipomannan
Zymosan

B-Glycans

dsRNA

LPS

Envelope glycoproteins
Glycoinositolphospholipids
Mannan

HSP70

Flagellin

ssSRNA

CpG DNA

dsRNA (short),
5'-triphosphate RNA

dsRNA (long)

Diaminopimelic acid
MDP

MDP

ATP, uric acid crystals, RNA,

DNA, MDP

DNA
DNA

dsRNA, 5’'-triphosphate RNA

N-formyl-methionyl peptides

Origin(s)

Bacteria

Mycoplasma
Gram-positive bacteria
Various pathogens

Gram-positive and -negative
bacteria

Mycobacteria

Neisseria

Viruses (e.g., measles virus, HSV,
cytomegalovirus)

Protozoa

Candida

Fungi

Fungi

Viruses

Gram-negative bacteria
Viruses (e.g., RSV)
Protozoa

Candida

Host

Flagellated bacteria

RNA viruses

Viruses, bacteria, protozoa

Viruses (e.g., influenza A virus,
HCV, RSV)

Viruses (picorna- and noroviruses)

Gram-negative bacteria

Gram-positive and -negative
bacteria

Gram-positive and -negative
bacteria

Viruses, bacteria, and host

DNA viruses, intracellular bacteria
DNA viruses

Viruses

Bacteria, mitochondria
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Fig. 13.3 All cellular blood components derive from hematopoietic stem cells. Hematopoietic
stem cells residing in the bone marrow give rise to the myeloid and lymphoid lineage. Myelocytes,
which include granulocytes (neutro-, baso-, and eosinophils), monocytes, but also platelets and
erythrocytes, originate from the common myeloid progenitor. In contrast, lymphocytes (B, T, and
NK cells) derive from the common lymphoid progenitor. For simplicity, NK cells and other innate
lymphocytes are not depicted. © [Alila Medical Images]—Fotolia.com

all white blood cells (leukocytes). Their average life span in the circulation is
relatively short with approximately 5 days (Pillay et al. 2010). Upon activation,
they migrate to the tissue, where they die within 2 days. Neutrophils are one of the
first responders during inflammation, particularly during bacterial infections, but
also in some cancers (Waugh and Wilson 2008). They are usually found in the
blood, but are attracted by chemokines and anaphylatoxins (see below) released
from the site of inflammation. Neutrophils dominantly contribute to leukocytosis
during acute inflammation (see above).

Neutrophils can migrate towards site of infection or inflammation by a process
called chemotaxis. Their cell surface receptors allow neutrophils to detect chemical
gradients of molecules such as interleukin-8 (IL-8), which are released from
epithelial cells upon damage; further, these cells use interferon gamma
(IFN-gamma), C5a, and Leukotriene B4 to direct the path of neutrophil migration.
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Neutrophils have a variety of specific receptors, including complement
receptors, cytokine receptors for interleukins and IFN-gamma, receptors for
chemokines, receptors to detect and adhere to endothelium, receptors for leptin
and proteins, and Fc receptors for opsonizing immunoglobulins like other cells
(Pillay et al. 2010).

Extravasation (diapedesis) is the process in which leukocytes leave the circu-
latory system towards the site of infection or inflammation and is mediated by the
following steps: Chemoattraction, rolling adhesion, tight adhesion, and transmigra-
tion (Fig. 13.2).

— Chemoattraction: Upon recognition of pathogens resident macrophages secrete
cytokines like IL-1, and TNFa, which cause the endothelial cells of the blood
vessels to express cellular adhesion molecules like selectins.

— Rolling margination (adhesion): Circulating leukocytes bind via their carbo-
hydrate residues (sialyl-lewis-unit) to selectin molecules with low affinity (bind-
ing strength), causing them to slow down and begin rolling along the inner
surface of the vessel wall.

— Tight adhesion: During this time, chemokines released by macrophages also
induce the expression of integrins (intercellular adhesion molecule-1; ICAM-1),
which will bind to the integrins (e.g., lymphocyte function antigen-1, LFA-1;
complement receptor 3, CR3) of leukocytes with high affinity. This causes the
immobilization of leukocytes, despite the shear forces of the blood flow.

— Transmigration/Diapedesis: The cytoskeleton of the leukocytes is reorganized
allowing them to extend pseudopodia and passing through the gaps between
endothelial cells. Leukocytes penetrate the basal membrane by proteolytic
digestion of the membrane and/or by mechanical force (Sorokin 2010). Once
in the interstitial fluid leukocytes migrate along a chemotactic gradient towards
the site of inflammation or infection.

Function of Neutrophils

Neutrophils exert their antimicrobial function by phagocytosis, degranulation, and

extracellular traps.

(a) Phagocytosis
Neutrophils can recognize and phagocyte microorganisms that are “naked” or

opsonized. When opsonized by an immunoglobulin, the process is called antibody-

dependent cellular phagocytosis (ADCP). Phagocytosis involves the following
steps:

— Attachment

— Engulfment via the formation of pseudopodia—a phagosome (eating body) is
formed by invagination of the cell membrane around the antigen.

— Fusion with a lysosome (see Chap. 2) creating a phagolysosome; like in
gastrointestinal digestion (see Chap. 9), pH shifts direct a series of hydrolytic
enzymes being secreted into the phagosome. The first set of enzymes works in
acidic pH (Table 13.4), followed by an increase in pH, which ensues the
activation of the remaining enzymes.

— Lysis of the outer lipid bilayer of bacteria
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Table 13.4 The granula contents of neutrophils

Granula Containing
Primary (azurophile) = — Microbial enzymes: myeloperoxidase, lysozyme, neuraminidase
— Acid hydrolyases

— Proteases: elastase, cathepsin G, protease 3, esterase N, collagenase
— Bactericidal/permeability-increasing protein (BPI), defensins,
— Serine proteases
— Other proteins like ubiquitin
Secondary (specific) ~ — Microbial enzymes: lysozyme, neuraminidase
— Proteinases: collagenase, gelatinase
— Inhibitors like apolactoferrin, VitB12-binding protein, histaminase
— Other proteins like 2-microglobulin, lipocalin, plasminogen activator
Tertiary (Gelatinase)  — Proteinases: gelatinase
— Inhibitors like lactoferrin
— Other proteins like acetyltransferase

Further, reactive oxygen molecules are generated in the phagolysosomes by a
process called respiratory burst due to the consumption of oxygen. It involves the
activation of the enzyme NAPDH oxidase, which produces large amounts of
superoxide. Superoxide, a reactive oxygen species (ROS), spontaneously decays
to hydrogen peroxide (H,0,), which is then converted by the enzyme
myeloperoxidase to hypochlorous acid (HCIO), being uttermost potent to kill
phagocytosed microbes. ROS help in depolymerization of collagens,
proteoglycans, and hyaluronic acids, as well as oxidize lipids on the cell membrane,
denature enzymes, and deactivate serin protease inhibitors (Freitas et al. 2009).
Neutrophils are characterized by extensive phagocytosis until disrupture. Then,
granula contents damage surrounding tissue leading to necrosis and visible pus.
(b) Degranulation (Moraes et al. 2006)

Neutrophils have three types of granules containing an assortment of products
with antimicrobial properties. The same contents digest pathogens that have entered
a phagosome after phagocytosis (see above). Expulsion of the granulas also helps to
combat infections and to kill extracellular pathogens (Table 13.4).

(c) Extracellular traps (ETs)

In 2004 Brinkmann et al. (Brinkmann et al. 2004) first described the release of
web-like structures, the so-called extracellular traps by neutrophils after stimulation
with microbial products. ETs have been found not only in humans and mice, but
also in other animals including ox, horses, fish, cats, and even in invertebrates
(Goldmann and Medina 2012; Gupta et al. 2005). Extracellullar nucleic acid
released by oenocytoid cells has been reported to be an important defense mecha-
nism towards pathogenic microorganisms in insects. ETs are also apparent in plants
where they have been demonstrated to play an important role in the defense against
fungal infections of the root tip.

ETs are composed of nuclear DNA decorated with antimicrobial molecules such
as neutrophil elastase (enzyme digesting elastic fibers) and histones that are able to
trap and kill not only bacteria, but also fungi and yeast. ETs provide for a high local
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concentration of antimicrobial components able to bind and kill microbes indepen-
dent of phagocytic uptake. Moreover, ETs serve as a physical barrier to prevent
further spreading of the pathogen. Other immune cells including mast cells,
eosinophils, and macrophages can also form ETs (Goldmann and Medina 2012).

Neutropenia (low neutrophil counts) renders an individual highly susceptible to
infections and to colonization with intracellular parasites (Ferencik et al. 2004). It
can have congenital reasons (genetic disorders), but also can develop later in life
due to aplastic anemia, some types of leukemia or as a negative side-effect of
medication, most prominently chemotherapy.

13.1.5.2 Eosinophils

Only about 1-6 % of all leukocytes in the blood are eosinophil granulocytes, since
they are primarily tissue-resident cells. In healthy individuals they are found in the
gut, mammary glands, uterus, thymus, lymph nodes, bone marrow, and adipose
tissues, but not in the lung or the skin. They are related to the neutrophils and
basophils (Fig. 13.3).

Eosinophils have an affinity for “acidic dyes” and appear brick-red after staining
with eosin using the so-called Romanowsky method. The distinctive feature of
eosinophils is their bright pink cytoplasmic granules containing the following
defense molecules: major basic protein (MBP), eosinophil peroxidase (EPO),
histamines, ribonuclease (RNase), deoxyribonucleases (DNase), lipase, and plas-
minogen. These mediators are released by degranulation following activation of the
eosinophil and are toxic to both parasite and host tissues.

The nucleus is bilobed to multilobed and has coarse, dark, clumped chromatin.
The morphology of these granules varies slightly with species. In the dog, granules
are pink-red and variably sized in most breeds. Greyhounds and some other breeds
may have clear granules due to altered stain uptake, so eosinophils may be more
difficult to distinguish (called “gray” or “vacuolated” eosinophils). In cats, the
granules are small and rod-shaped, in horses they are very large and bright pink,
and in cattle they are small and uniform-sized (French et al.).

