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A complex system that works is invariably found to have evolved from a simple
system that worked.—A complex system can fail in an infinite number of
ways.

John Gall 1975, Systemantics: How Systems Really Work and How They
Fail



Preface

Nutrition is an important environmental factor for the maturation and
function of the human immune system and essential for maintaining
immunological homeostasis. Based on this, a wide variety of food appli-
cations with medicinal claims in the field of immunology are being gen-
erated by food manufacturers worldwide to expand the market potential
of products and enable interesting linkages with other market segments,
such as cosmetics and pharmaceuticals. However, besides the health ben-
efits, active principles of such components often remain unexplored in the
application.

Immunology is a very vibrant life science. New findings and an
ever-increasing amount of detail make it difficult to see the interrelation-
ships within the immunological defense phases. Therefore, this textbook
discusses the specific interactions of food ingredients on the immune sys-
tem along the entire immune defense response, starting from the immune
barrier, through the innate and adaptive immune response, to active lim-
itation and termination. All major mechanisms of immune defense are
addressed, and various biochemical-molecular, cellular-regulatory, and
genetic interactions of components of our diet are discussed exempla-
rily on the relevant aspects of defense reactions in each case. Exemplary
disease patterns, related to the respective subject area, underline the rele-
vance of nutritive factors as the cause of various pathogeneses and reveal
possible intervention strategies for this. In addition to the main topic of
each chapter, further digressions provide insights into associated aspects
of food technology. Concise summaries of the chapters, lists of immu-
noactive food components, and a glossary of technical terms also distin-
guish this book as a reference work.

This textbook offers an aid to understanding the variety of functional
food components and their mechanisms of influence on immunological
reactions, without intending to be a nutritional or dietary guide. Thus,
I would like to address all those who want to gain an overview of the
molecular mechanisms of action and of the diverse application concepts
of immunologically active foods.

Christopher Beermann
Fulda, Germany
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2 Chapter 1 - Basics: Basic Principles of the Immune System

Trailer

The immune system is a finely coordinated network of different cellular functions that
are located within a fragile balance between defense and tolerance. Nutritional compo-
nents are an essential environmental factor for the maturation of the human immune
system and for maintaining immunological homeostasis. A chemical-physical immune
barrier confines the body and allows it to interact with the environment as a partially
open system. Microbiological colonization of this barrier is an important additional
protective factor in this regard. Many food applications relate their effect to this de-
marcation function.

The immunological defense reactions are divided into a direct-reacting, innate im-
mune response and a later-initiated antigen-specific, adaptive immune response. The
early defense phase is lineally aimed against microorganisms and parasites that have in-
vaded the body. Here, elements of the antimicrobial complement system stimulate key
defense mechanisms. Phagocytosing cells, such as M®s and neutrophil granulocytes,
specifically recognize molecular structures of pathogenic organisms and take them up
intracellularly. In addition, cytotoxic defense by NK cells against pathologically altered
autologous tissue and intracellularly infected cells is possible. Food components are es-
sential energy supplier and material basis of cell structure components and influence
the defense reactions as stimulation molecule, as ligand for genetic transcription fac-
tors or as epigenetic factors. Cytokines and growth factors mediate primary inflamma-
tion as intercellular signaling substances. The functional targeting of early defense re-
sponses is carried on by the adaptive immune response as it progresses. The influence
of food on the adaptive defense often has its origin in altered innate defense mecha-
nisms.

The adaptive immune response can be divided into a recognition, differentiation,
action, and completion phase. Starting from a specific presentation of antigenic pro-
tein or lipid structures by dendritic cells and other antigen-presenting cells, T-lym-
phocyte help is initiated, which then mediates an antigen-dependent humoral or cel-
lular-cytotoxic defense response. The humoral defense response is determined by an-
tigen-binding immunoglobulins. The cellular response involves a cytotoxic immune
response by CD8*-CTL and other cytotoxic T-lymphocytes. Foods may be perceived
as antigens within the adaptive defense reaction, which may result in pathological mis-
reactions. Generally, the adaptive defense response is terminated after loss of stimula-
tion or by active regulatory mechanisms.




1.1 - Sequence of an Immunological Defense Reaction

== What does the immune system have to do with the concept of “life”?

== What is the basic task of the immune system?

== How does an immune response proceed and which defense elements are relevant?
== What is the general immunological relevance of food?

1.1 Sequence of an Immunological Defense Reaction

If the definition of life is not only determined by the ability of reproduction out
of itself, but moreover is characterized by coordinated and complex interactions
between a partially open system and the environment, then the immune system is
exactly the guarantor and manifestation of this. Guiding motives of the immuno-
logical defense for this are, besides the demarcation of the system from the envi-
ronment, the recognition of relevant stimulations and the regulation that trans-
lates this perception into an appropriate defense or tolerance response that makes
life possible (B Fig. 1.1). In addition, an immunological defense regulation re-
quires a strict tolerance toward itself.

The human immune system is a coordinated, multilayered sequence of recog-
nition events and responses to exclude, control, or eliminate harmful agents. It
consists of multiple cellular functions and is ultimately based on the archaic fun-
damental principle of discrimination of foreign versus self. The task of the im-
mune system is to protect the body from external, exogenously pathogenic mi-
croorganisms, parasites, irritants, and toxins as well as from endogenous threats,
such as intracellular viruses and bacteria, and to remove transformed, malignant
tissue. Food as a concise environmental factor is essential for the maturation of
the human immune system and for maintaining immunological homeostasis, but
also harbor a pathological potential to derail defense responses.

stimulation

recognitio

=T

SN

B Fig. 1.1 Guiding motifs of immune defense: Specific recognition of stimuli, which are translated
by regulation into an appropriate immunological defense or tolerance response, enables coordinated
interactions between a partially open system and the environment. Tolerance to self is essential here
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© Food is an immune-relevant environmental factor.

The chemical-physical barrier of the epithelial tissues, such as skin or mucosa,
which are equipped with a slightly acidic pH and multiple, biocidal defense mech-
anisms, provides an initial barrier against harmful environmental factors. The
microbial colonization of these barriers is a further reinforcing protective factor
here. Immune-functional food and cosmetic products containing physiological
microorganisms often claim great potential for action at this. If the barrier is in-
jured or otherwise breached, activating signals can be emitted from it to the cellu-
lar immune system (8 Fig. 1.2).

Environmental information is also continuously picked up by response-coor-
dinating immune cells and passed on to the immune system. The first-acting cell
biological defense is referred to as the “innate defense reaction”. Elimination re-
sponses are initiated immediately after immunogenic stimulation. Antibiotic-mi-
crobiocidal agents and material-absorbing, phagocytizing cells determine this de-
fense phase. The largest proportion of defense reactions occurs through them.
The stimulatory power of an immunogen generally depends on substance-struc-
tural characteristics, local substance concentration, and exposure time. If the in-
tensity of stimulation is persistently relevant, an adaptive, antigen-specific im-
mune defense is subsequently activated. This highly complex defense reaction
is characterized by the formation of specific antigen-binding protein structures,
so-called immunoglobulins or antibodies. The transition from the innate defense
phase to the adaptive or acquired one is fluid. By exchanging cellular signal mes-
sengers and coordinating defense responses, both defense phases influence each
other. Responses of the innate immune system directly lead to prestimulation and

substance concentration- and
exposition time-dependent

\\ stimulation ~

microbial/ chemical/ cellular
barrier

innate immune reaction

(/]
S antibodies and
% effector cells

adaptive immune reaction

O Fig. 1.2 Elements and sequence of the immune response: the human immune system is a sequence
of stimulation recognition and responses within the innate and adaptive defenses. The innate defense
is regulatively linked to the adaptive defense through the exchange of signaling molecules, immune
cells, and immunoglobulins



1.1 - Sequence of an Immunological Defense Reaction

functional alignment of subsequent adaptive defense reactions. The influence of
food on the adaptive defense often originates from altered processes of the innate
immune response. In turn, the adaptive immune response supports remaining im-
mune responses of the innate defense.

o Innate and adaptive defense phases are closely linked in regulatory terms. Influ-
ences of food on the adaptive defense often result from modified processes of the
innate defense.

Our immune system not only fends off, but also grants tolerance to certain stim-
uli. This aspect is essential for survival. The immune system must distinguish for-
eign from own. This is evident in the transplantation problem of organs and tis-
sues and the associated rejection reactions. However, the concept of the systemic
body must be understood more broadly beyond the actual body tissues. Microor-
ganisms, predominantly bacteria, yeasts, and viruses, which colonize the body in
a specifically localized manner, are also included. This situation complicates the
defense situation, since in addition to the body’s own tissue also commensal or
symbiotic microorganisms must also be tolerated in certain regions of the body.
While symbiotic communities ensure mutual support, commensal organisms do
not interact in any way with the host organism, they merely grow on it. This has
resulted in a multitude of modern product applications in the food and cosmetics
sectors, in order to preserve the physiological microbiome, i.e., the totality of nat-
urally occurring, physiological microorganisms in humans. It should not be for-
gotten that a favorable microorganism-body interaction is always site-specific.
For example, a bacterium that is beneficial to health in the colon of the intestine
may cause destructive urinary tract infections.

@ So what does “sick” or “healthy” mean in the immunological sense?

The immune system has to recognize pathogenic structures versus harmless for-
eign structures and own tissue and decide between a possible defense reaction or
immunological tolerance. The simplest form of tolerance is the lack of percep-
tion of stimulation. An intact barrier adequately excludes the body from relevant
immunogenic stimulatory factors and prevents the innate and subsequent adap-
tive defense responses from being initiated. Immune tolerance of these systems
to autologous tissues and cells occurs centrally within immune cell maturation in
the thymus, whereby dysfunctional and autoimmune response-mediating immune
cells are removed. A person's microbial environment is included in this formation
of the immunological tolerance profile. Here, tolerance to endogenous microor-
ganisms results from an early immunological recognition and imprinting phase
immediately after birth. This is often individually pronounced, for example, in the
case of a Cesarean birth, with corresponding consequences for further life. Ten-
dencies to allergies or autoimmunity are discussed in this context. In addition to
central tolerance, specific cellular regulations in peripheral tissues actively medi-
ate the toleration of harmless foreign substances, such as food. This peripheral
tolerance or oral tolerance originates from specific regulatory immune cells.
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o The immune system must recognize pathogenic structures versus harmless foreign
structures and autologous tissue and respond with a defensive reaction or immuno-
logical tolerance.

Microbiology works with the hypothesis that pathogenic properties of microor-
ganisms have evolved from genetically modified commensals and symbionts that
can express virulence factors, such as cell membrane-breaking enzymes or tox-
ins, for barrier penetration and invasion of the host. Mentally, this can also ap-
ply analogously to tissues. A healthy immune system tolerates own tissue, but
fights transformed, malignant tissue or virus-infected cells with altered cell sur-
face structures and signal structures, which communicate pathological changes to
the immune system (8 Fig. 1.3).