Function

Eosinophils persist in the circulation for 8—12 h and can survive in the tissue for an
additional 8-12 days in the absence of stimulation. Similarly to neutrophils,
eosinophils can kill pathogens by

(a) Phagocytosis

(b) Degranulation

(c) Extracellular traps

(a) Phagocytosis
Eosinophils can phagocyte microorganisms or particles, when they are coated
with opsonins, since they have receptors for antibodies of the IgG, IgA, and IgE
classes (FcyR, FcaRI—CD89, FceRI) and for complement components. More-
over, they express PPRs enabling them to pathogen binding and phagocytosis
(see above Sect. 13.1.5.1). Also here the generation of reactive oxygenic
molecules ensures effective killing.
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(b) Degranulation
Traditionally, eosinophils are considered to be effector cells (Janeway

et al. 2001)

— First, by releasing highly toxic granule proteins and free radicals upon activa-
tion, which can kill microorganisms and parasites but can also cause significant
tissue damage in allergic reactions.

— Second, by inducing the synthesis of chemical mediators such as
prostaglandins, leukotrienes, and cytokines like IL-3, IL-5, and GM-CSF,
which amplify the inflammatory response by activating epithelial cells, and
recruiting and activating more eosinophils and leukocytes.

Eosinophilic granules contain a wide assortment of cytotoxic granule cationic
proteins, which include MBP, eosinophil cationic protein (ECP), EPO, and
eosinophil-derived neurotoxin (EDN). MBP, ECP, and EPO are toxic to many
tissues by creating toxic pores in the membranes of target cells and allowing
potential entry of other cytotoxic molecules into the cell (Young et al. 1986).
Moreover, they induce degranulation of mast cells and stimulate fibroblast cells
to secrete mucus and glycosaminoglycan (Venge et al. 1999). EPO forms ROS and
reactive nitrogen intermediates that promote oxidative stress in the target, causing
cell death by apoptosis and necrosis (see below).

Recently, eosinophils have been associated with tissue morphogenesis and
homeostasis, e.g., being important in maintenance and repair of epithelial barrier
integrity and postnatal mammary gland development (Kita 2013). In the bone
marrow, eosinophils colocalize with plasma cells and support their survival (Chu
et al. 2011).

13.1.5.3 Macrophages/Monocytes

Circulating monocytes give rise to a variety of tissue-resident macrophages (M®)
throughout the body, in particular in the kidney and the lung, as well as to
specialized cells such as dendritic cells (DCs) and osteoclasts. However, newer
studies suggest that macrophages of several tissues that closely associate with
epithelial structures, such as Kupffer cells in the liver, epidermal Langerhans
cells, and microglia in the brain, can also originate from a different source, namely
the yolk sac (see Chap. 12) and not from hematopoietic stem cells in the bone
marrow (Schulz et al. 2012). Dependent on the site of differentiation, they have
been attributed with different names (Table 13.5). In general, human macrophages
are large cells with a diameter of about 20 pm. In contrast to neutrophils with a life
span of a few days, macrophages are able to survive in the body for several months.

Function of Macrophages

Macrophages are phagocytes and are pivotal in innate as well as adaptive immunity.
Their role is to engulf and digest cellular debris and pathogens. By cytokine
secretion and antigen presentation, they are also able to stimulate not only innate
immune cells, but also the lymphocytes of the adaptive immune response (see
Sect. 13.2). Macrophages play an essential part in the immune-regulatory machin-
ery and host defense. They also seem to have some important function during tissue
regeneration (Novak and Koh 2013).
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Table 13.5 The different
phenotypes of
macrophages

Name

Alveolar macrophages
Adipose tissue macrophages
Kupffer cells

Microglia

Osteoclasts

Sinusoidal lining cells
Histiocytes

Giant cells

Peritoneal macrophages
Macrophage

Hofbauer cells

Main tasks of macrophages

— Removal of dying cells: usually performed by tissue-residing macrophages.
Upon infection they are also responsible to eliminate aged neutrophils.

— Antigen presentation: along with dendritic cells, they are the major
contributors to antigen presentation and activation of an immune response (see

Sect. 13.2).
— Tissue repair

— Phagocytosis of pathogens:
Similarly to granulocytes, they are able to recognize opsonized pathogens due to
receptors for IgG and complement (CR3), but also via PRRs.

Macrophages express

— LPS-receptor CD14 (Mac-2)

— TLR2 and TLR4 (PRRs)

— Scavenger receptor (important in lipid uptake)
— Glycan receptor (recognizes carbohydrate-patterns on pathogen surfaces)

— Mannose receptor (recognizes carbohydrate-patterns on pathogen surfaces)
— CD11b/CD18 (=CR3, Macl)

— CDl11¢/CD18 (=CR4, Macl) (Novak and Koh 2013)

Macrophages secrete among other substances
— Endogenous pyrogens: IL-1, IL-6, and TNF« to induce fever
— All complement components

— Coagulation factors
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Location

Pulmonary alveolus of lungs
Adipose tissue

Liver

Neural tissue

Bone

Spleen

Connective tissue
Connective tissue
Peritoneal cavity

Serosa and lymphoid organs
Placenta

— Prostaglandins, leukotrienes, and platelet-activating factor (PAF)

Macrophages are thus pivotal for host defense. However, some pathogens have
evolved escape strategies to survive in their phagosomes. For example, Mycobac-
terium tuberculosis can survive in the phagosome of an unstimulated macrophage
due to a robust membrane of long-chain mycolic acids, or the leishmania parasite is
able to inhibit fusion of the phagosome with the lysosome and is thus able to
replicate. These microorganisms can only be eliminated by the host with the help of
T lymphocytes. When T lymphocytes secrete IFN-y and other macrophage-
activating factors (MAFs), macrophages are activated and can kill the intracellular

phagocytic particle.
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13.1.6 Host Defense by Mediator Secretion

13.1.6.1 Mast Cells and Basophils
Mast cells are tissue-resident cells containing granules rich in histamine and heparin.
Mature mast cells normally reside close to epithelia, blood vessels, nerves, and near
smooth muscle cells of the airways and gut as well as mucus-producing glands. In
some species, including murine rodents, mast cells also occur within mesothelium-
lined cavities, such as the peritoneal cavity (Galli et al. 2005). In contrast, basophils
represent a rare population predominantly circulating in the peripheral blood.
Even though mast cells and basophils share some phenotypic and functional
properties, they differ:
— Basophils are circulating granulocytes and can be recruited to inflamed tissue,
whereas mast cells are predominantly resident in tissues
— Mast cells are long and can proliferate locally, whereas mature basophils lack
this ability and undergo apoptosis
— Basophils leave the bone marrow already mature, whereas mast cells mature
when entering the tissue
Both cell types however have
— Granules containing histamine, anticoagulant heparin as well as leukotrienes
— The high-affinity receptor for IgE, FceRI
— Complement receptors CR1 and CR3, and receptors for the so-called
anaphylatoxins C3a and C5a
Granules of mast cells also contain acidic and alkaline phosphatase and 30X
more histamine than the granules of basophils. Mast cells have an average diameter
of 10 pm. They have more, but also smaller granules (1,000 granules per cell) than
basophils (80 granules which are 6 x larger than mast cell granules).
Mast cells are heterogeneous. In this respect, mucosal mast cells differ from the
mast cells from connective tissue by their dependence on T cells activation (Galli
et al. 2005).

Function of Mast Cells and Basophils

Mast cells and basophils are important during inflammation. Once activated, mast

cells and basophils rapidly release their granules. Mast cells can degranulate by

— Physical (injury) or chemical stimuli (neuropeptide, opioids, alcohols)

— Cross-linking of IgE by antigens (or in an aberrant immune response by
allergens) or lectins (pseudo-allergy) or by anti-FceRI autoantibodies

— Activation by complement proteins (Ferencik et al. 2004)

Histamine is an important mediator; it dilates postcapillary venules, activates the
endothelium, and increases blood vessel permeability (Fig. 13.2). The consequences
are the cardinal symptoms of acute inflammation: local edema (swelling), warmth,
redness, and the attraction of other inflammatory cells to the site of release. Moreover,
the depolarization of nerve endings leads to itching or pain. In concert with IgE
receptors and elevated IgE levels in parasitic infestations, mast cells may be physio-
logically important in the defense against parasites.

Mast cells seem also to be important in tissue regeneration (Wulff and Wilgus
2013), but they are best known for their key role in allergic inflammation.
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13.1.7 Host Defense by Cytotoxicity

Intracellular antigens, e.g., viruses, can only be eliminated by killing the whole
infected cells. Lymphocyte-mediated cytotoxicity does not necessarily have to be
mediated by receptors of the adaptive system. There are certain cells of the
lymphocytic lineage that are regarded as innate cells:
— Natural killer (NK) cells
— NK T cells

The immune system has additionally evolved forms of cytotoxicity which
depend on opsonization of the antigen with soluble molecules of the innate or
adaptive immunity: complement-dependent (CDC) or antibody-dependent cellular
cytotoxicity (ADCC). (The cytotoxic T lymphocytes/T cells belong to the adaptive
immunity, see Sect. 13.2). Still, all cytotoxic mechanisms are using the same
eradication principles resulting in apoptosis.

13.1.7.1 Natural Killer (NK) Cells

NK cells are mostly constituted by large granular lymphocytes (LGL) and have a
common lymphoid progenitor with B and T lymphocytes. NK cells are known to
differentiate and mature in the bone marrow, lymph node, spleen, tonsils, and
thymus where they then enter into the circulation.

Similarly to cytotoxic T cells in the vertebrate adaptive immune response, NK
cells provide rapid responses to virally infected cells, and act also against aberrant
cells (e.g., malignant cells). In contrast to cytotoxic T cells, which are dependent
on antigen presentation by specific presentation molecules (major histocompatibil-
ity complex, MHC, or human leukocyte antigen, HLA), NK cells have the unique
ability to directly recognize stressed cells, allowing for a much faster immune
reaction. They were named “natural killers” because of the initial notion that they
do not require activation in order to kill cells. Thereby, they may also attack cells
that are missing “self” markers (MHC class I molecules).

Functional MHC molecules are present in cartilaginous fish, but not in more
primitive species. In this respect, NK cells have not been identified in species lower
than fish (Lanier 2005).

NK cells differ from phagocytes (macrophages and granulocytes) in that they
solely rely on conserved PRRs, e.g., toll-like receptors. However, today they are
considered to be at the interface between innate and adaptive immunity. Despite a
lack of receptor diversity generated by DNA rearrangement, as found in B and T
cells, NK cells share some properties with cells of the adaptive system, which are
— The capacity to distinguish infected from healthy cells
— To maintain a pool of long-lived cells that expands during a response
— The ability of antigen-specific adaptive recall responses (“immunological mem-

ory”) (O’Leary et al. 2006; Paust et al. 2010)

NK cells appear to work by the integration of numerous signals from activating
receptors and are strictly controlled by inhibitory receptors.

NK cell recognition involves
— The initial binding to potential target cells via pattern recognition.
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— Interactions between activating and inhibitory receptors with ligands available
on the target cell.
— The integration of signals transmitted by these receptors, which determines the

fate of the target cell (Lanier 2005).

An important activating receptor is NKR-P1, whereas a likewise important
inhibitory receptor is KIR (killing inhibitory receptor), which recognizes MHC
class I molecules on target cells. Target cells expressing MHC class I are therefore
protected from the cytotoxic activity of NK cells. However, a low expression of
MHC class I molecules is suspicious for NK cells and they attack. Some viruses
downregulate protein synthesis and MHC class I expression of the infected cell to
escape an attack of cytotoxic lymphocytes of the adaptive response. Thereby, they
get detectable by NK cells.

NK cells express the IgG antibody receptor FcyRIII (CD16) and hence are able
to mediate apoptosis in infected cells opsonized with antibodies by antibody-
dependent cell-mediated cytotoxicity (ADCC).

NK cells are “ready-to-go” effector cells containing toxic enzymes, granzymes,
and perforin in their granules. NK cells also secrete high levels of cytokines like
IFNy, TNFa, IL10, and TGFp. Their lytic response can be triggered within minutes,
without requiring transcription, translation, or cell proliferation.

Release of the granule contents in close proximity to the target cell (Kiss of
death), leads to formation of pores in the cell membrane of the target cell by
perforin, creating an aqueous channel allowing the entrance of granzymes and
associated molecules, which induce apoptosis.

The distinction between apoptosis and necrosis is important in immunol-
ogy: Necrosis of a virus-infected cell could potentially release the virions,
whereas apoptosis leads to destruction of the virus including its protein, RNA
or DNA inside the infected cell. Moreover, during necrosis the release of
mediators not only affects the target cell, but also harms the surrounding
tissue (pus). Whereas neutrophilic granulocytes usually provoke necrosis in
target cells, NK and cytotoxic T cells induce apoptosis without causing
further collateral damage.

Apoptosis can be easily discriminated morphologically from necrosis. The
biochemical events during apoptosis lead to characteristic changes which
include blebbing, cell shrinkage, nuclear fragmentation, chromatin condensa-
tion, and chromosomal DNA fragmentation. Apoptotic bodies are contracted
from the apoptotic cell which are then engulfed by phagocytes. In contrast,
necrosis results from an acute cellular injury leading to a disintegration of the
cell and release of cytosolic and inflammatory components.

Function of NK Cells

— Control of infections: NK cells are recruited to the site of infection by
chemokines and perform their effector function through perforin-dependent
cytotoxicity of infected cells and IFNy secretion. NK cells cannot entirely



13 Common Concepts of Immune Defense 239

clear viral infections but are essential for controlling virus titers until an adaptive
T cell response eliminates infected cells (Long et al. 2013).

— Control of tumor establishment: They have antitumor activity through
upregulation of ligands for activation receptors and/or loss of MCH-I on the
side of the tumor cells.

— Control of inflammation: NK cells can promote inflammation by secretion of
IFNy and TNFa, but also control inflammation by killing APCs and activated T
cells (Long et al. 2013).

— Role in reproduction: NK are the predominant lymphocyte population in the
uterus and have been implicated to be important in uterine vasculature
remodeling and in immune suppression. In pregnancy, impaired NK cell activa-
tion in humans is associated with pathological elevated blood pressure and
proteinuria (preeclampsia) (Erlebacher 2013).

13.1.7.2 NKT Cells
NK T cells are a heterogeneous group of T cells that share properties of both T cells
and natural killer (NK) cells. The majority of these cells recognize CD1 which
(in contrast to MHC molecules which present peptides) is a nonclassical antigen-
presenting molecule able to bind and present self and foreign lipids and
glycolipids. Approximately 0.1 % of all peripheral blood T cells are NK T cells.
NK T cells are able to secrete large amounts of IFNy and other cytokines.
Dysfunction or deficiencies of NK T cells are associated with the development of
autoimmune diseases, i.e., immune reactions towards self-antigens.

13.1.8 Host Defense by Innate Humoral Factors

Soluble plasma proteins and mediators are released to the surrounding tissue to
mediate chemotaxis, opsonize, exert toxic properties on pathogens, or to directly
activate cells.
Soluble mediators of inflammation are
— Lipid mediators (prostaglandines, leukotrienes, thromboxane, PAF).
— Cytokines, like interleukins IL-1, IL-6, IL-8, and interferons IFNy and TNFa.
— Complement components.
— Furthermore, reactive oxygen metabolites, biogenic amines (histamine, seroto-
nin), and the kinin—kallikrein, coagulation- and fibrinolytic system.

13.1.8.1 Lipid Mediators

Immune cells produce lipid mediators upon activation. Lipid mediators are derived
from phospholipids of the cell membrane. The enzyme phospholipase A2 (PLA2)
releases arachidonic acid that is further enzymatically edited, by cyclooxygenase to
produce prostaglandins, or by lipoxygenase to produce. The most well-known lipid
mediators are prostaglandins and leukotrienes, with pro- or anti-inflammatory
characteristics, and many other diverse functions such as smooth muscle contrac-
tion. They are not considered hormones, since they are not produced at a discrete
site but in many places throughout the body.
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13.1.8.2 Cytokines

Cytokines are small, soluble polypeptides or glycoproteins of less than 30 kDa that

act as signaling molecules and local mediators within the immune system. The act

on target cells via high affinity receptors, but their effects can be pleiotropic, i.e.,

inducing different responses in different targets.

Their constitutive production is usually low and synthesis must usually be
triggered. Cytokines often act in a synergistic manner, but may also have antago-
nistic effects.

Cytokines alter the biological response of the target cell, by influencing the
expression of other proteins including cytokines.

Cytokines can be categorized in different families like interferons (IFN) includ-
ing type I interferons, such as IFNa and IFNP, type II interferons (tumor necrosis
factor; TNF) interleukins (IL) chemokines colony-stimulating factor (CSF), etc.
Using structural criteria several hormones show clear similarity with cytokines,
making discrimination between these two difficult (Secombes et al. 2001).

Some key facts about cytokines are as follows:

— IL-1, IL-6, and TNFa the endogenous pyrogens.

— Macrophages are the predominant cell type secreting TNFoa upon activation
with, e.g., LPS (endotoxins). TNFa induces local coagulation in capillaries
and increases endothelial permeability in acute inflammation. Upon release of
high TNFa amounts, systemic toxicity can be observed, characterized by loss of
volume to the interstitial tissue, resulting in generalized edema accompanied by
disseminated intravascular coagulation (DIC). TNFa has been implicated in
septic shock, cachexia, but also tumor regression (Kriegler et al. 1988).

— IFNa and IFN are mainly involved in innate immune response against viral
infection. Whereas IFNa is mainly released by leukocytes, the main source for
IFNpP is fibroblasts. IFN activate immune cells such as NK cells and
macrophages and induce upregulation of antigen presentation in T cells. Further,
they induce the antiviral state in infected cells, resulting in the transcription of
various cellular antiviral genes coding for host defense proteins. Viral protein
prevent the activation of the antiviral state leading to HLAI/MHC class I
downregulation as a mechanism to escape the specific defense by cytotoxic
T-lymphocytes. However, NK cells are specialized to sense cells with aberrant
HLATI expression and may the killing then (see above).

— Homologous molecules of IFN have been found in many species, including
mammals, birds, reptiles, amphibians, and fish species.

13.1.8.3 Complement

The complement system is evolutionary highly conserved and can not only be
found in all vertebrates, but also in protostomes (e.g., nematodes, molluscs) and
deuterostomes (Krem and Di Cera 2002).

The complement system consists of over 25 small proteins in the blood, which
help (“complement”) antibodies and phagocytic cells to clear pathogens from an
organism. Complement proteins are generally synthesized in the liver and are found
as inactive precursors in the circulation. When stimulated by one or several stimuli,
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proteases in the system trigger a cascade leading to inflammation, support of
phagocytes by opsonization and at the end to the activation of the cell killing
membrane attack complex (MAC).

Three biochemical pathways exist that activate the complement system: the
classical, the alternative, and the lectin complement pathway (Janeway et al. 2001).

The classical complement pathway starts at the so-called C1 component and
typically requires antigen-antibody complexes for activation (specific adaptive
immunity). It is thus the evolutionary youngest part of the system and expressed
in vertebrates only. Much older are the innate pathways: the alternative pathway
(starting at the C3 component) and the lectin pathway (using mannose-binding
lectin, MBL, as an innate starter molecule). Independent of the different starting
points, all three pathways use the enzyme C3-convertase, which cleaves and
activates the component C3, creating a smaller fragment (C3a) and a larger
fragment (C3b). Starting of the cascade results in a series of further cleavage and
activation events.

C3b is an important opsonin of pathogens for phagocytosis. C5a is an important
chemotactic protein and helps in the recruitment of immune cells. C3a, C4a, and
C5a are called anaphylatoxins, as they increase vascular permeability and smooth
muscle contraction by directly triggering degranulation of mast cells through their
anaphylatoxin-receptors.