Q What basic framework is now important for an immunological defense response?

Physiologically, an immunological reaction always refers to a localized stimu-
lation event. Systemic reactions, as in infections of the lymphatic or blood sys-
tem, usually lead to destructive disease patterns. A locally induced immune re-
sponse is also usually diametrically regulated. For example, an immune response
directed against extracellular bacteria cannot simultaneously be a defense against
intracellular viruses. Misdirected activity regulation leads to allergic or autoim-
mune hyper- or to subactive, immunosuppressive hyporeactions. Promised effects
of immunoactive food components mostly serve this aspect. Either a suppressed
immune activity is to be strengthened, an overreactive activity is to be downregu-
lated or a dysregulated immune response is to be adequately directed.

Once the immune stimulation is removed by the defense reactions, the immune
response is completed. Without antigen stimulus, immune cells are not further
recruited to the site. Activated, mature immune cells successively die or are ac-
tively eliminated in the absence of stimulation. In addition, regulatory suppressor
mechanisms cause active termination of an immune response. Furthermore, there
are protective regulatory processes that limit immunological defense reactions to
prevent destructive hyperreactions. The resolution of immune events is another
interesting aspect for the application of immune-functional food components.

immune reaction

tolerance defence
healthy cells cancer tissue
y alterations of cellular structures X .
and and signal pathways virus infected
tissue cells

---------- genetic modifications e
commensales .
and expression of pathogenic
symbionts pathogenicity factors microorganisms

O Fig. 1.3 Immune response between tolerance and defense: Pathogenic characteristics are based on
genetically altered properties of formerly harmless structures. The immune system must differentiate
between tolerance and defense within these characteristics
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1.2 Immune Functions as a Reflection of Cell Morphology

1.2.1 The Biological Cell and Its General Immune Functions

The cell is the smallest living unit of the body, where all basic functions of the im-
mune system can principally be represented. The essential tasks of the immune
system are to distinguish the internal from the external, to recognize and process
immunogenic stimuli, and to pass on relevant information to associated cells of
the defense system. Food components can influence these functions in many ways.

The cell membrane is composed of a polar lipid bilayer and encloses the cy-
toplasm of the cell. Like all barriers, it is both a boundary and a connect-
ing, contact, and communication surface between the cell and its environment
(8 Fig. 1.4).

The cell membrane is a highly fluid to paracrystalline-rigid interface. Con-
trolled by the cytoskeleton, receptor-mediated uptake of exogenous materi-
als, such as bacteria, is possible. Pathogenic agents are characterized by specific
molecular structure patterns, so-called pathogen-associated molecular patterns
(PAMPs). These structural motifs are genetically highly conserved and structur-
ally polar, often repetitive molecular polymers. Microbial PAMPs are, for exam-
ple, peptidoglycan fragments of bacterial or fungal cell walls composed of carbo-
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B Fig. 1.4 Food influences on cell function: All basic functions of the immune system are fundamen-
tally found in cell morphology. Food components can influence these functions in many ways. rER:
endoplasmic reticulum with membrane-bound ribosomes; PAMPs: pathogen-associated molecular pat-
terns; PRR: PAMPs recognition receptor
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hydrates and amino acids. For Gram-negative bacteria also lipopolysaccharides
(LPS), for Gram-positive bacteria teichoic acids consisting of ribitol or glycerol
phosphate polymers are relevant for immune recognition. This material is dis-
cerned by receptors and phagocytosed with the cell membrane. The phagocytosed
material is then delivered intracellularly in a vesicular phagosome in a controlled
manner to the process of antigen presentation. Lysosomes, filled with lysosomal
proteolytic enzymes and toxic oxygen and nitric oxide radicals, fuse with the pha-
gosome and decompose the ingested material. Membrane vesicles of the endo-
plasmic reticulum (ER) can endosomally capture foreign proteins directly from
the cytoplasm by a process known as micro-autophagocytosis. If an endosome
loaded with presentation molecules reaches the phagolysosome, this ultimately
leads to an extracellular presentation of immunologically relevant material to ini-
tiate a directed specific immune response.

o In principle, every biological cell maps the basic functions of the immune system,
such as the demarcation of the internal and external, the recognition of relevant
stimuli, and the active reaction to them.

PAMPs present in the cell environment, such as fungal a-mannans, B-glucans, or
bacterial flagellin, are also recognized by pathogen recognition receptors (PRRs).
Endogenous material, such as viral particles, ribonucleic acid (RNA) or deoxyri-
bonucleic acid (DNA), and fragments of intracellular pathogenic bacteria, can be
bound and processed by endosomally localized PRRs (8 Table 1.1).

Both lead to the activation of transcription factors located in the cell nucleus
through various intracellular phosphokinase signaling cascades. These then ini-
tiate target gene expression with subsequent protein biosynthesis. At the end, for
example, peptide signal molecules are secreted that regulate stimulation-depend-
ent inflammatory responses.

D Table 1.1 Pathogen-associated molecular patterns

Organism Structure

Bacteria Peptidoglycan of the cell wall

M HETOET TS DNA and RNA fragments
Flagellated bacteria Flagellin

Gram-positive bacteria Teichoic acid of the cell wall
Gram-negative bacteria Lipopolysaccharides (endotoxin)
Yeasts and fungi a-Mannans of the cell wall

B-glucans of the cell wall
Viruses Glycoproteins of the viral envelope
Capsomer fragments of the viral envelope

DNA and RNA fragments
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Endogenous material can also be delivered to the cell surface on presentation
molecules intended for this purpose. The ER, as a biomembrane synthesis site, is
involved in intracellular vesicle transport together with the Golgi complex. In the
ER, endogenous material is shuttled into vesicles along with presentation mole-
cules and delivered to target endosomes via the Golgi complex. Associated im-
mune cells can recognize this structural information and execute the immune re-
sponse accordingly.

1.2.2 Influences of Food Components on Immune Functions

Immune cells are generally characterized by a short lifetime and a high multi-
plication capacity. Food components are therefore first of all energy- and struc-
ture-giving for cell composition and cellular metabolism (8 Fig. 1.4). Basic pro-
tein-energy deficiency diseases, such as kwashiorkor or marasmus and the massive
immunosuppression associated with them, reveal this connection. Lack of essen-
tial or semi-essential amino acids, vitamins, minerals, and trace elements limit cell
proliferation performance. Various nutrient supplementations, such as dietary vi-
tamin and mineral supplementation, relate to this depletion-induced immunode-
ficiency. In general, functional effects of foods on the immune system are deter-
mined by long-term adherence to a diet or by consistent consumption of specific
food components over a long period of time.

Food components are immunostimulatory environmental factors and are per-
ceived by cells via various receptors. Food-associated bacteria and yeasts as well
as various crops mostly possess charged oligomers with hydrophilic structural
properties, such as peptides, phenolic, nucleic acid, amino acid, or glycan poly-
mers. Fungal f-glucan and a-mannan, for example, are known to be registered by
membrane receptors of immune cells and trigger the release of signaling mole-
cules. The Judas ear or Mu-Err mushroom (Auricularia auricula-judae), for exam-
ple, is an edible mushroom with a very high glucan content and is therefore con-
sidered an immunological irritant.

© Foods are stimulants and modifiers and can influence immunological defense
mechanisms in many areas.

The function of immunostimulatory-recognizing receptors is codetermined by a
directed fluidity of the cell membrane. In intracellular signal transduction, but
also in phagocytosis and vesicular membrane lipid transport, the amino-phos-
pholipid sphingomyelin together with cholesterol is an essential component of
rigid membrane domains, so-called lipid rafts. These control membrane defor-
mation and support movements of cell membrane-associated proteins. Orally in-
gested sphingomyelin, for example, from soy lecithin, milk, or egg, is therefore
considered to support immune function.

Another aspect of cellular defense responses is immune-relevant gene expres-
sion. In the basic decision to silence genes of the immune system, specific food
components, such as polyphenols of black tea or low-molecular-weight organic
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sulfur compounds of broccoli as epigenetic factors, can influence the activity of
chromosomal gene information by affecting the activity of enzymes involved in
these processes. Moreover, in this context, food components as transcription fac-
tors and regulatory transcription factor ligands may directly influence gene ex-
pression of immune-related genes. Polyunsaturated fatty acids (PUFAs), for ex-
ample, are taken up by cell membrane-binding proteins and transported to the
cell nucleus. There they can directly modify specific gene expressions as transcrip-
tion factors. Fatty acids and their amides, as well as sterols and other specific
food components, can also act in the nucleus as activator or suppressor ligands of
transcription factors to alter the expression of genes important for immunologi-
cal defense.

1.3 The Elements of the Immune System

1.3.1 Central and Peripheral Lymphatic Organs

The lymphatic organs can be divided into central and peripheral organ systems
according to their function. The development of lymphocytes takes place cen-
trally in the bone marrow and thymus. In the lymph nodes, the spleen and the
mucosa-associated lymphoid tissue immune reactions are initiated in the periph-
ery of the body.

1.3.1.1 Bone Marrow and Thymus

In the primary lymphoid organs, the bone marrow and the thymus, the genera-
tion and maturation of immune cells takes place. All blood cells develop from he-
matopoietic stem cells of the bone marrow. The cells of the immune system can
be assigned to two progenitor stem cell lineages. Monocytic cells originate from
the myeloid lineage, such as macrophages (M®s) and mast cells, as well as the
neutrophils, eosinophils, and basophilic granulocytes. T- and B-lymphocytes and
natural killer cells (NK cells) originate from the lymphoid lineage. Among the an-
tigen-presenting and centrally defense-regulating dendritic cells (DCs), cell types
from both lineages are known.

The thymus is the site of maturation for T-lymphocytes in the early phase of
life up to puberty, whereby functional selection occurs through selective culling
of immunologically too strongly or too weakly reactive as well as autoreactive
T-lymphocytes, creating a central tolerance to endogenous structures. All immune
cells enter the bloodstream from the bone marrow and are transported from there
to the periphery to the barrier systems, the skin or the various mucosa-associated
lymphoid tissues which, together with the lymph nodes, tonsils, pharyngeal ton-
sils in the palate and pharynx, Peyer’s plaques in the intestine, and the spleen are
among the secondary lymphoid organs (B Fig. 1.5).

In addition to the blood circulation, the lymphatic system with its own ves-
sels is also available to the immune cells as a space for movement. Blood pres-
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B Fig. 1.5 Lymphatic and vascular systems: Immune cells migrate from the bone marrow to periph-
eral tissues via the bloodstream. Lymph nodes connect the blood and lymphatic systems. The lym-
phatic system connects the various mucous membranes. Local immune reactions therefore always have
systemic relevance as well

sure forces blood plasma from the blood capillaries into the tissue. From this, a
portion of the plasma known as lymph flows back into the bloodstream via lym-
phatic vessels. Connecting organs on this path between blood and lymph ves-
sels are the lymph nodes. Immune-relevant information from the periphery, such
as bacterial or viral antigens, allergens, and irritants, but also food components,
meet here with immune cells from the blood and peripheral lymph. Stimulation
leads to the initiation of a specific defense.