The formation of the MAC is initiated by C5b and consists further of C6, C7, C8,
and polymeric C9 (Ferencik et al. 2004). MAC is the cytolytic end product of the
complement cascade leading to the formation of a transmembrane channel and
ensuing osmotic lysis of the target cell. The pore insertion is a primitive, conserved
process and reminds of the mechanism of cellular cytotoxicity.

The Classical Pathway

The classical pathway is activated when Clq binds antibodies (IgG or IgM)
complexed with antigen, which subsequently leads to cleavage of C4 and C2.
C4b and C2b together form the C3-convertase, which promotes cleavage of C3
into C3a and C3b. C3b later joins the C3-convertase to make C5-convertase.
Different immunoglobulin subclasses have different capabilities to fix complement
(humans IgG1=IgG3, IgG2>>IgG4; mouse [gG2a=IgG2b, IgG1>IgG3) (Scott
et al. 1990).

The Alternative Pathway

The alternative pathway is activated when C3b accumulates on cell surfaces. The
alternative pathway is continuously activated at a low level as a result of spontane-
ous hydrolysis of the thioester bond of C3. However, accumulation of C3b does not
occur in the healthy host due to the expression of complement regulatory proteins
on the cell membranes like CD35, CD46, CDS55, and CD59, which rapidly degrade
any attached C3b. In contrast, pathogenic and foreign surfaces do not have regu-
latory proteins and get tagged by C3b. Once the alternative C3-convertase enzyme
is formed on a pathogen or cell surface, it may bind another C3b, and initiate the
cascade.
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The Lectin Pathway

The lectin pathway is homologous to the classical pathway, but is activated by
acute-phase proteins like MBL, and carbohydrate moieties of bacteria and viruses.
This pathway uses, except C1, the same complement components (C2, C3, C4) for
the start as in the classical pathway. MBL is a pentamer and typically a pattern
recognition molecule (PRM) (Degn and Thiel 2013).

Functions of the Complement System
The main tasks of the complement system are
— Opsonization: labeling pathogens for phagocytosis
— Chemotaxis: attracting macrophages and neutrophils
Cell lysis: killing of pathogens
— Aggregation and clumping of pathogenic structures
Some by-products of the complement cascade are called anaphylatoxins like
C3a and C5a. They enhance the permeability of endothelia in acute inflammation
and may also serve as opsonins labeling pathogens and surfaces for phagocytosis.
The complement system also helps to remove immune complexes from the
circulation, since many soluble antigens form antibody complexes with too few
IgGs to facilitate binding via Fcy receptors. Such immune complexes can be toxins
or remnants of dead microorganisms fixed by neutralizing antibodies (IgG, IgM in
humans). Conventionally, immune complexes can be found after infections and
antibody responses. The formed immune complexes can activate the classical
complement pathway. This leads to C3b, which is recognized by erythrocytes
expressing complement receptor 1 (CR1). Like decay shuttles, erythrocytes bind
the opsonized complexes and transport them to the spleen or the liver, where
macrophages and Kupffer cells remove the immune complex from the erythrocytes.

Complement and Disease

The complement system has to be tightly regulated due to its damaging potential. In
this respect several diseases and deficiencies are associated with defects of single or
more components of the complement system (reduced opsonization leading to more
infections, overload of immune complexes, overload of anaphylatoxins), or defects
in the complement regulatory proteins (attack of self). Deficiencies of the terminal
pathway predispose to both autoimmune disease and infections (Das et al. 2013;
Nilsson and Ekdahl 2012).

13.1.9 Synopsis

The innate immune is important for the survival of all multicellular organisms. It
comprises evolutionary old soluble molecules, and various innate immune cells.
The major principle of innate antigen identification is based on pattern recognition.
Resulting defense functions range from phagocytosis, expulsion of toxic
metabolites, enzymes, extracellular traps, cytokines, and mediators, to sophisti-
cated channeling of these substances into the foreign/aberrant cell by a “kiss of
death.” Some cells of the innate immunity are essential for the initiation of adaptive
immune responses in vertebrates.
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13.2 Principles and Comparative Aspects of Adaptive Inmunity

Franziska Roth-Walter, Erika Jensen-Jarolim, and Hannes Stockinger

Adapted from “Spezifische Abwehr” in: Krankheit, Krankheitsursachen und -bilder,
MCWBIlock8 (Ed. Marian B) 2012, 6th Ed., with permission of Facultas.wuv Universi-
titsverlag & Maudrich

13.2.1 Abstract

All organisms evolved mechanisms to protect themselves against pathogen inva-
sion and hence possess an innate immune system. However, vertebrates have also
evolved an additional strategy, the so-called adaptive immune system to further
protect themselves against pathogens. In the classical view the immune system can
be divided into an innate and adaptive branch of immunity with distinct function
(Table 13.6) (Zinkernagel et al. 1996).

In contrast to innate defense mechanisms, which occur within minutes, the
adaptive immunity is slower and usually needs 4-5 days from the primary encoun-
ter with the pathogen to be activated. One hallmark of adaptive immunity is the
generation of immunological memory enabling the host to “remember” pathogens
for years. As a consequence, the host can respond to a subsequent encounter
stronger, very specifically and immediately. Another hallmark of the adaptive
immune system is its high antigen-diversity. This is reached by the random a priori
generation of a seemingly unlimited repertoire of antigen receptors with different
specificities, in contrast to the innate immune cells with a limited number of
pathogen recognition receptors.

13.2.2 Introduction

The cells of the adaptive immune system are special types of leukocytes, called
lymphocytes. B cells and T cells are the major types of lymphocytes and are derived
from hematopoietic stem cells in the bone marrow (Fig. 13.3). From single
progenitors of the bone marrow a huge number of T- and B cells derive, which
all carrying a different antigen receptor. These different antigen receptors are
generated by chance. As a consequence, the body theoretically a priori must have
an antigen receptor for every antigen, pathogen, or toxin.

B cells secrete immunoglobulins and thus are involved in the soluble (humoral)
immune response, whereas T cells are involved in cell-mediated immune response.
Basically, in adult mammals lymphocytes are produced in the bone marrow, B
cells do also mature here (equivalent in birds is maturation in Bursa fabricii, a
lymphatic organ); T cells mature in the thymus. Having never met their antigen, the
still naive lymphocytes leave these primary lymph organs and start patrolling in
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Table 13.6 Classical view of the immune system

Innate immunity Hall marks

« Physical/chemical » Immediate, within minutes

barriers

» Complement system » Conserved

« Phagocytes * No memory

* NK-cells

* Dendritic cells

Adaptive immunity Hall marks

» T-Lymphocytes « Slower, primary response 45 days, recall- response immediate

» B-Lymphocytes » Specific due to antigen receptors, can mature due to receptor editing

» Immunological memory for years

the periphery. In order to enhance the likelihood to rise an adaptive immune
response to an antigen, the so-called antigen-presenting cells (APC) (macrophages,
dendritic cells, and B cells themselves) trap antigens (“antigen trapping” and
“antigen focusing”) and transport them via the lymphatic system (shown for the
human in Fig. 13.4a, b) to the secondary lymph organs. Hematogenic antigens
(transported via the blood) reach the spleen; antigens that entered the tissue via
afferent lymphatic vessels reach the lymph nodes (Fig. 13.4b) or related organs
such as Peyers’ patches in the intestine, which all have a strictly organized
microanatomy: B cells found in the B cell zone and/or T cells in the T cell zone
encounter the antigens and upon recognition get activated and clonally expanded
(only the relevant B or T cell clone is expanded), forming a germinal center.
Matured T- and B cells leave the secondary lymph organs via efferent lymphatic
vessels or via the blood. Enlargement of the spleen or lymph nodes indicates
stimulation of the adaptive immunity, e.g., in a patient suffering from an infection.

This classical view on adaptive immunity is today challenged by facts such as
that NK cells harbor immunological memory (see Sect. 13.1), or that subpopulation
of lymphocytes, like B1 and yd T cells also have characteristics of innate immunity.

13.2.3 B Cells

B cells are lymphocytes, which can be distinguished from other lymphocytes, such
as T cells and NK cells by the expression of the Y-shaped B cell receptor (BCR).
The BCR consists of a constant domain, two paired heavy chains fixed in the B cell
membrane, and a variable domain for antigen recognition composed by the heavy
and additionally two light chains. Upon B cell activation and a functional and
phenotypic change to a plasma cell, the BCR can be secreted into the circulation as
immunoglobulin (antibody) (Fig. 13.5a, b), see Sect. 13.2.10 below. The antibody’s
variable domain determines specificity for an antigen, whereas the constant domain
determines its antibody class and thereby its effector function.
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Fig. 13.4 The architecture of lymphoid tissues in mammalians. (a) The lymphoid tissue consists
of mesh-like areas of connective tissues within the body containing immune cells and fluid.
Primary lymphoid tissues are the bone marrow and thymus, in which immune cells develop. In
the secondary lymphoid tissues, immune cells come into contact with foreign antigens. They
include the lymph nodes, tonsils, spleen, and lymphoid tissues of the gut and respiratory tract. ©
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Millions of different B cells each with a unique BCR are generated each day by
recombination of the immunoglobulin genes. They circulate in the blood and do not
produce antibodies until they become fully activated by a multivalent antigen. Once
a B cell encounters its cognate antigen and receives an additional stimulatory signal
from a T helper cell, it can further differentiate into plasma B cells or memory B
cells. The B cell may either directly differentiate to one of these cell types or it may
undergo an intermediate differentiation step: In the germinal center within second-
ary lymph organs the B cell induces mutations into the variable region of its
immunoglobulin gene (“somatic hypermutation”) by an enzyme, the activation-
induced cytidin deaminase (AID). This evolutionary old AID enzyme is also
involved in creation of the antibody repertoire (from birds on), in antibody class
switching (occurring from amphibians upwards), during somatic mutation as well
as in the recombination of genes of variable lymphocyte receptors (VLRs) in fish
(Kaufman 2010; Conticello et al. 2007).

Together, during the adaptive immune response B cells (not the T cells) are
instructed in respect to better antigen recognition and binding strength (affinity).
Simultaneous cytokine stimulation may also improve the effector function by the
usage of other heavy chains (class switching), with different characteristics.