Spleen

The spleen has immunologically similar functions as the lymph nodes. The organ
has two functionally different areas, the white and the red pulp. In the red pulp,
used, deformed, or defective erythrocytes and thrombocytes are removed, as well
as microorganisms and immune complexes in the blood. An immune reaction is
initiated in the white pulp, similar to that in the lymph nodes. In this sense, it is
both a filtration unit and a lymph node of the bloodstream.

Mucosa-Associated Lymphoid Tissue

Tonsils and polyps of the pharynx are lymphoid follicles associated with con-
nective tissue directly under the delimitation tissue, the epithelium of the pala-
tal or pharyngeal mucosa. Immunostimulants are directly detected here. The var-
ious mucous membranes of humans are interconnected via the lymphatic system
(8 Fig. 1.5). Mucous membranes line the respiratory tract, glandular ducts, and
the urogenital and gastrointestinal tracts. For orally ingested food components,
this means that they are already immunologically sensed through the oral mu-
cosa and can spread through the associated lymphatic vessels and have a systemic
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effect. Peyer’s plaques are lymphoid follicle collections of the intestine-associated
lymphoid tissue, localized in the ileum (part of the small intestine) and in the ap-
pendix vermiformis (part of the appendix in the colon) of the colon. Lastly, the
major lymphatic vessels unite in the thoracic duct (left lymphatic duct), which ul-
timately empties into the vena cava, which carries venous blood from the body
back to the right atrium of the heart.

o Due to the interconnection of lymphoid tissues, local immunological events always
have systemic relevance as well.

1.3.2 Immune Cells and Factors of Innate Defense Response

The innate immune defense attempts, directly after immunogenic stimulation,
without further mediation, to neutralize exogenous and endogenous intracellular
hazardous substances as well as microorganisms that have breached immunolog-
ical barriers. Innate and subsequent adaptive immune responses are closely inter-
twined regulatively and functionally. Signals from innate immune responses acti-
vate adaptive defenses and functionally direct them. The adaptive defense phase,
in turn, supports mechanisms of action of the innate immune defense. Immune
cells are found in blood, lymph, tear fluid, and mucus and saliva. Even milk
contains a large number of different immune cells in addition to tissue cells. As
@ Table 1.2 shows, in addition to being subdivided into a myeloid and a lym-

B Table 1.2 Cells of the immune system

Antigen-presenting cell Helper cell Effector cell
Myeloid Lymphoid Lymphoid Myeloid Lymphoid
Innate de- Macrophage Natural
fense reac- killer cell
tion Neutrophil
Eosinophil
Basophil
Granulocyte
Mast cell
Adaptive Interdigitat- Plasmacytoid =~ CD4* - B-lympho- CDS8" -cyto-
defense re- ing dendritic dendritic cell T-lympho- cyte: toxic
sponse cell cyte Plasma cell T-lympho-
cyte
Macrophage Yd -T-lym-
phocyte
B-lympho- NKT lym-

cyte phocyte



1.3 - The Elements of the Immune System

phoid progenitor cell lineage, immune cells are also classified according to their
function and affiliation with the innate or adaptive immune defense.

0 How is the early defense phase initiated and how does it proceed from there?

In the event of tissue injury or infection, cells of the affected tissue and immune
cells located on site secrete signaling substances. Phagocytotic highly active M ®s
and granulocytes are guided to the site of inflammation by attractants called
“chemokines”. Immune cells recognize these chemical signals and chemotactically
migrate to the site of highest concentration. On the other hand, hormone-like,
spatially restricted cytokines regulate the activity of immune cells. The resulting
defense mechanisms of this early defense phase are then directed either against ex-
ternal influences or cytotoxically against own tissue. These first immune cell reac-
tions are supported by various regulatory and antimicrobial protein components.

1.3.2.1 The Complement System

The complement system formed in the liver is a central element for the regulation
of the innate defense. With its recognition, regulation, and elimination functions,
it unites all important motifs of the defense response. The complement system is
activated by various hydrophilic protein or carbohydrate structures. Within a mu-
tually activating proteolytic enzyme cascade, more than 20 different elements (C1-
C9) form the complement system. These specifically proteolytically released com-
plement elements have different functions. For example, they support (Clq, C3b,
C4b) together with acute phase proteins (APPs), such as cell membrane phos-
phatidylcholine-binding C-reactive protein, which is also synthesized in the liver
and released into the blood, phagocytosis of microorganisms by immune cells.
They also activate other immune cells (C3a, C4a, C5a) and promote their migra-
tion into inflammatory tissues by chemotactically attracting immune cells to the
inflammatory event, initiating dilation of local supply vessels, and causing demar-
cated relaxation of the affected tissue (C2a). Ultimately, complement-generated
protein pores that penetrate the cell membrane of target cells kill microorganisms.

o The elements of the complement system have both a microorganism-killing effect
and immunoregulatory functions.

The enzyme cascade of the complement system is initiated in the context of the
innate defense response by mannose-binding lectins, but also antigen-immu-
noglobulin complexes can trigger the complement system. Alternatively, it can
be activated spontaneously in interaction with microbiological cell wall struc-
tures. Here, from a food technology point of view, lysed cell wall components of
food-associated fungal or plant glycan structures or probiotic bacteria and bac-
terial fragments can be used to stimulate the complement system in order to sup-
port a possibly suppressed immune response of the innate defense. Since the syn-
thesis of the complement system is dependent on cholecalciferol (vitamin D),
supportive dietary supplementation strategies may also be of interest here.
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1.3.2.2 Antimicrobial Agents

In the early phase of the defense reaction, antibacterial or bacteriostatic, antitoxic,
antiviral, and antifungal peptides and protein structures are formed and secreted
by cells of the barrier system. Antimicrobial peptides (AMPs) are generally 30-90
amino acids in length. The antimicrobial activity of AMPs basically results from
their net positive charge, bipolar-amphiphilic character, and hydrophobicity. In ad-
dition, the peptide shape seems to be determinant for the mechanism of action and
cell cytotoxicity of AMPs. In addition to stretched-linear peptide structures, many
AMPs exhibit helical structures resulting from proline-, arginine-, and histidine-rich
amino acid sequences, or loop structures formed by cytosine-disulfide bridges.

AMPs are either cell membrane disruptive and form cell lysing pores or have
an intracellular inhibitory effect on essential metabolic processes, for example,
by binding to RNA and DNA. In both cases, the binding of AMPs to microbial
membranes occurs through electrostatic interactions. Non-cell membrane disrup-
tive AMPs diffuse through the cell membrane or are taken up endocytotically by
the target cell.

o Antimicrobial agents and phagocytizing immune cells cause the major part of the
defense against infections in the early phase of the innate immune response.

A large group of AMPs are cell membrane-penetrating defensins and glycostruc-
ture-binding lectins. Paneth cells of the small intestinal epithelium and neutrophilic
granulocytes form a-defensins. Epithelial cells of mucous membranes and skin
form a- and B-defensins as well as C-type lectins, which sculpt pores in bacterial
cell membranes. The second group of antimicrobial peptides are cathelicidins with
an amphipathic (hydrophobic/hydrophilic) a-helical structure that interacts with
microbial cell membranes. They are produced by epithelial cells, but also by neu-
trophil granulocytes and M®s. Cathelicidins, like many other AMPs, initially ex-
ist in an inactive form. Antimicrobial activity is present only after proteolytic cleav-
age of the peptide into the cathlin domain and cathelicidin. Analogous peptide
structures with the same function are found in milk and egg. This is not surprising,
since the actual function of both foods is to nourish and protect nascent life.

To support the activity of phagocytes of the innate defense in their function,
AMPs and APPs can bind microbial pathogen structures and mark them for cel-
lular uptake by defense cells. This phagocytosis-promoting effect is called “op-
sonization”. Many APPs and surfactant proteins of the lung, as well as serum
proteins such as serum amyloid A, can envelop and opsonize microbial organ-
isms. In the further adaptive course of the defense reaction, immunoglobulins
then increasingly take over this task.

Q Are there any other protein structures with antimicrobial activity?
Cell membrane lytic enzymes are another defense mechanism against microor-

ganisms. The p-glycosidase lysozyme, for example, breaks down the polyglucan
scaffold of bacterial cell walls. It is found in many secretions, such as tear fluid,
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saliva, the secretions of the respiratory tract, and also in blood serum, cerebrospi-
nal fluid, and amniotic fluid. It is produced by mucosa-associated epithelial cells
as well as neutrophil granulocytes and M®s. This antimicrobial enzyme is also
found in chicken egg white and milk. Together with AMPs, its function there is to
protect the developing new organism from infection.

1.3.2.3 Macrophages

M®s are named differently depending on the tissue: in nervous tissue microglia,
Kupffer cells in the liver, in the lung alveolar macrophages, and in cartilage and
bone tissue they are called chondro- and osteoclasts, respectively. M®s recognize
foreign substances via a variety of receptors, take them up via phagocytosis, en-
docytosis or, in the case of fluids, via pinocytosis, and decompose the ingested
material in intracellular lysosomal vesicles. These vesicles, called “phagolyso-
somes”, are filled with antimicrobial oxidases, proteases, such as elastase, gelati-
nase, cathepsin, as well as glycosidases, such as lactoferrin, and defensins and hy-
pochlorous acid. The NADPH oxidase also generates highly reactive oxygen rad-
icals for cell destruction. The complement system here activates very early M®s
via the phagocytosis-mediating C3a receptor. Other important recognition re-
ceptors here are membrane-bound Fc receptors (FcR), which recognize anti-
gen-loaded immunoglobulins (Ig), so-called immune complexes. Immunoglobu-
lins or antibodies are binding and cross-linking molecules of the specific, adap-
tive defense reaction with high affinity toward antigenic foreign material. Here,
for the first time, a supportive connection of the adaptive with the innate immune
response is revealed.

M®s, as antigen-presenting cells (APCs), are also an initiating element of the
adaptive immune defense and differentiate within this process into M1 and M2
(M2a, b or ¢) subtypes. These subtypes are expressions of an inflammation- or
immune tolerance-mediated orientation of the innate defense response. This is
carried forward in the adaptive response (for review, see dendritic cells). However,
this phenotype polarization becomes increasingly blurred due to further subtype
characterizations.