Other functions of B cells include antigen presentation, cytokine production, and
lymphoid tissue organization.

13.2.3.1 B Cell Types

» Plasma cells secreting large amounts of antibodies.

* Memory B cells are long-living antigen-specific activated B cells, which can
respond quickly following secondary exposure with the antigens.

* BI cells: is a subtype of B cells with more innate characteristics; they do not
have memory, have polyspecific receptors, and secrete high levels of IgM or
IgG. B1 cells are produced in the fetus and undergo self-renewal in the periphery
(Montecino-Rodriguez et al. 2006).

¢ B2 cells are the commonly called B cells.

e Marginal zone B cells which are similar to B1 cells, can act in a T cell-
independent manner, express high levels of IgM, are sessile in the marginal
zone in the spleen, and are long-living cells (Pillai et al. 2005).

Fig. 13.4 (continued) [Alila Medical Images]—Fotolia.com. (b) Lymph nodes are generally
ovoid, encapsulated aggregates with precise architecture. Its primary function is to enable
interactions of immune cells with foreign antigens for an efficient and effective immune response.
Many immune cells enter via the afferent and leave via the efferent lymphatic vessels the lymph
node, T- and B-lymphocytes enter via the so-called high endothelial venules (HEVs). The lymph
node contains germinal centers with predominantly B cells, but also T cells, macrophages, and
follicular dendritic cells are found. The paracortex, the zone between follicles and the medulla, is
rich of T cells and HEVs. The sinus often contains large numbers of macrophages. The medulla is
the central area of the lymph node and contains plasma cells, macrophages, and B cells. On
demand lymphoid follicles can be formed at almost any mucosal site, harboring a similar
architecture like a lymph node, but devoid of a capsule. © [Alila Medical Images]—Fotolia.com
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Fig. 13.5 Characterization of the principles of adaptive humoral defense: Antibodies. (a) An
antibody is a large (140-180 kDa) Y-shaped protein, which is composed of two heavy chains (red)
and two light chains (yellow). © [petarg]—Fotolia.com. (b) A single Fab arm of an immunoglob-
ulin binding to its cognate antigen. The variable domains of heavy and light chains (ye/low and
blue) are the most important regions for binding to an antigen (red). The contact zone representing
the ultimate tip of the Y of an antibody is called hypervariable region or complementary
determining region (CDR). Exactly here antibodies make contact to a specific antigen. The
CDRs can be improved for binding to an antigen by a process called affinity maturation. ©
[petarg]—Fotolia.com. (¢) Overview on immunoglobulin classes in animals. Cartilaginous fishes
(e.g., shark) have immunoglobulins IgM and IgW, which are closely related to mammalian/human
IgD, as well as the heavy chain immunoglobulin new antigen receptor (IgNAR). Bony fish possess
IgTs. Amphibians, reptiles, and birds have functional equivalents to IgGs, namely IgY antibodies,
whereas IgX seem to be functional equivalent with mammalian IgA antibodies. (Adapted with
kind permission of Prof. Martin Flajnik, University of Maryland, Baltimore, and Prof. Louis du
Pasquier, Evolutionary Biology, Zoological Institute, University of Basel, Switzerland)

a
=

AEIIE



248 F. Roth-Walter et al.

» Follicular B cells are B2 cells that mature in the primary follicles of the spleen/
lymph nodes and hence are called “follicular” B cells.

* Regulator B cells have also been described having regulatory function and
secreting cytokines like IL-10 and TGFp (Vadasz et al. 2013).

13.2.4 T Cells

T cells are lymphocytes, which can be distinguished from other lymphocytes, such
as B cells and NK cells by the expression of the T cell receptor (TCR), classically
composed by an o and a f chain, more seldom by a y and a § chain. T cells have
their name from the thymus, where they mature. Similarly to B cells several
subtypes have been described.

13.2.4.1 T Cell Types

e CD4+ T helper cells (Fig. 13.6) assist other leukocytes in their immune response
(activation of cytotoxic T cells, maturation of B cells, class switch) once they are
activated by APC via MHC class II molecules. Dependent on their cytokine
profile, they differentiate into Th subtypes including Th1, Th2, Th3, Th9 Th17,
Tregs, or Tgy.

¢ CD8+ cytotoxic T cells (Fig. 13.7) are able to induce apoptosis in infected cells
presenting antigens via MHC class I molecule.

¢ Memory T cells confer long-lasting antigen-specific protection after an infection
has resolved.

e NK T cells recognize glycolipid antigens presented by CD1 molecule.

e 8 T cells are a small subset of T cells that possess a distinct TCR on their
surface and usually reside in the gut mucosa and are not MHC restricted and
have been suggested to recognize lipid antigens (Hayday 2000).

13.2.5 Antigen Receptor Diversity by V(D)J Recombination

The generation of the high diversity number of antigen receptors in B and T cells

takes place in the primary lymphoid tissues: the bone marrow for B cells/Bursa

fabricii in birds and in the thymus for T cells. The diversity is reached by three

molecular mechanisms (Kato et al. 2012):

(a) Gene rearrangement: V(D)J recombination randomly combines Variable,
Diverse, and Joining gene segments in vertebrate lymphocytes. Each lympho-
cyte has multiple sets of V, D, and J gene segments. A combination of a random
selection of V, D, and J already increases the diversity.

As an example, the TCR is composed of an a- and a B-chain. For the combina-
tion of the a-chain humans have a set of 70 V-a segments, 61 J-segments, and

1 constant segment for disposition. The number of these segments largely depends
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Fig. 13.6 Helper T cell activation and action. T helper cells recognize antigens presented via
MHC class 1I by antigen-presenting cells. Upon further activation with costimulatory molecules
and secreted cytokines, T helper cells begin to proliferate into effector and memory T helper cells.
Effector T helper cells are important in the host defense against intra- and extracellular pathogens
by secreting mediators to further activate innate immune cells, as well as cellular immune cells and
stimulating B cells to secrete antibodies. © [Alila Medical Images]—Fotolia.com

on the species and determines combinatorial diversity. For construction of the

B-chain, it can choose a set of 52 V-segments, 13 J-segments, 2 D-segments, and

2 (constant) C-segments.

(b) Combination of chains: each antigen receptor consists of two different chains.
The TCR consists of an a- and a f-chain, the BCR (and hence its soluble form,
the immunoglobin; Fig. 13.5a, b) are composed of two identical heavy and light
chains. The constant (C) and variable (V) regions of both, TCR and BCR, are
built symmetrically facing each other. As a consequence, e.g., out of two
different a- and B-chains four different antigen receptors can be built.

(c) Junctional diversity: during recombination joining of the gene segments can be
additionally diversified by insertion of P- and N-nucleotides. The inaccuracies
of joining provided by junctional diversity is estimated to triple the diversity
initially generated by these V (D) J recombination, e.g., if two cells A and B
combine the same gene segments, the antigen receptors would have different
specificities due to differences in joining the segments.

Through the mechanisms for antigen receptor diversity, a vast number of
different antigen receptors (10'®) determining the immunological repertoire can
be generated (see Table 13.7). Among the total number of cells of an individual
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Fig. 13.7 Cytotoxic T cell activation and action. Intracellular antigens are presented via MHC
class I molecules to cytotoxic T cells. Upon further binding with costimulatory molecules (CD28/
CDB80, CD86), cytotoxic T cells proliferate into effector cytotoxic T cells and memory T cells.
Cytotoxic T cells release perforin and granzymes which eventually lead the target cell to apoptosis.
© [Alila Medical Images]—Fotolia.com

(10", an average human normally has around 1 x 10'* lymphocytes. With the
assumption that 10°—10° cells exist per antigen-specificity, the human body harbors
around 10° specificities. Each individual is composed with a different set of
specificities, which are changing during live. Hence, during an average life of
about 70 years, up to 10" antigen receptors with different specificities are
generated.

13.2.5.1 Structure of Antigen Receptors

TCR- (a- and p-recombinated chains) as well as BCR- (recombinated heavy and
light chains) complexes are composed of two parts: the ligand binding receptor and
a signal transduction moiety. The signal transduction moiety of T cells is called
CD3. CD3 is built up of four polypeptide chains called y-, 8-, e-, and {-chains. On
the BCR the signal transduction moiety is called CD79, consisting of an o- and a
B-chain.

By its first encounter with an antigen, T- or B cells are activated and CD3 and
CD79, respectively, becomes phosphorylated, the cell proliferates and
differentiates, e.g., to generate a population of antibody-secreting plasma B cells
and memory B cells.
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Table 13.7 The

. . Possible numbers of variation in Lymphocytes
mechanisms for antigen

receptor diversity create a B cells 1 x 101:

vast number of different T cells 1 x 10

antigen receptors Total 2 x 10"
Cells in humans
Total 1.1 x 10"
Bacteria 1 x 10
Human cells 0.1 x 10
Lymphocytes 1 x 10"
Specificities 10%-10°

13.2.5.2 Adaptive Immune Responses in Jawless Vertebrates
Vertebrates are classified as jawed and jawless, with the later being the most
primitive vertebrates and which diverged approximately 500 million years ago
(Figs. 13.1a, b, and 13.5c) (Kasamatsu 2013). Jawless vertebrates also called
mouthless fish (hagfish, lampreys) do have lymphocyte-like cells with morphologi-
cal similarities to B and T cells of mammals (Fig. 13.1b). Moreover, they are able to
produce antigen-specific immunoglobulin analogues and can form immunological
memory. However, they have developed unique antigen receptors, the so-called
VLRs. Jawless vertebrates do not harbor the antigen receptors of jawed vertebrates
such as TCR, BCR, MHCs, and RAGs. Similarly to mammals having T- and B
cells, jawless vertebrates evolved two lymphocyte-lineages (VLRA+ and VLRB+,
respectively) (Kasamatsu 2013).

13.2.6 Tolerance

13.2.6.1 Advantage and Disadvantage of the Adaptive Immunity

The adaptive immune system has to keep the right balance between tolerance to
harmless external antigens (dietary antigens, commensal bacteria) as well as self-
antigens, but responding to harmful exogenous antigens (viruses, bacteria,
helminthes) and aberrant endogenous antigens (tumors).

Due to the ability to generate a priori receptors able to bind to potential
exogenous antigens (like bacteria, viruses, and helminthes) as well as endogenous
antigens (tumors), the adaptive immunity has a risk to generate antigen receptors
that recognize either innocuous exogenous antigens (dietary antigens) or self-
antigens (Table 13.8). As a consequence of a break in immune tolerance autoimmu-
nological disorders, inflammatory bowel disease or allergies may arise. Many
pathogens (external antigens) have learned to exploit immune tolerance. They
actively induce tolerance and escape immune recognition to invade the host. By
very similar mechanisms malignant cells escape immune surveillance due to the
inability of the immune system to recognize the tumor as harmful.
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Table 13.8 Advantages and disadvantages of the great receptor repertoire of T and B cells

Advantage against Disadvantage against
Harmful exogenous antigens Harmless exogenous antigens
Viruses, bacteria, helminthes Dietary antigens, commensal bacteria — allergy,

inflammatory bowel disease

Harmful endogenous antigens: Harmless self — autoimmunity
Malignant cells

The adaptive immune system has evolved different tolerogenic strategies to cope
with hyper-activated immune cells. Dependent on site and reactivity to endogenous
or exogenous antigens, tolerance is subdivided into

1. central tolerance, which is induced at the level of the bone marrow (for B

cells) or the thymus (for T cells) against cells reacting to self-antigens

II. peripheral tolerance, which happens in the periphery; lymphocytes reacting
towards self become anergic (paralyzed), or regulatory immune cells dampen
their immune response by cytokine secretion

III. acquired tolerance, where the major site for tolerance induction to exogenous
harmless antigens happens in the periphery and in the liver, respectively, and
leads to generation of regulatory and anergic immune cells (important forms:
tolerance to commensal bacteria, dietary antigens, tolerance in gestation)

The consequence of tolerance mechanisms may involve elimination of the auto-

aggressive lymphocytes (induction of cell death by apoptosis—recessive toler-

ance), or anergy (induction of unreactivity, anergy), and of dominant tolerance

by suppressor T cells.

13.2.6.2 Recessive Central Tolerance in the Thymus

It is estimated that over 95 % of all generated lymphocytes will recognize self-
antigens due to the randomly occurring V(D)J recombination. Hence, the system
has evolved a strategy to eliminate these self-reacting immune cells. For B cells the
site of elimination is the bone marrow, whereas for T cells this occurs in the thymus.
The process of elimination is called clonal deletion. Only T cells not recognizing
self are allowed to proceed to the periphery. Once this naive T cell encounters an
exogenous antigen from a pathogen, it will mature and proliferate (T cell clone) and
generate multiple daughter cells with the same specificity (T cells undergo clonal
selection). The generation of T cell clones capable of combating pathogens takes
4-5 days. The functional mature T cells are the so-called effector T cells. Simulta-
neously, also memory cells are produced.

Characteristics for Central Tolerance in the Thymus

In mammals, the thymus is pivotal for tolerance induction for self-antigens by
clonal deletion. As this process is dependent on encountering the self-antigens of
the whole body, the thymus had to generate an additional source of all possible
antigens through the action of the transcription factor AIRE (autoimmune regula-
tor), which allows the expression of organ-specific antigens, e.g., of the pancreas or
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prostate, in the thymus. Medullary thymic epithelial cells (mTEC) then act as APC
and activate AIRE gene (aire) to present self-antigens via MHC class I and MHC
class II molecules. A comparative analysis between human and several species
including opossum, chicken, zebrafish, and pufferfish revealed that an aire-
dependent T cell tolerance mechanism dates back as a minimum to bony fish (Saltis
et al. 2008).

For induction of central tolerance in T cells, immature T cells have to undergo
positive and negative selection in the thymus.

Positive selection for T cells is induced in the cortex, of the thymus. Developing
thymocytes (i.e., T cells in thymus) are exposed to cortical thymic epithelial cells
presenting self-antigens via MHC class I or II. Only those thymocytes that bind to
the MHC class I- or MHC class II-peptide complex receive a “survival signal.” T
cells not binding to the MHC-peptide complex die “by neglect,” which means that
these thymocytes do not receive growth stimulatory signals. Also a thymocyte’s
function is determined during positive selection. Thymocytes binding to MHC class
I-peptide complex will mature to cytotoxic T cell precursors expressing CDS8
(Fig. 13.7), whereas those binding to MHC class II-peptides will differentiate to
T helper (Th) precursors expressing CD4 (Fig. 13.6) (Ma et al. 2013).

Subsequently the thymocytes migrate towards the medulla in the thymus, where
they undergo negative selection. There mTEC cells present self-antigens to them.
Thymocytes that bind too strongly to “self” MHC-peptide complex undergo apo-
ptosis. Thymocytes surviving the selection exit the thymus as naive T cells. Some
of these cells are selected to become natural Tregs. One key element for regulatory
T cells (Tregs) is the transcription factor Foxp3. Mice missing this gene, the
so-called Scurfy mice, suffer severely from autoimmune disorders. Similarly, also
humans having a defect on this gene suffer from the very severe autoimmune
disorder IPEX (immune dysregulation, polyendocrinopathy, enteropathy,
X-linked).

However, despite the stringent selection criteria, a small number of cells will still
retain the capability to react to self. Autoreactive cells that escape negative selec-
tion in the thymus but then later encounter an abundance of self-antigen in the
periphery may be either anergized or deleted in a process known as peripheral
tolerance (Murphy 2011), fight against cancer or cause autoimmunity later.

13.2.6.3 Tolerance vs. Immune Activation

The immune system is poised to react to insults, but should remain tolerant to
harmless or beneficial antigens. Introduction of antigens in the peripheral tissues,
whether by subcutaneous or intramuscular injections or injury, usually leads to
local infiltration of inflammatory cells including T cells, B cells, and specific
immunoglobulin production. By contrast, antigens where the portal of entry is
through mucosal sites (oral, nasal, and respiratory) usually elicit active inhibition
of the immune response to those antigens, systemically. Also antigens that are
directly injected in the blood and hence flow into the liver will induce tolerance
(overview in Table 13.9).
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Table 13.9 Routes of

. . Route of antigen Immune outcome
antigen entry determines Sub I .
immune outcome ubcutaneous mmunity
Intramuscular Immunity
Intravenous Tolerance
Mucosal Tolerance

The decision to initiate immunity or tolerance usually depends on the site of
antigen entry and integrates signals from several sources. For example, danger
signals can be transmitted by pattern recognition receptors (PRRs) recognizing
PAMPs (see Sect. 13.1). These receptors, including the TLRs and the NOD
(nucleotide-binding oligomerization domain) family of proteins, detect common
motifs that are present on pathogens and can initiate an inflammatory cascade by
activating costimulatory molecules.

To activate T cells, antigens have to be presented by APC using antigen
presentation molecules such as MHCs, see below.

13.2.6.4 Antigen Presentation
Antigen presentation can occur via professional APC-like dendritic cells or by
tissue cells. Professional APC can present antigens via MHC class I and MHC
class II, whereas cells of tissue usually only express MHC class I and are less
efficient to activate the immune system. Moreover, professional APCs have the
capacity to costimulate, whereas nonprofessional APCs most often rather induce
tolerance due to a lack of costimulation. The most important professional APCs are
the dendritic cells (DCs), but also macrophages, certain B cells and certain
activated epithelial cells can present antigens via MHC class I and MHC class 1II.
The subsequent differentiation and activation of T cells depend on
Signal 1: interaction of TCR with MHC-peptide complex
Signal 2: binding of costimulatory molecules like CD28/CD80 or CD86 or inhibi-
tory molecules like the cytotoxic T-lymphocyte antigen 4 (CTLA4), or
programmed death 1 (PD1) with CD86, PD-L1 (PD-ligand 1), or PD-L2
Signal 3: soluble cytokines secreted by immune cells or other cell types
When only Signal 1 occurs, without additional Signal 2 and Signal 3, cells become
anergic. With an additional inhibitory Signal 2, cells will be usually deleted by
apoptosis.

However, an additional activating Signal 2 in combination with Signal
1 activates T cells. The type of generated T cell (Thl, Th2, Th17, Treg) however,
is dependent on Signal 3. All soluble factors secreted by surrounding cells are here
decisive.

13.2.6.5 Acquired Immune Tolerance

Tolerance to foreign antigens also can be acquired. Since the 1960s it is known that
systemic tolerance can be induced by either administration of a single high dose of
antigen (>20 mg) or repeated exposure to lower doses (100 ng to 1 mg) in mice.
These two forms of tolerance, now termed high- and low-dose tolerance are
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mediated by distinct mechanisms. Similarly to peripheral tolerance, high doses of
oral antigen can induce lymphocyte anergy and/or deletion. High-dose tolerance
occurs by induction of apoptosis, whereas anergy occurs through TCR ligation
without adequate costimulation (by cognate interactions between CD80 and CD86
on APCs with CD28 on T cells, or by soluble cytokines such as IL-2).

Low-dose tolerance is mediated by active suppression of the immune response by
Tregs. Tregs are mainly CD4+ T cells and can—at least in humans and mice—be
divided into three subgroups: CD4+CD25+ Tregs, TH3 cells, and TR1 cells.
Noteworthy, even though each of these subtypes of Tregs is activated in an
antigen-specific manner, they can suppress immune responses in the immediate
surrounding area in an antigen nonspecific manner by secretion of suppressive
cytokines and expression of inhibitory cell-surface ligands. This phenomenon is
known as bystander suppression (Shao and Mayer 2004; Mayer and Shao 2004a, b).

13.2.7 Host Defense

There are five main types of pathogens: viruses, bacteria, fungi, protozoa, and

worms. Virtually all pathogens have an extracellular phase where they are vulnera-

ble to antibody-mediated effector mechanisms. However, during intracellular
phases pathogens are not accessible to antibodies. Therefore, cytotoxicity is needed

for completing the host defense (Janeway et al. 2001).