1.3.2.4 Granulocytes and the Mast Cell

Granulocytes form a heterogeneous effector cell group consisting of neutrophil,
eosinophil, and basophil subtypes. During infections, granulocytes are recruited
from the bone marrow into the tissues via the blood. Upon activation, these cells
also secrete proinflammatory cytokines and lipid mediators, so that the defense
reactions take place in a coordinated manner. Morphologically, they are charac-
terized by a finely lobulated polymorphic nucleus and a granule-filled cytoplasm.
These intracellular vesicles contain bacteriocidal enzymes, peptides, acids, and
various signaling substances. Upon stimulation, the granules are released into the
tissues. When receptor-bound immunoglobulins are cross-linked at the cell sur-
face by antigens, this signal results in the clearing of the granules. All granulo-
cytes, together with the mast cell present in the tissue, complement each other in
their defense responses.
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© Granulocytes, together with the M®s, are the first cellular instance of defense.
They act antimicrobially, immunogenically clarifying and immunoregulatory over
the entire course of the response.

Neutrophil granulocytes together with the M®s take up most of the exogenous
material in the defense reaction. Antibody-labeled material is recognized via FcR
and effectively taken up by the cells. Thus, immunoglobulins, as part of the adap-
tive immune system, also mediate their antigen-specific binding competence on
defense cells of the innate immune system here. Complement receptors, such as
CR3 (CD11b/CD18), also support the recognition and effective phagocytosis of
microorganisms. Extracellularly released granules of neutrophil granulocytes con-
tain antimicrobially active various proteases, such as gelatinase, elastase, and vari-
ous cathepsins, as well as the antimicrobially active hypochloride ion-forming my-
eloperoxidase and lactoferrin. In addition, diverse AMPs are present in the gran-
ules. In order to immobilize and kill microorganisms, neutrophil granulocytes
also form an extracellular network (neutrophil extracellular trap) consisting of
DNA and cytoplasm. This network contains antimicrobial agents similar to those
found in phagolysosomes and granules.

Eosinophil granulocytes, on the other hand, degranulate receptor-mediated
toxic granules by exocytosis, especially against non-phagocytic parasitic protozoa
and worms. Through Fce receptors, they recognize and bind opsonizing immuno-
globulins of class E (8 Fig. 1.10) on their cell surface. After antigenic cross-link-
ing of these cell membrane-resident immunoglobulins, they release granules con-
taining various proteases, lipases, and cell-toxic basic proteins, such as major
basic protein or eosinophilic cationic protein. Oxygen radicals generated by peroxi-
dase reaction act against eukaryotic tissue and may therefore also be cytotoxic to
autologous tissue. In bronchial asthma, for example, lung epithelial cells can be
damaged within a chronic infiltration of the lung tissue with eosinophilic granu-
locytes.

Basophilic granulocytes and mast cells are functionally analogous immune
effectors (B Table 1.2). The complement system can activate both cell types via
C5a and C3a receptors. Like eosinophil granulocytes, both carry Fce receptors
for IgE on the cell surface. Via the IgD-Fc receptor, both cell types can also bind
IgD, an immunoglobulin class of the early defense phase, membrane-resident
(8 Fig. 1.10). Their granules contain, among other things, proinflammatory tis-
sue hormones, such as histamine and various kinins. The defense reaction of their
granular agents, similar to that of eosinophilic granulocytes, is predominantly di-
rected against unicellular and multicellular parasites. Whereas only basophilic
granulocytes express a peroxidase and mast cells explicitly express an alkaline
phosphatase. Basophilic granulocytes originate from the myeloid progenitor cell
lineage and migrate from the bone marrow into the blood. Mast cells arise from a
lymphoid progenitor cell line and migrate to peripheral tissues.

Both eosinophils and basophils granulocytes and mast cells are involved in
immunoglobulin-mediated type 1 (immediate-type) allergic reactions. Many food
allergies correspond to this type of reaction.
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1.3.2.5 Platelets

Platelets are cell fragments, formed by megakaryocytes in the bone marrow and
then pass from there into the bloodstream. Although they are predominantly as-
sociated with blood clotting and wound healing, they also have central functions
in innate immune defense. Through their prothrombotic, blood-clumping action,
they support the phagocytosis performance of M®s and the binding function
of extracellular networks of neutrophil granulocytes. Platelets also phagocytose
microorganisms themselves and secrete antimicrobial substances from lysoso-
mal granules. Thrombin, which is produced in the liver, activates platelets, which
then release proinflammatory chemotactic factors from secretory granules (a- and
dense granules).

1.3.2.6 Natural Killer Cell

NK cells mediate both receptor- and immunoglobulin-dependent cellular cy-
totoxicity. As part of the innate immune defense, it is to be distinguished from
the cytotoxic T-lymphocytes (CTLs) and the natural killer T-lymphocytes (NKT
lymphocytes) of the adaptive immune response, each with a specific defense re-
sponse. All these cells may complement each other in the cytotoxic defense re-
sponse against intracellularly infected or cancerogen-transformed cells.

NK cells develop from lymphoid progenitor cells in the bone marrow and later
circulate in the bloodstream. This cell type characteristically expresses the cell-
cell adhesion molecule NK1.1 (CD161/CD56; B Fig. 1.6).
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O Fig. 1.6 Innate immune defense cytotoxicity: NK cells recognize target cells lacking MHC class I
expression via receptors or immunoglobulin-labeled target cells via the FC receptor CD16a. Cytotox-
icity is mediated by CD178 (FASL)-CD95 (FASR) interaction between NK and target cell or by pro-
teolytic granzymes and cell lytic perforins. Fc: fragment crystallizable, KIR: killer cell immunoglobu-
lin-like receptor, MHC: major histocompatibility complex, NK cell: natural killer cell
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o Cell lysis is a key element in innate and adaptive immunological defense against vi-
ruses and in the elimination of pathologically altered cells.

NK cells recognize and lyse intracellularly infected cells, immunoglobulin-labeled
cells, and malignant or otherwise unphysiologically transformed cells. They de-
tect these target cells with the help of special natural cytotoxic receptors, such as
the killer cell immunoglobulin-like receptors (KIR), which are associated with the
so-called major histocompatibility complex class I (MHC class 1) on the surface
of the target cells. The MHC class I protein is expressed by all healthy cells. Tu-
mor- or virus-infected cells sometimes lack the MHC class I protein or present
it in an altered form. NK cells recognize this and then initiate the destruction of
the altered target cell. These NK cell receptors have a cytotoxicity-inhibiting and
a cytotoxicity-activating effect upon ligand binding. A cytotoxic reaction against
a target cell is triggered only if the inhibitory receptor KIR H does not find an
adequate MHC class I molecule on the target cell surface and the activating re-
ceptor KIR A can bind a suitable ligand (B Fig. 1.6). In addition, NK cells with
Fc receptors (FcyRIIla, CD16a) can bind immunoglobulin-labeled cells. Such a
conditional cross-linking of cellular receptors also leads to a cytotoxic response.
This defense process is also referred to as antibody-dependent cellular cytotoxicity
(ADCCQC).

Q By what mechanisms can NK cells kill their target cells?

Similar to granulocytes, NK cells secrete purposeful granules containing cyto-
toxic mediators, such as enzymatic proteolytic granzyme, membrane pore-form-
ing perforin and granulysin, both chaotropic cell membrane-destroying pep-
tides. The activated NK cell also expresses Fas ligand (CD178) on the cell surface,
which interacts with the corresponding Fas receptor (FASR, CD95) of the target
cell. This receptor-ligand interaction also leads to cell lysis and programmed cell
death of the target cell called “apoptosis”.

1.3.2.7 Signal Substance Network

Both the innate and the adaptive defense are characterized by a signaling net-
work that regulates individual immune responses in tissues. Endocrine active tis-
sues, endothelial and epithelial cells, and all immune cell types secrete a variety of
different signaling peptides and other signaling substances. In the early defense
phase, APPs, AMPs, and the complement system have an immunostimulatory ef-
fect. As “cytokines” designated short-chain peptides, which include the large sig-
naling group of interleukins (IL) and various cell growth and differentiation fac-
tors, have immunoregulatory effects. Other highly potent signaling substances are
lipid mediators whose biosynthesis originates from fatty acids, such as leukot-
rienes, prostaglandins, and thromboxanes.

The signaling molecules act as a complex, heterogeneous signaling network
of different cell types, mostly syn- or antagonistically, to establish and manifest
a functional orientation of defense responses. Within the innate defense, they re-
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cruit immune cells as chemoattractants, act proinflammatory, immunoregulatory,
or initiate immune tolerance. In adaptive defense, they stimulate antigen-depend-
ent targeting of immune responses. They can also mediate active downregulation
and resolution of inflammatory events.

1.3.3 Immune Cells and Factors of Adaptive Defense Response

The adaptive immune response can be divided into a recognition, differentiation,
action, and completion phase. Targeted to the respective antigen stimulation, a
defense reaction takes place. This specificity is mediated by an antigen presenta-
tion and a specific T-lymphocyte help, which leads to an antigen-dependent de-
fense reaction by effectors. This immune response polarizing T-lymphocyte help
is differentiated into a humoral defense response, which involves immunoglobulin
release into body fluids, and a cellular-cytotoxic response, which involves the cel-
lular-cytotoxic immune response by CD8* -CTLs and other cytotoxic T-lympho-
cytes (B Table 1.2 and @ Fig. 1.7).

0 How is an adaptive defense response triggered and how does it then proceed?
Monocytic immune cells that present antigens on their cell surface to the immune

system are called antigen-presenting cells (APCs). For this purpose, M®s, B-lym-
phocytes and especially DCs recognize a wide variety of exo- and endogenous an-
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B Fig. 1.7 Cellular information flow of the adaptive immune response: the adaptive defense response
is characterized by the functional phases of antigen presentation by specific monocytes, antigen rec-
ognition and defense mediation by T-lymphocytes, and antigen-specific defense response by effector
cells. CTL: cytotoxic T-lymphocyte, MHC: major histocompatibility complex, NKT lymphocyte: natu-
ral killer T-lymphocyte
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tigens, process, and present them together with other coreceptors on MHC class
I, MHC class I or CD1 molecules on the cell surface to different T-lymphocytes.
In each case, compatible T-lymphocytes recognize the antigen presentation com-
plex highly specifically with their T-cell receptor (TCR, CD?3). The specificity and
intensity of signal transduction between APCs and T-lymphocytes are strength-
ened by coreceptors such as CD40 and CD80/CD86 on the APC side, and CD154
(CD40L) and CD28 on the T-lymphocyte side. Only this costimulation allows bi-
lateral activation of APC and T-lymphocyte (B Fig. 1.8).