Dependent on their replication procedure, pathogens can be classified

(Goodpasture 1936) as

(a) Extracellular pathogens, which replicate and live in extracellular spaces and
are resistant to phagocytosis, e.g., E. coli, Streptococci. They are recognized by
B cells or dendritic cells and their antigens internalized via vesicles. Antigens
that are internalized via vesicles are presented via MHC class II molecules to
immune effector cells.

(b) Facultative (vesicular) intracellular pathogens, which are able to survive
inside host cells, e.g., salmonella, listeria, mycobacterium tuberculosis,
legionella, fungi, and protozoa. They are generally resistant to complement
and antibodies. They survive inside the tissue macrophages where they usually
reside and replicate in the vesicular compartment (endosomes, phagosomes).
Since their antigens also reside in vesicles, also in this setting antigens are
presented by MHC class II. As a consequence, in (a) and (b) T helper cells are
activated which contribute by cytokines to killing and antibody production.

(c) Obligate (cytoplasmic) intracellular pathogens: they must reside in host cells
to survive, e.g., viruses, chlamydia, and rickettsia. They usually replicate in the
cytosol. Cytosolic antigens are presented by MHC class I molecules (Silva
2012). This makes sense as these antigens only can be eradicated by cytotoxic T
cells.
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13.2.7.1 Cytotoxic T Cells

Cytotoxic T cells expressing CD8 in close association with their TCR complex
recognize cytosolic antigens presented by MHC class I molecules in virus-infected
cells (Fig. 13.7). Cytotoxic T cells kill these infected cells by induction of apoptosis
similarly to NK cells (see Sect. 13.1). Through the action of perforin, which forms
holes in the plasma membrane of the target cells, granzymes enter the cytoplasm of
the target cell and their serine protease function triggers the caspase cascade, which
eventually lead to apoptosis (programmed cell death).

13.2.7.2 T Helper Cells

Cells presenting pathogenic antigens by MHC class II molecules are helped by T
helper cells expressing CD4 (Fig. 13.6). For instance, macrophages infected with
mycobacteria are attacked by T helper cells. Th cells activate B cells, which
produce antibodies against the extracellular pathogenic antigens leading to destruc-
tion and expulsion of the pathogen. Depending on the nature of the antigen and the
costimulatory signal, several subsets of T helper cells may be activated with diverse
functions. Th1 cells produce IFNy, are able to activate macrophages and induce an
isotype switch to IgG in B cells. Th2 cells preferentially stimulate B cells to
Th2-type antibody production (IgE and IgG4 in humans; IgE and IgG1 in rodents);
Th17 cells secrete IL-17, which mobilizes neutrophils able to phagocytose extra-
cellular bacteria and fungi.

Taken together, presentation of exogenous antigens by MHC class I molecules
leads to cytotoxic T cell activation and death of the infected cell on the one hand,
whereas presentation of antigens by MHC class II proteins rather leads to immune
activation of macrophages and B cells.

MHC Molecules

Major histocompatibility complex (MHC) molecules cannot present the entire
pathogen. Thus cells have to dissect the proteins of the pathogens into small peptide
fragments of 8-10 amino acids (aa) for the cavity of the MHC class I protein and
20-30 aa for the MHC class II protein. The process is termed antigen processing.
The antigens are then exhibited on the cell surface of the cell, a process termed
antigen presentation.

13.2.8 Antigen-Processing and Presentation

13.2.8.1 Antigen-Processing and Presentation
by MHC class | Molecules

Antigen processing starts when the pathogen enters the cytoplasm of a host cell. For
example, a virus infects the cell and integrates its DNA or RNA into the nucleus of
the host cell. Subsequently, the replication machinery starts with the production of
viral proteins in the cytosol. These intracellular proteins are then degraded into
small peptides by a highly intricate protease system and transported through the
transporter associated with antigen processing (TAP) into the endoplasmic reticu-
lum (see Chap. 2). There MHC class I molecules bind to the TAP complex
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transporting cytosolic 8-10 aa long peptides and, after binding of peptide, the
peptide/MHC complex is transported through the Golgi apparatus to the cell
surface. Every mammalian cell is capable (exception red blood cells without
nucleus) of presenting peptides by MHC class I molecules and hence able to be
killed by CDS cytotoxic T cells (Andersen et al. 2006).

13.2.8.2 Antigen-Processing and Presentation by
MHC class Il Molecules

The ability to process and present antigens via MHC class II molecules is restricted
to APCs, which have acquired extracellular proteins by endocytosis/phagocytosis
such as B cells, macrophages, dendritic cells, and activated epithelial cells. B cells
capture antigens via their BCRs, which subsequently is endocytosed. In the
endosomal pathway, the pH constantly decreases leading to activation of proteases,
which further digest the proteins into peptides. These peptide-carrying vesicles fuse
with MHC class II containing vesicles. MHC class II is produced in the endoplas-
mic reticulum and its peptide-binding cleft blocked with a special polypeptide
known as the invariant chain. In the MHCII containing endosomes the invariant
chain is dissected into CLIP peptide functioning as a place holder for the MHC
class II peptide slot. During fusion, the HLA-DM protein catalyzes loading of the
extracellular peptides with MHC class II. The MHC class II-peptide complex is
then transported via vesicles to the cell membrane for further presentation to CD4 T
helper cells (Vascotto et al. 2007).

13.2.9 Lymphocyte Activation

13.2.9.1 T Cell Activation

T cell activation occurs via binding to MHC-peptide complex. T cells can be
categorized into cytotoxic and helper T cells. Cytotoxic T cells express the mole-
cule CD8, whereas helper T cells express CD4 (see Figs. 13.7 and 13.6). CDS8 can
bind the constant region of the MHC class I protein, whereas CD4 is able to bind to
the constant region of the MHC class II. Since CD4 and CD8 recognize the MHC
molecules, they are termed co-receptors of the TCRs.

CD4 drew special attention due to the fact that the HIV virus infects T helper
cells via this receptor. As a consequence CD4-infected cells are not only attacked
by the virus itself, but they are also destroyed by the cytotoxic T cells, which
thereby not only eliminates the virus, but also cells playing a central role in the
adaptive immune response.

In conclusion, for protection of the cellular compartments cytotoxic CD8+ T
cells as well as NK cells are responsible by inducing programmed cell death in the
infected cells. Specific protection of the extracellular compartments is primarily
performed by antibody-producing B cells, especially when activated by T helper
cells.
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13.2.9.2 B Cell Activation

A critical difference between B cells and T cells is how each lymphocyte recognizes
its antigen. B cells recognize their antigen in their native form, whereas T cells only
recognize their cognate antigen in context with MHC molecules, as a processed
peptide. B cell activation leads to clonal proliferation and terminal differentiation
into plasma cells secreting antibodies. B cell can be activated in a T cell-dependent
or -independent manner.

T Cell-Dependent B Cell Activation

Most antigens are T cell-dependent, meaning that B cells require further stimulus
by T helper cells for antibody production (Noelle and Snow 1991). For T cell-
dependent activation of B cells, the first signal comes from antigen cross-linking
at least two BCRs, and the second signal comes from costimulation provided by a T
cell. T-dependent antigens hence comprise proteins that are presented by a B cell
via MHC class II to a T helper cell. Subsequently, the primed Th cell expresses the
costimulatory molecule CD40L that binds to CD40 on the B cell. Moreover, the T
cell secretes cytokines that activate the B cell leading to its proliferation and
differentiation into plasma cells. Plasma cells secrete then the soluble form of the
BCR: antibodies/immunoglobulins.

The chance that an antigen-specific B cells will meet an antigen-specific T cells
for further activation is with a probability of 1 x 10'® rather slim. Hence, nature
has provided other APC-like dendritic cells that are able to take up extracellular
proteins independent of any receptors by macropinocytosis and further process and
present them via MHC class II. In contrast to tissue cells, dendritic cells are mobile
and once activated by engulfing extracellular proteins and after secondary activa-
tion by PRRs, they travel to the lymph node, where immune cells are concentrated
and the probability for binding to its cognate partner increases. Alternatively, a
dendritic cell may also recognize antigens via surface bound immunoglobulins.
This process of antigen recognition is termed antigen trapping and antigen
focusing.

Antigen Presentation in the Lymph Node

Immune cells can only enter the lymph node by passing the T cell zones via the high
endothelial venules (Fig. 13.4b). In the T cell zones, B cells become fully activated
and move to the primary follicle consisting of a network of follicular dendritic cells.
Follicular dendritic cells are specialized non-hematopoietic stromal cells that reside
in the lymph nodes. They possess long dendrites and carry intact antigen on their
surface. Here B cells start to proliferate rapidly and after a few days of vigorous
proliferation, the characteristic structure of the germinal center becomes apparent: a
dark zone consisting almost exclusively of proliferating B cells and a light zone
containing T cells, follicular dendritic cells and macrophages, and B cells which
undergo immunoglobulin class switching and improved affinity (see also
Sect. 13.2.3) (Klein and Dalla-Favera 2008; Liu 1997). These processes together
are pivotal for T cell-dependent antigens.
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T Cell-Independent Activation

T cell-independent activation occurs when a B cell binds to an antigen and only
receives secondary activation by PRRs, e.g., TLRs, but not by a T cell. Alterna-
tively, the antigen itself may be a molecule with multiple repetitive segments able
to simultaneously cross-link enough BCRs to fully activate the B cell (Cerutti
et al. 2013).

13.2.10 Structure and Function of Antibodies

An antibody is a large Y-shaped protein consisting of two identical heavy and two
light chains (Milstein 1985). Both chains have constant (C) and variable (V) regions
and are built symmetrically facing each other. They are also -called
immunoglobulins.