This cell-cell interaction is stabilized and controlled by various intercellular
adhesion molecules (ICAMs), lymphocyte function-associated antigens (LFAs),
and vascular cell adhesion molecules (VCAMs). T-lymphocytes, which are dually
activated by both TCR and CD154, secrete IL-2 and, by also expressing the cor-
responding IL-2 receptor on the cell surface, initiate self-sustained clonal pro-
liferation. The antigen-specific stimulatory power of T-lymphocytes is thus en-
hanced many-fold. Cytokines of APCs further support the activation of T-lym-
phocytes. On the other hand, this dependence of T-lymphocytes on growth
factors is also an important regulator in the limitation and termination of a de-
fense reaction.
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B Fig. 1.8 T-lymphocyte help: CD4* -T-lymphocytes mediate MHC class I1-dependent antigen-spe-
cific immune stimulation between APCs and effector cells. APC: antigen-presenting cell, BCR: B-cell
receptor, ICAM: intercellular adhesion molecule, 1L: interleukin, LFA: lymphocyte function-associated
antigen, MHC: major histocompatibility complex, TCR: T-cell receptor, VCAM: vascular cell adhesion
molecule
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o The adaptive defense response is mediated by cellular antigen presentation and spe-
cific T-lymphocyte help leading to a specific antigen-dependent defense response by
various effector cells.

Exogenous peptide antigens are taken up by APCs through phagocytosis, endo-
somally incorporated, and fragmented by lysosomal enzymes. The antigen frag-
ments are then presented by the APCs through MHC class II molecules on the
cell surface to CD4" -T helper lymphocytes, where the CD4 lymphocytic core-
ceptor ensures that only MHC class 1I is specifically contacted. MHC class 11
molecules consist of two symmetrically arranged carrier proteins, with either two
a, -, &, - or two B, -, B, -subunits. In addition to protein structures, endocytoti-
cally incorporated zwitterionic polysaccharides carrying both positive and nega-
tive functional groups and negative polynucleotides are also presented of APCs
on MHC class II molecules. In the adaptive humoral immune response, the struc-
tural information of exogenous antigens is recognized by CD4* -T-lymphocytes
on MHC class II molecules, and this specific stimulation is mediated to B-lym-
phocytes, which in turn differentiate into plasma cells and form immunoglobulins
that can bind the same antigen, albeit to different structures. The adaptive im-
mune system can also perceive food components as antigens, which can result in
pathological misreactions.

Endogenous peptide antigens, such as viral envelope proteins, are broken
down into peptides by a proteolytic proteasome in the cytoplasm, delivered ve-
sicularly to the cell surface via the ER by an antigen-peptide transporter called
transporter associated with antigen processing (TAP), and presented by MHC class
I molecules to CD8* -CTLs. The MHC class I molecule consists of a carrier pro-
tein with three a;-, a,-, o;- subunits and a non-membrane-associated globular
protein called B,-microglobulin. Again, this cell—cell interaction is stabilized and
controlled by ICAMs. The coreceptor CD§ ensures specific MHC class I bind-
ing. Antigen presentation on MHC class I molecules does not induce T-lympho-
cyte help but mediates antigen-specific attack of CTLs on target cells. This cyto-
toxic immune response is supported by T-lymphocyte help through cytokine sig-
nals (B Figs. 1.7 and 1.9).

o Foods may have antigenic potential and trigger an adaptive defense response.

Aliphatic structures, such as lipids and fatty acids, are endosomally processed and
presented by the CD1 a-d presentation molecule of APCs to NKT or y8-T-lym-
phocytes. These CD1-restricted cells exhibit both cytotoxic and immunoregula-
tory functions. Thus, lipid components from foods, such as colostrum or butter-
milk, may have a stimulatory effect on a CD1-mediated immune response.

1.3.3.1 Dendritic Cell

The DC is a heterogeneous group of cells united by their common function, re-
sulting from myeloid, monocytic, and lymphoid progenitor cells; DCs are not to
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B Fig. 1.9 Cytotoxicity of adaptive immune defense: APCs mediate specific cytotoxicity to target
cells by MHC class I presentation of endogenous peptide antigens or by CDI1 presentation of exo-
and endogenous lipid antigens. APC: antigen-presenting cell, CTL: cytotoxic T-lymphocyte, ICAM: in-
tercellular adhesion molecule, LFA: lymphocyte function-associated antigen, MHC: major histocompati-
bility complex, TCR: T-cell receptor, VCAM: vascular cell adhesion molecule

be confused with the dendrites of the nervous system (B Table 1.2). Only their
finely branched, star-shaped cell morphology connects these namesakes. The
Langerhans cells of the skin are also classified as DCs but are a distinct group
of APCs. Along with M®s and B-lymphocytes, so-called interdigitating DCs are
the most potent APCs. They are central coordinators of the defense response. As
such, they also link the innate to the adaptive immune response. A large number
of DCs are found in surface tissues and mucous membranes. In peripheral tissues,
they take up extracellular and intracellular antigenic material and even stretch
their long cell extensions through the epithelial outer barriers of the body to
make direct contact with the environment for this purpose. After antigen uptake,
they migrate from the periphery via the lymphatic system to the lymph nodes,
where they mature into potent APCs. As such, they present antigens on MHC
class I or MHC class II molecules along with various MHC-associated costimu-
latory receptors, such as CD80/CD86, CD 40, and various ICAMSs. In addition, a
variety of immunoregulatory signaling substances are secreted. The mature den-
dritic cells are thus able to stimulate naive CD4*- as well as CD8*-T cells with
great efficiency.
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— DC Maturation

Immature cells migrate from the bone marrow via the blood system to peripheral
tissues. There they take up antigens and migrate to the lymph nodes, where they
mature into highly potent APCs. Antigen presentation activates naive T-lympho-
cytes. DCs link innate and adaptive defenses through their central regulatory func-
tion.

In addition to defense mediation, DCs are also tolerance-inducing. For example,
under certain circumstances, presentation of self-antigens leads to the apoptotic
programmed cell death of T-lymphocytes or the inactivation of effectors, called
“anergy”. In addition, anti-inflammatory regulatory T cells can be activated by
DCs in this context.

Unlike interdigitating DCs, follicular DCs, which are located in the follicles of
lymph nodes, are specialized to stimulate B-lymphocytes in lymph nodes. They
are involved in the initiation and maintenance of immune memory. In addition,
other DC types, such as interstitial and plasmacytoid DCs, are known, each with
specific cell properties.

Similar to M®s, DCs can also differentiate into functional cell subtypes as
they continue to mature. According to the T-lymphocyte help to be mediated,
they mature into DCI1 for a cellular-cytotoxic response or DC2 for a humoral re-
sponse. According to their phenotype, they initiate and consolidate the respective
immune response. Non-differentiated DCs are functionally assigned to suppres-
sive immune regulation and tolerance induction.

1.3.3.2 CD4* -T-Helper Lymphocyte and CD8* -T-Cytotoxic
Lymphocyte

In the bone marrow, lymphoid progenitor cells are formed, which then mature
and differentiate in the thymus into T-lymphocytes with different functions in
adaptive immune defense (B Fig. 1.5). A basic distinction is made between helper
lymphocytes and cytotoxic lymphocytes. Both cell types carry a TCR that specif-
ically binds antigen-loaded MHC class II or class I molecules on APCs together
with either the CD4 or CD8 coreceptor, respectively. Theoretically, specific clones
of reactive T-lymphocytes exist for all antigen-MHC complexes. Both T-lympho-
cyte types undergo a maturation process in the thymus to ensure that only func-
tional cells without any autoimmune reactivity enter the bloodstream. This pro-
cess is referred to as “central immune tolerance.” In positive selection, all TCR
carriers with too low or dysfunctional MHC binding affinity are killed or aner-
gically inactivated; in negative selection, this is done with all T-lymphocytes that
recognize endogenous antigens on MHC with their TCR. DCs and epithelial cells
of the thymus act as controlling APCs here.

o The antigen specificity of the adaptive immune response is mediated only by lym-
phocytes and results from the antigen structure information cascade between APC,
T-lymphocyte, and effector cell.
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CD4*-T-lymphocytes mediate lymphocytic help through cell contact and interleu-
kin secretion for an adaptive, antigen-specific humoral or cellular-cytotoxic im-
mune response during the differentiation phase in peripheral lymphoid organs.
Antigens presented by APCs on MHC class II molecules are specifically recog-
nized by T-lymphocytes with matching CD4-TCR. Here, the TCR-associated
CD4 molecule ensures that the T-lymphocyte specifically binds to MHC class 11
molecules. This, together with binding of the coreceptors CD28 and CD154 to the
corresponding APC-binding molecules CD80/CD86 and CD40, leads to recipro-
cal cell activation and IL-2-dependent T-lymphocyte proliferation (B8 Fig. 1.8).
This cell-cell interaction is stabilized and controlled by ICAMs. Depending on
stimulation and immune status reaction-supporting Th, -, Th, -, Th, -, Th, -,
Th,, -, or T, -lymphocytes or immunosuppressive regulatory Treg -lymphocytes
are formed.

— T-lymphocyte Maturation

Progenitor cells are initially CD4 and CDS8 positive and form their TCR in the
bone marrow. In the thymus, cells that recognize endogenous structures with their
TCR or are dysfunctional are eliminated. Differentiated CD4- or CD8-positive
cells migrate from the thymus via the blood system to peripheral lymphoid organs.
All T-lymphocyte types and subtypes mature in the thymus. They are antigen-spe-
cifically activated by MHC-TCR interaction.

CD8*-T-lymphocytes are cytotoxic effector cells, which carry on and comple-
ment a response from NK cells as part of the adaptive defense response. Anti-
gens presented by APCs on MHC class I molecules are specifically recognized by
CTLs with matching CD8 TCR and activated together with coreceptor binding
(8 Fig. 1.9). This cell-cell interaction is also stabilized and controlled by various
adhesion molecules. The TCR-associated CD8 cell surface molecule ensures spe-
cific MHC class I binding. CD4*-T helper lymphocytes support the cytotoxic im-
mune response with appropriate signaling molecules. Target cells of this cytotoxic
defense are, for example, virus-infected, intracellular-bacterial-infected, damaged
or pathologically altered cells. Viral proteins, for example, are processed via the
ER and presented by affected cells on MHC class I molecules to the cell surface
defense system. Endogenous cell stress-associated or carcinogenic proteins are
also presented accordingly and thus indicate cellular dysfunction or cell damage
to the cytotoxic defense system. Upon specific cell contact of CTLs with the tar-
get cell, these then secrete cytotoxic perforins and granzyme B which kill the tar-
get cell by inducing programmed cell death analogous to NK cells. Another al-
ternative pathway to apoptotically kill target cells is cell contact mediated. CTLs,
with the help of CD4*-T-lymphocytes, express CD178, which interacts with
CDO95 of the target cell and kills the target cell through this signal induction.

Within an adaptive immune response, both CD4"- and CD8*-T-lymphocytes
can differentiate into long-lived memory cells under appropriate cellular signaling
to effectively counter reinfection with the same stimulation.
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1.3.3.3 NKT Lymphocyte

NKT lymphocytes recognize endogenous or extracellularly taken up lipid struc-
tures, such as phospholipids, glycolipids, and lipoproteins, presented by APCs
predominantly on CD1 molecules with their cell-specific TCR. Thus, a cyto-
toxic response can also be initiated independently of MHC class I proteasome
processing (B Fig. 1.9). After maturation in the thymus, this cell type expresses
NK 1.1. and the cell adhesion molecule CD56 similar to NK cells. Once activated
by APCs, it can also recognize intracellularly infected, damaged, or transformed
cells in a manner analogous to CTLs. It kills target cells either by purposive gran-
zyme and perforin release or via CD178/CD?95 interaction. NKT lymphocytes, in
addition to immunoregulatory functions, are cytotoxic effectors that complement
the broad cell lytic effector portfolio of the immune defense. They can be differ-
entiated into three subgroups NKT, -, NKT, -, and NKT,; -cells by a different
TCR structure, which is analogous to the T-lymphocyte polarization. Function-
ally, they show differently pronounced cytotoxic and immunoregulatory proper-
ties.

1.3.3.4 YO-T-Lymphocyte

In the majority of T-lymphocytes, the TCR is anchored to the cell membrane by
an a- and a B-protein carrier chain, respectively. y3-T-lymphocytes are character-
ized here by a particular TCR structure. TCRs with y8-carrier proteins are mostly
CD4- and CD8-costimulator negative and recognize lipid structures presented
primarily on CD1 molecules (B Fig. 1.9). However, unbound antigen molecules
can also be directly recognized and bound by this TCR. y8-T-lymphocytes thus
combine response characteristics of both innate and adaptive immune defenses.
Cell activation can also occur via APCs or, alternatively, directly by cytokine sig-
naling. These cells, also referred to as “intraepithelial lymphocytes”, are predom-
inantly located in the intestinal mucosa. There, they support immune reactions by
releasing signal substances and also show cytotoxic potential.

1.3.3.5 B-Lymphocyte

The B-lymphocyte exhibits both effector properties and immune response-me-
diating APC functions. As an effector cell, this cell type induces a humoral de-
fense reaction against exogenous antigens by formation and secretion of high-af-
finity, antigen-specific immunoglobulins. B-lymphocytes present antigen on MHC
class II molecules, which has previously been bound by cell membrane-situated
immunoglobulins, also known as B-cell receptor (BCR), and guided endosomally
into the cell. The antigen presented by MHC class II molecules corresponds to
the BCR antigen. Interestingly, the molecular attachment structure of the anti-
gen, i.e., the epitope, of the MHC and BCR antigen complexes is not necessar-
ily identical. The release of immunoglobulins is usually initiated by TCR bind-
ing of a compatible CD4*-T-lymphocyte with an antigen-loaded MHC class 11
molecule of a B-lymphocyte, accompanied by cytokine signaling agents. This in-
volves mutual costimulation by CD28 and CD80/CD86 as well as with CD154
and CD40 binding (B Fig. 1.8). Interestingly, NKT lymphocytes can also medi-
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ate this stimulatory assistance. Activated B-lymphocytes proliferate in the follicles
of lymph nodes and mucosa-associated tissues under T-lymphocyte assistance in
a so-called germinal center reaction and differentiate first into divisible plasma-
blasts, then ultimately into immunoglobulin-producing plasma cells that are no
longer able to divide. Follicular DCs accompany this process by continually pre-
senting antigen and providing costimulation and growth factors for these cells. A
small proportion of activated B-lymphocytes remain in the lymph node and dif-
ferentiate not into plasma cells but into long-lived memory cells, forming the ba-
sis for a similarly subsequent immunoglobulin-based efficient defense response
alongside T-lymphocyte memory. Plasma cells as effectors can emigrate from the
lymphoid follicle via blood vessels into peripheral tissues. Plasma cells, guided by
chemokine signaling and cell adhesion molecules, also migrate back to their site
of origin in the bone marrow and occupy stromal cell-lined niches that supply
them as long-lived immunological memory cells. B-lymphocytes can also be acti-
vated by polar structures that bind multiple BCRs with their molecular structure
simultaneously, independent of T-lymphocyte help. However, this does not lead
to the formation of memory cells.

B-lymphocyte maturation: Progenitor cells first form their BCR in the bone mar-
row. There, immature cells that bind to endogenous structures with their BCR or
are dysfunctional are then eliminated. After migrating from the bone marrow via
the blood system to the peripheral lymphoid organs, they are activated by antigen
binding and mature into an antigen-producing plasma cell or an immunological
memory cell.

Activated B-lymphocytes change their BCR over time by somatic hypermuta-
tions. The binding affinity of the formed antibodies to the antigen improves, and
a change of immunoglobulin classes occurs (B Fig. 1.10). In total, five different
immunoglobulin classes are produced by plasma cells, but only one type is pro-
duced by the same cell at a time. They are an important link between the innate
and adaptive immune defenses, since they can mediate specific antigen-binding
capacities in a freely released or cell-bound manner already in the early defense
phase.

1.3.3.6 Immunoglobulins

Immunoglobulins are binding proteins with high affinity for antigenic structures.
“Paratop” variable chain-binding domains recognize and bind to “epitope” char-
acteristic molecular structures of an antigen (B Fig. 1.10). This binding speci-
ficity, starting from antigen presentation by APCs, is mediated by T-lymphocyte
help to B-lymphocytes. B-lymphocytes activated in this way differentiate into
plasma cells, which release antigen-specific immunoglobulins as part of a hu-
moral immune response (B Figs. 1.7 and 1.8). Immunoglobulins are involved in
innate and adaptive immune defense with various functions. Their Y-shape, each
with four highly variable binding paratopes, enables agglomeration and immo-
bilization of particles, microorganisms, and parasites. Immunoglobulin binding
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also allows proteins to lose their water solubility and precipitate. Toxins and ir-
ritants are thus neutralized. In addition, immunoglobulins mark foreign sub-
stances and organisms for defense cells. This process is called “opsonization”. Fc
receptor-mediated binding of immunoglobulins to cell surfaces by the Fc frag-
ment of the heavy chain leads to sensitization of various immune cells. Granulo-
cytes, mast cells, and cytotoxic effectors can thus respond specifically to antigens.
In M®s and other phagocytotically active immune cells, immunoglobulin labe-
ling increases the uptake capacity of foreign substances. Immunoglobulins also
activate the antimicrobial complement system of the innate defense response. The
spleen degrades immunoglobulins present in the blood after the defense reaction
has been completed. A total of five different immunoglobulin classes are formed,
each characterized by constant sections of the heavy chain.

= Immunoglobulin M (IgM)

IgM is the first secreted antibody type within the early phase of the immune re-
sponse and can already be secreted by short-lived extrafollicular plasma cells.
All non-stimulated naive B-lymphocytes carry IgM as BCR on their cell surface.
Freely soluble IgM is present, linked by a peptide called “J-chain”, as a penta-
or hexamer. Within an early defense response, IgM can be spontaneously se-
creted by B-lymphocytes without T-lymphocyte help by antigen-mediated IgM-
BCR cross-linking. This process is closely related to the innate immune response,
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as IgM is highly efficient in triggering the complement system. IgM, together with
the complement system, is to be regarded as the central cell activation element of
the early defense phase.

= Immunoglobulin D (IgD)

IgD is bound to the cell membrane of B-lymphocytes as a monomeric structure,
similar to IgM. After complete activation and differentiation of the B-lympho-
cyte into a plasma cell, both IgD and IgM are produced. Via the IgD-Fc receptor,
basophilic granulocytes and mast cells can bind IgD on their cell surface.

Affinity maturation of immunoglobulin classes and subclasses: In the presence of
stimulation, the B-lymphocytic plasma cell undergoes an immunoglobulin class
switch and produces immunoglobulins of classes G, A, or E. The antibody re-
sponse specifies to the present stimulation and thus increases its defense efficiency.
Within the immunoglobulin classes, further functionally highly specific subclasses
differentiate. This process is called “affinity maturation™.

= Immunoglobulin G (IgG)

IgG is produced by plasma cells, depending on the immune status, in 4 different
subclasses after the immunoglobulin class switch. 1gG,, IgG;, and 1gG, are pla-
cental and protect the developing fetus in utero. Their effector function is pre-
dominantly the neutralizing binding and opsonization of bacteria and viruses.
With the exception of IgG,, all IgGs can activate the complement system. In par-
ticular, IgG, and IgG, sensitize M®, DCs, B-lymphocytes, and NK cells via Fcy
receptor binding.

= Immunoglobulin A (IgA)

IgA is present as a monomeric structure with two subclasses IgA, and IgA,
bound to mucous membranes or it is dissolved as secretory sIgA structured
as a dimer with a J-chain connecting the monomers and a secretory SC-chain,
which serves as a transport mediator through epithelial barriers and as protection
against intestinal protease digestion. Secretory sIgA is found in saliva, tears, and
milk. IgA has a neutralizing, opsonizing effect and sensitizes M®, neutrophil,
and eosinophil granulocytes via Fca-receptor-mediated cell surface attachment.

= Immunoglobulin E (IgE)

IgE is an antibody that occurs as a monomer and is particularly effective against
parasites. Eosinophils and basophilic granulocytes as well as mast cells can bind
IgE with the help of the Fce receptor on their cell surface. Antigen-induced
cross-linking of these cell surface-associated IgE causes immediate activation and
degranulation of these already sensitized effectors. Allergies of the immediate
type (type 1 allergies), such as food allergies, allergic asthma, and rhinitis, are also
IgE-dependent in this context.
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= Immunoglobulins in Food

In foods with claims for infection prevention and treatment, immunoglobulins
are often included as a functional component. The basis of these products is usu-
ally milk or egg. In their natural function, both foods have the task of protecting
expectant life from microbial hazards. In the case of both milk and the egg, the
mother animal transfers its immunological competence to the offspring. With a
similar, maternal microbiological environment, it is then perfectly protected.

o Different immunoglobulin classes are found in egg, milk, and associated products.

Egg immunoglobulins are found in the yolk and are therefore referred to as IgY
(egg yolk). 1gY is functionally equivalent to IgG and IgE. Milk contains predom-
inantly sIgA, but also IgM and IgG. Colostrum is up to six times richer in immu-
noglobulins. Bovine colostrum is sometimes powdered and encapsulated and mar-
keted directly as immune protection for children. In New Zealand, bovine vaccine
milk is produced. Cows are immunologically stimulated (vaccinated), and the re-
sulting milk is then enriched with specific immunoglobulins from the cow, for ex-
ample, against rotavirus. In the Asian market, immunoglobulins are often adver-
tised as a functional component of yogurt. In the intestinal lumen, these can bind
to microorganisms and material. However, uptake of functional immunoglobu-
lins by the intestinal epithelium does not always occur. In contrast to adults, the
intestinal barrier of newborns and infants is still permeable to immunoglobulins
and these can be absorbed accordingly and also have a systemic effect. A related
effect in humans in the blood or lymphatic fluid beyond the crawling age is there-
fore questionable.