The amino acid sequence in the tips of the “Y” varies greatly among different
antibodies. This variable region, composed of 110-130 amino acids, gives the
antibody its specificity for binding antigen. The variable region includes the ends
of the light and heavy chains (antigen-binding fragment, Fab). The constant region
(constant Fragment, Fc) determines the mechanism used to destroy antigen.
Mammalians have developed diverse classes and subclasses of antibodies and
receptors, depending on their environmental behalf (Clark 1997). Generally,
antibodies are divided into five major classes IgM, IgG, IgA, IgD, and IgE,
based on their constant region. The differentiation of antibodies in vertebrates is
depicted in Figs. 13.1b and 13.5c. The different classes are termed isotype, further
specialization within classes are termed subclasses. For instance, in humans there
are 4 1gG subclasses (IgG1, 2, 3, 4), and 2 IgA (IgAl, 2) subclasses; in mouse there
are 3 IgG subclasses (IgG1, IgG2a, b, IgG3) and only 1 IgA; in the rabbit there are
13 IgA subclasses (Schneiderman et al. 1989). They differ in their biological
properties, functional locations, and the ability to deal with different antigens
(Janeway et al. 2001). A major difference is given by their ability to bind to
different immunoglobulin Fc receptors: neonatal receptor FcRn, receptor for poly-
meric immunoglobulins: polyIlgR, for IgG: FcyR, for IgE: FceR, for IgA: FcaR and
their subtypes.

Isotype or class switching occurs during differentiation of B cells in secondary
lymph organs by changing the constant region. That means, that an antigen-specific
B cells can differentiate into daughter cells of different isotypes, while maintaining
their antigen specificity (Milstein 1985). A switched B cell cannot switch back to
the previous class, because during the isotype switch the respective DNA segment
is looped and cut out.

Pathogens usually enter the host by breaking the epithelial barrier of mucosal
surfaces of the gastrointestinal, urogenital, and respiratory tract, or by injury. They
usually cause inflammation in the invaded tissue. Very rarely toxins of insects, or
pathogens by injection needles or by wounds invade the body directly via the blood.
However, all different compartments are protected from infections by antibodies
with their specialized isotypes.
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The first isotype generated during primary infection is the IgM molecule (pri-
mary antibody response). IgM mostly assembles to a polymeric complex
consisting of 5 IgM molecules (pentamer). It eliminates pathogens in the early
stages of B cell-mediated (humoral) immunity before there is sufficient IgG.
Because of its size, it cannot diffuse across blood vessels and hence is mainly
found in the blood. IgM is very efficient in activating the complement by the
classical pathway (see Sect. 13.1). The primary response is slow and usually has
a lag phase of 5 days.

Further antigen contact may lead to a secondary immune response, also called
memory response. The quality of this response depends on the costimulatory
signal, antigen amount, number, and interval of antigen encounters (see vaccination
below). By a subsequent encounter of the antigen/pathogen, the antibody-response
immediately accelerates and vastly exceeds the levels obtained during primary
infection. IgG, IgA, and IgE are the typical mammalian immunoglobulin classes
during a secondary response.

Half of the produced IgA is found as a dimer in peripheral blood and can as such
be secreted to the mucosal sites, such as the gut, respiratory and urogenital tract. Its
main function is to prevent colonization by pathogens by neutralization and thus
only has weak opsonization and complement activation capacity. IgA is also found
in saliva, tears, and breast milk. IgA in the breast milk protects small infants until
they are able to produce antibodies by themselves.

But also IgG is able to cross the human placenta and be transferred from the
mother to the newborn. As a result, newborns have similar IgG levels than their
mothers. However, this is not the case in all mammalians; for instance, the porcine
placenta in impermeable for immunoglobulins. Generally, IgG is the primary
isotype in the blood, highly conserved in mouse, rat, and humans (Clark 1997)
and can be further divided in human into four subclasses. IgG opsonize pathogens
and can activate the complement system efficiently.

Only low concentrations of IgE are detected in the blood. This is due to the
outstanding affinity of (the cytophilic) IgE to its FceRs, e.g., on mast cells and
eosinophils. Mast cells are scattered under the skin and the mucosa and along blood
vessels. When antigens are captured and cross-link minimally two IgEs on mast
cells, they trigger cell activation and release of mediators like histamine. The results
are wheezing, coughing, and vomiting to expel the pathogen. An overreaction is
usually seen in aberrant allergic reaction to harmless antigens. IgE has been
implicated to be important against parasitic infections by promoting eosinophilic
attack and recruiting phagocytes and macrophages by the release of chemokines
and cytokines.

The precise function of IgD as an ancestral membrane-bound antigen-receptor
between fish and humans and is still under investigation; it may especially interact
with innate cells such as basophils (Chen and Cerutti 2011).

13.2.10.1 Antibody Function
Antibodies protect the extracellular compartments from pathogens and their
products by three mechanisms.
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Table 13.10 The Immunoglobulin classes of vertebrates

Vertebrates IgG classes Class switch  Class switch
Jawless—(e.g., lampreys, hagfish) VLR-producing lymphocytes — -
Cartilaginous fish (sharks) IgM, IgW, IgNAR - -
Teleost fish (zebra fish, trout) IgM, IgD, IgT — —
Amphibian IgM, IgY, IgX, IgD + +
Reptiles IgM, IgY, IgA? + +
Birds IgM, IgY, IgA + +
Mammals IgM, IgG, IgA, IgD, IgE + +

1. Neutralization: Here the antibodies bind via the hypervariable part of its Fabs to
the epitopes of pathogenic structures and molecules and can thereby prevent
entry and binding (Fig. 13.5b).

2. Opsonization: Antibodies bind to pathogens causing them to agglutinate. By
coating the pathogen, antibodies stimulate effector functions against the patho-
gen in cells that recognize their Fc region. Subsequently, phagocytes will
eliminate the pathogen by phagocytosis. Due to the antibody diversity, nearly
an unlimited amount of specificities can be generated.

3. Complement activation: Antibodies bind to pathogenic structures, which enables
complement to bind via the antibodies indirectly to the pathogen and activate the
complement cascade. Moreover, phagocytes are able to better recognize the
pathogen via their complement receptors (see Sect. 13.1).

13.2.10.2 Antibodies from Fish to Mammals

Cartilaginous fish (e.g., shark, rays) produce three types of immunoglobulins IgM,
IgW, and IgNAR (immunoglobulin new antigen receptor) (see Fig. 13.5¢ and
Table 13.10). Phylogenetic analysis suggests that IgW is closely related to IgD.
Whereas IgNAR is similar to camelid heavy-chain IgG antibodies lacking light
chains.

Bony fish contain tetrameric IgM (as opposed to the pentameric mammalian
IgM), IgD, and IgT/Z. They have poor affinity maturation of their IgM responses
and require much longer time periods to generate an antigen-specific immune
response (3—4 weeks as opposed to 5 days in mammals). IgY is the functional
equivalent of IgG in birds, reptiles, and amphibians. IgX seem to be the analogues
of mammalian IgA and can be found in amphibians. Some species have developed
unique isotypes of Ig such as IgF in Xenopus and IgO in the platypus (Sun
et al. 2013).

13.2.11 Immunological Memory
One of the hallmarks of adaptive immunity is its ability to memorize pathogens that

were previously encountered (Zinkernagel 2012). As a consequence, it is able to
eliminate the pathogen fast and very specific upon consecutive encounter.
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Since it is still unclear, how the immune system is able to memorize these
pathogens, there are several hypothesis and models available.

It seems that specific populations of B and T cells, the so-called memory cells
are responsible for memory. Memory cells are long-living, antigen-specific
lymphocytes that are generated during primary infection. During primary infection
the numbers of antigen-specific T cells are increasing. After elimination of the
pathogens, most of these cells die by apoptosis. However, a small quantity of these
highly specific T cells, which is around 1,000 times bigger than the original
population, is maintained. In contrast to naive T cells, they express receptors
similarly like effector T cells on their plasma membrane. Similarly, also memory
B cells can be discerned from naive B cells by their numbers and surface expression
pattern.

13.2.11.1 Vaccination

The ability of the immune system to remember specific antigens is exploited during
vaccination. In the twentieth century, typically not the disease-causing organism is
introduced to the immune system, but dead or inactivated organisms, or purified or
synthetic products derived from them. The agent stimulates the body’s immune
system to recognize the agent as foreign, destroy it, and “remember” it, so that the
immune system can more easily recognize and destroy any of the same
microorganisms that it later encounters. The addition of adjuvants may enhance a
danger signal and improve the protective effect. The route of antigen entry may
direct the type of immune response (mucosal or systemic) (Table 13.9). Effective
vaccination programs in countries have eliminated or reduced mortality and infec-
tion rates considerably, e.g., for diphtheria, polio, and small pox. Personalities
involved in the development of vaccines have often been interested in comparative
medicine, pathology, and microbiology (see Chap. 1). Since vaccination does not
eliminate the pathogens but only protects an individual by inducing memory,
vaccination programs in which a high percentage of the population is immunized,
confer the best “herd” protection against these pathogens.

Passive vaccination has emerged as a newer form for immune therapy since the
invention of monoclonal antibodies (mAb) and recombinant engineering of
immunoglobulins. In contrast, to active immunization, pre-synthesized antibodies
are transferred to a person so that the body does not have to generate the antibodies
itself. Passive vaccination is used as specific therapy for cancer, allergy, and
inflammatory disorders such as autoimmunity. Since 2000, the human market for
therapeutic monoclonal antibodies has grown exponentially with antibodies like
bevacizumab, trastuzumab (both oncology), adalimumab, infliximab (both autoim-
mune and inflammatory disorders, “AIID”), and rituximab (oncology and AIID)
accounting for 80 % of revenues in 2006. In 2007, 8 of the 20 best-selling
biotechnology drugs in the USA were therapeutic monoclonal antibodies (Scolnik
2009; Kelley 2009). This rapid growth in demand for monoclonal antibody produc-
tion has been well accommodated by the industrialization of mAb manufacturing.
Due to the low probability of generic threats, mAbs are now the largest class of
biological therapies under development. The high cost of these drugs, which
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usually engross 40 % of the therapy cost in cancer, and the lack of generic
competition conflict with a financially stressed health system, setting reimburse-
ment by payers as the major limiting factor to growth.

Passive vaccination with monoclonal antibodies has the advantage that it works
immediately; however, it is short lasting due to the fact that the antibodies are
naturally broken down and not synthesized by the body itself.

So far, only a single canine antibody has been developed for veterinarian passive
anticancer immunotherapy, i.e., an IgG antibody directed against the highly
conserved cancer antigen EGFR (Singer et al. 2012, 2013).
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