Excursus I: Guidelines, Markets and Forms of Application of Inmune-functional Foods

The medical claim of food products has
an increasing relevance for the food in-
dustry and leads to market intersections
with the pharmaceutical and cosmetics
market. Functionality with broad con-
sumer interest significantly increases the
market value of a food product. Nutra-
ceuticals, pharmaceutical, health, or de-
sign food are common synonyms of this
market segment. Starting with supple-
ments offered in the form of pills, ef-
fervescent tablets, and capsules, the
first nutritional formulations with med-
ical indications, such as age- and dis-
ease-specific foods and sports nutrition,
appeared on the market as early as the
1970s (B Fig. 1.11).

The continuing desire of consumers
to eat healthily supports this trend and
opens up the food market to a diverse
range of products. For the pharmaceu-
tical market, this development is visi-
bly competitive, especially in the area
of self-cost medication, and provokes a
sharp demarcation between pharmaceu-
ticals and foods. The latter states that
medicinal products restore, correct, or
otherwise specifically influence physi-
ological functions of humans and an-
imals with a defined active substance—
function relationship in pharmacologi-
cally high doses, as scientifically proven.
Foodstuffs with a medicinal character
want to do this in principle. But an ef-
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self-medication
supplements
O Fig. 1.11  Market segments of food products with medical claims

fect with food components is generally
aimed at in low active substance quan-
tities, rather in the sense of naturopathy
and phytomedicine, within the frame-
work of food law. In principle, a distinc-
tion is made here between dietetic food
applications, characterized by a special
composition for a defined nutritional
purpose, and balanced diets, which are
functionally oriented to a special med-
ically determined nutrient requirement.
Functional foods have not yet been
defined in a very uniform way and are
mostly offered in food forms that are
compatible with the subject. In most
countries of the world, legislation dis-
tinguishes between functional foods and
food supplements or supplements. In
the European Union, foodstuffs which,
in addition to their nutritional func-
tion, influence physiological parameters
of long-term significance to the con-
sumer in a targeted manner must cor-
respond to a typical food form. In or-
der to regulate the claiming of medici-
nal-functional properties of foods in
the sense of consumer protection, it was
stipulated within the European Union
in the so-called Health Claims Regula-
tion that health-related claims, such as
“strengthens the body’s defenses”, or
claims about the reduction of a risk of

disease, must be substantiated and are
ultimately only permissible if they are
included in a defined positive list for
ready-to-eat foods or a food ingredient.
This Register of Nutrition and Health
Claims made on Foods is subject to sci-
entific evaluation by the European Food
Safety Authority. The political orienta-
tion of the European Union in this re-
gard is primarily reflected in the so-
called European Union Pledge: Strategy
of Europe on Nutrition and Health. The
approval law of the USA for functional
foods and supplements is based, similar
to the European law, on a positive list in
which ingredients and possible claims
are specified. Two different types of
claims are specified. On the one hand,
all claims of functional foods that refer
to the reduction of disease risk are per-
mitted, on the other hand, effects on the
structure, stature, and function of the
human body may also be claimed. Ap-
plications in which the concentrations
of one or more ingredients are modi-
fied to enhance their contribution to a
healthy diet are also considered func-
tional foods in the USA. The Dietary
Supplement Health and Education Act of
1994 separately regulates the approval
of dietary supplements. Interestingly,
supplements here are not subject to rig-
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orous scientific review. The regulatory
agency for functional foods and supple-
ments in the USA is the Food and Drug
Administration.

In the Asian region, foods with
properties,
as fermented soy and fish protein or

health-promoting such
polyphenol-rich teas, are traditionally
strongly anchored in the collective con-
sciousness of the population. In Japan,
the basic rule is that foods whose ingre-
dients have a positive effect on the hu-
man metabolism are consumed as part
of the normal diet, and the active ingre-
dients must be of natural origin. Food
products can thus be qualified and
standardized with a general health ref-
erence, within food health claims. This
claim is categorized as either nutritional
supplement function with defined con-
centrations of active ingredients as Food
with Nutrient Function or as health-pro-
moting function as Food of Specified
Health Use. Based on the Improvement
Nutrition Law, the Japanese Ministry
of Health, Labor and Welfare decides
whether to approve foods with medical
claims.

It was not until late that claims for
immune-relevant properties of every-
day foods, especially dairy products,
were able to establish themselves. To-
day, interesting strategies for medicinal—
functional claims can be found for teas,
beverages based on plant extracts, con-
fectionery, and even combined food—
cosmetic product offerings.

From this demarcation, functional
foods are striving toward traditional or
modern, puristically designed applica-
tion forms, as in the “super food” nu-
trition trend, in which mostly exotic,
plant-based raw materials with vari-
ous health-promoting properties are
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combined in powder form, and exploit
a specifically advertised proximity of
functionality and naturalness. Vegetar-
ian, vegan, or modern nutrition trends,
such as clean or raw food, are driving
this development as dietary concepts
relevant to the market.

The market is dominated by health
claims related to immune function,
based on essential nutrients such as vi-
tamins and minerals. Another large
product group includes bacteria and
fiber as pro- and prebiotics with aspects
related to a healthy intestinal barrier.

It is precisely the area of tension be-
tween bacteria and humans that opens
up new research aspects for research far
beyond the microbiome of the gut. Un-
der the slogan “Bacs goes drugs”, very
interesting microbial interactions with
humans are being recognized. In addi-
tion to pharmaceutical therapy possibil-
ities, such as the use of oxygen-avoiding
bacteria and bacterial or human viruses
as antitumor agents, they offer an inter-
esting knowledge base for product ideas
in the food and cosmetics sector, such
as the support of healthy bacterial colo-
nization of the skin, the oral cavity, and
the gastrointestinal tract.

Promotions to reduce risk factors
of infection are also a broad field of ap-
plication and include all immune de-
fense-enhancing measures, such as the
prevention of nutrient deficiency-in-
duced immunological defense insuffi-
ciency, but also immune system-modify-
ing and antimicrobial food components.

In order to influence immunologi-
cal functions with food, exotic, chemi-
cally, or genetically modified raw mate-
rials can also be of interest. In the Eu-
ropean Community, these raw materials
fall under the so-called Novel Food Reg-
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ulation. Approvals in this regard are Nevertheless, if there is a high physio-
lengthy, with procedures lasting 5 years, logical benefit for the consumer, market
and market acceptance for such prod- prospects may also arise for this type of
ucts is still rather limited in Europe. immune-functional food.
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Trailer

The skin and mucous membranes of the body constitute the first defense element of the
immune system. Single- to multilayered epithelial end tissues form a regulated, permea-
ble, absorptive barrier of the body to the environment. All barrier-associated lymphoid
tissues are interconnected via the lymphatic system, so local inflammatory events are al-
ways systemically relevant. Physiological microorganisms provide the body with a further,
microbiological barrier. This results in a finely tuned relationship between immunological
tolerance and defense. If this is disturbed, chronic inflammatory diseases can result.

The intestine is limited to the outside by a resorptive barrier system and is divided
into the digestively active small intestine and the microbially fermentatively active large
intestine. Each microbial species of the intestinal colonization is an action option of a
functional network, which can react variably with the organism composition to respec-
tive environmental situations. The immune function of the intestinal barrier is com-
posed of the cellular termination tissue, the mucus quality, the general immune status,
and the microbial colonization of the intestine. All these mutually dependent barrier
elements are influenced by various dietary factors.

In general, the gut-associated defense system is oriented toward tolerance. Antimi-
crobial defensins and secretory immunoglobulins are first elements of the immune de-
fense. Microbial molecular structural patterns are recognized by specific receptors of
antigen-presenting immune cells, enterocytes, and various effector cells and stimulate
the immune system. Nutritional status, antimicrobial and anti-adhesive food compo-
nents, prebiotic oligosaccharides and sugar alcohols, and probiotic bacteria and their
cell fragments are important nutritive factors in this regard and are also discussed as
dietary supplements for the treatment of ulcerative colitis and Crohn's disease. The
gut—brain axis is a bidirectional connection between the central nervous system and the
enteric nervous system of the gut. In addition to neuronal communication, endocrine
factors and immunologic signaling are relevant here. The intestinal microbiome as well
as the intestinal and immune functions influenced by it are codecisive for mental health
and are therefore therapeutically addressed with psychofunctional nutritional concepts.

cellular barrier

exogenous antigens
microbial a-'lical barrier
endog-ltigens
| immunogen recognition and immune response activation |
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== What functional elements make up the microbiological and cellular immune bar-
rier?

== [s the intestinal barrier a special immune barrier?

== What is the relevance of the immune barrier in the implementation of defense re-
sponses and immunological tolerance to environmental factors?

== What dietary factors influence barrier function?

= Are there immunological diseases of the intestinal barrier, with food being rele-
vant?

2.1 Epithelial Barriers of the Body

The anatomical demarcation of the body by skin and mucous membranes gener-
ates the first defense element of the immune system. A single- to multilayered epi-
thelial closing tissue forms a regulated, permeable, absorptive barrier of the body
to the environment. While the keratinogenic epidermis of the skin excludes exter-
nal influences as far as possible, the mucosal barriers of the mucosa, especially
those of the lungs and the gastrointestinal tract, must allow a regulated resorptive
exchange of substances.

In general, the basolateral connective tissue side of epidermal barriers,
traversed by blood and lymphatic vessels, contains numerous subepithelial APCs,
such as DCs, M®s, and B- and T-lymphocytes, as well as various effector cells of
innate and adaptive defenses. The barrier lymphoid tissues of the skin, respira-
tory tract, glandular excretory ducts, and urogenital and gastrointestinal tracts
are interconnected and allow a permanent exchange of immune cells, stimulatory
and signaling substances between the lymphatic subcompartments (B Fig. 2.1).

Local inflammatory events thus always have systemic relevance as well. Fluids
and mucus wetting the barrier epithelia also contain diverse antimicrobial protein
structures. Specific epithelial cells secrete various 20-150 amino acid long pep-
tides that can opsonize, neutralize, or lyse bacteria to repel pathogenic organisms,
such as the anionically charged dermcidin-1L in the sweat of the skin or the cati-
onically charged histidine-rich histatins of the oral mucosa. Deficiencies of these
direct defense mechanisms are always associated with pathological symptoma-
tology. Deficiencies of antimicrobial surfactant peptides of the upper respiratory
tract are discussed in connection with asthma, for example. Atopic dermatitis is
associated with impaired expression of dermcidin and psoriasis with a disturbed
microbial colonization of the skin.

0 Are all immunological barriers colonized with microorganisms?

The outward-facing side of the barriers is populated in each case with specific
commensal microorganisms, which are grouped together as the body's microbi-
ome. The microorganisms of the skin, the oral and pharyngeal cavity as well as
the bronchial tubes, the urogenital system and the intestine are partial microbi-
omes, which give the respective physical-cellular also a microbiological barrier.
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Together with epithelial secretions, bacteria slightly lower the pH of the environ-
ment by forming organic acids. In addition, a displacement growth by commen-
sals and the concomitant competitive coverage of potential adhesion sites for
microorganisms to the terminal tissue prevents the establishment of pathogenic
germs to the barrier. This precarious proximity between the immune system and
the barrier microbiome results in a finely tuned balance between defense and im-
munological tolerance. If this is disturbed, chronic inflammatory diseases can re-
sult.

2.1.1 The Intestinal Barrier

The intestine is bounded externally by an epidermal-resorptive barrier system and
subdivided into the enzymatically digestively active small intestine or intestinum
tenue and the microbially fermentative-active large intestine or colon. Anatomi-
cally, the small intestine consists of the duodenum, the jejunum, and ileum. The
ileocecal valve separates the small intestine from the large intestine. A single-lay-
ered, highly prismatic epithelium of pear-shaped enterocytes borders luminal the
intestinal space from the serosal lamina propria, a connective tissue permeated
by blood and lymphatic vessels (B Fig. 2.1). Continuous tissue closure of the in-
testinal barrier is provided by connecting elements between intestinal epithelial
cells in the zona occludens and zonula adherens. “Tight junctions” and “gap junc-
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O Fig. 2.1 Intestinal barrier: The intestine is functionally divided into the small intestine and the mi-
crobial-fermentative-active colon. The intestinal barrier demarcates the luminal side from the sero-
sal side by a mucus layer and an epidermis composed of enterocytes, goblet cells, Paneth cells, and
M-cell-associated lymphoid follicles. Antimicrobial agents and immune cells provide balanced im-
mune protection. AMP: antimicrobial peptide, DC: dendritic cell, M®: macrophage, MUC: mucin, M
cell: Microfold cell, slg: secretory immunoglobulin, TTFs: trefoil factors, mucus healing factors
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tions” called intercellular membrane protein connections as well as “adhesion belt
desmosomes” called intercellular protein channels with keratin fibrils and other
molecules, such as cadherin, filamentous glycoproteins, and polysaccharides ena-
ble a tight epithelial closure of the intestinal lumen to the serosal side. The epithe-
lial cells sit basally on a rough tissue membrane called the basement membrane.

0 How does the intestinal barrier separate the body from orally ingested food?

The stomach content known as chyme is acid-sterilized. Starch and fats are al-
ready predigested by amylases and tongue base lipases of the mouth. Protein
components have also already been enzymatically decomposed by gastric pepsin.
In the duodenum of the small intestine, pancreatic glycosidases, lipases, and pro-
teases further digest the ingested food. Subsequently downstream, water and nu-
trients are absorbed by the small intestine. For this purpose, the resorptive entero-
cytes of the small intestine have a brush border of microvilli as a surface enlarge-
ment. Later in the colon, the proportion of brush border enterocytes decreases
visibly. The enterocytes are covered by a protective, thin network of glycolipids,
glycoproteins, enzymes, and oligosaccharides called glycocalyx. As further protec-
tion, goblet cells lacking microvilli and glycocalyx secrete a rigid form of mucus,
which consists of highly glycosylated mucin proteins. A total of 16 different mu-
cin genes are known in humans, which, similar to glycocalyx, form a proteo-ol-
igosaccharide network of hexoses, sialic acid, and N-glycans on the cell surface.
In both the small and large intestines, goblet cells produce a rigid mucus layer
composed predominantly of mucin (MUC)-type 2 glycoproteins. MUC-2 exhibits
a rigid quality that is difficult for microorganisms to penetrate. To maintain this
protective function, goblet cells also produce disulfide-bearing secretory proteins
as mucus healing factors, which initiate mucosal repair mechanisms.

@ How is the microbiological colonization of enterocytes in the intestinal lumen im-
munologically regulated?

The microbiome of the intestine consists of a small intestine-associated and
a large intestine-associated subarea. In the large intestine, a dense colonization
with diverse, specific bacterial and yeast genera ensures effective fermentation of
the intestinal contents called “feces”. Digestive and absorptive processes in the
small intestine, as well as the strictly formed immunological barrier there, result in
very limited microbial growth. If the bacterial count in the intestine exceeds 105
germs per gram of feces, this is referred to as a small intestinal colonization de-
fect, which is often associated with a short bowel syndrome or a defective ileoce-
cal valve. A high flow rate of the food pulp and the digestive enzymes in the small
intestine are the first important defense factors. Paneth granule cells and secre-
tory enterocytes also secrete bactericidal and fungicidal AMPs called “defensins”.
Paneth granule cells as well as neutrophilic granulocytes and NK cells produce
a-defensin-5 and -6, and secretory enterocytes also produce various B-defensins.
Also in the colon, pB-defensins are secreted. These peptides are sometimes com-
posed of cationic, hydrophilic, and hydrophobic amino acids and enable more or
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less specific attachment of microbial membranes, ultimately leading to perfora-
tion, lysis, and killing of microbial cells.

© The environment of the small intestinal lumen makes microbiological colonization
of the intestinal epithelium difficult, while the environment of the large intestinal
lumen promotes it.

Immunological mechanisms also regulate the microbiological situation in the gut.
Subepithelial DCs of the mucus-associated lymphoid intestinal tissue constantly
take up antigens from the environment, from the intestinal lumen, and present
them to the immune system. This can lead to an immunological defense response
depending on the type of antigen, the intensity, and duration of antigen pres-
entation by DCs. DCs can either intercellularly extract material from the intesti-
nal lumen through long cellular extensions, forming tight junctions to neighbor-
ing enterocytes and thus maintain the intestinal barrier, or they are supplied with
material from the intestinal lumen by phagocytosing goblet cells and lymphoid
follicle-associated microfold cells (M cells). M cells, like goblet cells, do not pos-
sess a glycocalyx and therefore freely take up external material luminal in the in-
testinal lumen and transport it transepithelially with vesicles through the cell into
the basolateral connective tissue of the intestinal barrier, where lymphoid follicles
are located. Goblet cells can also take up low-molecular-weight substances from
the intestinal lumen and deliver them to DCs. In addition to isolated lymphoid
follicles, the lamina propria also contains so-called Peyer's plaques, a structured
arrangement of up to 50 lymphoid follicles. They occur throughout the small in-
testine, especially in the ileum, but also in the vermiform appendix of the blind
intestine or cecum. The appendix vermiformis is also seen as a reservoir for intes-
tinal bacteria. Thus, both the intestinum tenue and the colon are provided with
sites of initiation of an immune response.

0 Are immunoglobulins part of the immunological barrier of the small intestine?

Another important antimicrobial factor is secretory IgAs. This immunoglobulin
dimer is produced by subepithelial plasma cells as part of an adaptive immune re-
sponse, secreted, and subsequently released transepithelially into the intestinal lu-
men via secretory enterocytes (B Fig. 2.1). The immunoglobulin class switch re-
quired for this is mediated by transforming-growth factor g (TGF) of the specific
microenvironment of the gut-associated lymphoid tissue. Secretory IgA is bound
to an Fc receptor basolateral to an epithelial cell with a specific secretory piece,
transported through the cell, and luminal set free from the receptor by proteol-
ysis of the secretory piece and released into the intestinal lumen without affect-
ing the barrier function. IgA has a neutralizing effect against microorganisms, es-
pecially viruses, without being able to initiate an inflammatory reaction, for ex-
ample, via the complement system. Microorganisms, including commensals and
harmful agents, that have penetrated through the epithelial layer into the area of
the lamina propria are bound by sIgAs, neutralized and transported back into the
intestinal lumen via the transepithelial sIgA transport pathway.
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@ How can the immune system of the intestinal barrier tolerate harmless environ-
mental factors?

In general, the gut-associated defense system is geared toward tolerance. Mucosal
DCs produce the anti-inflammatory cytokine IL-10, enterocytes in addition se-
crete TGFB, retinoic acid and thymic stromal lymphopoeitin and thus regulate bar-
rier permeability and antigen availability for subepithelial APCs. Immature mu-
cosal DCs condition to noninflammatory APCs under the influence of these local
signaling substances. IL-10 secreted by these cells prevents full functional devel-
opment of effectors, thus causing immunosuppression and tolerance (see also
> Sect. 6.1). Depending on the antigen signal, for example, in the case of food al-
lergies, this immunological tolerance can be broken.

After the feces has overflowed from the terminal ileum into the colon, it is di-
gested microbially by fermentation. Anatomically, the colon is divided into the
cecum, ascending colon, transverse colon, sigmoid colon, descending colon, and rec-
tum. In contrast to the intestinum tenue, the colon forms a second, more fluid mu-
cin layer in addition to the rigid MUC-2 layer, consisting of MUC-1, -3, and -4 gly-
coproteins, which promotes microbial growth and allows optimal fermentation per-
formance. The feces remains here for up to 50 h and is concentrated by dehydration.
Microbial colonization of the colon is critical for this intestinal function and other di-
gestive functions. In the proximal part of the ascending colon, most of the microbial
fermentation of the feces, which still contains water, takes place. This is manifested
by a slight drop in the pH value there due to microbial acid formation. In the further
course to the descending colon, this value increases to the alkaline range. The compo-
sition of the microbiome is influenced by various intestinal physiological, immuno-
logical, and dietary factors in addition to the water content and pH of the feces.

2.2 Factors Influencing the Gut Microbiome

The intestinal microbiome, which means the totality of all organisms of the in-
testinal tract, is a functional network of different microorganism species. It is di-
vided into small intestine-associated and large intestine-associated subsections,
the differentiated expression of which is determined in each case by the physio-
logical function of the respective intestinal section. A healthy microbial coloni-
zation of the human digestive system is characterized by a great diversity of mi-
croorganism species, with each individual species of this microbiome representing
an action option of the digestive system against environmental influences. It re-
acts variably to the given environmental situation via the organism composition.
Pathologies are therefore characterized less by individual dominant species, but
rather by a reduction in species diversity.

2.2.1 The Microbial Colonization of the Intestine

Microbial colonization of the gut is generally initiated by the birth canal passage
of the newborn during the birthing process with microorganisms from the vagina.
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Cesarean section babies do not receive this maternal inoculation. Then, through-
out life, the species composition of the gut microbiome changes. The most com-
mon microorganisms in the colon belong to the bacterial divisions of Gram-neg-
ative and thus lipopolysaccharide (LPS)-containing, to the mostly rod-shaped
bacteria of the division Bacteriodetes, and to the Gram-positive and thus pepti-
doglycan-rich, often endospore-forming bacteria of the division Firmicutes. Pre-
dominantly, the bacterial genera Bacteroides, Bifidobacterium, Clostridium, Esche-
richia, Eubacterium, Lactobacillus, Ruminococcus, and Streptococcus are located
in the colon. Methane-forming archaea and various yeasts, molds, and viruses are
also part of the intestinal microbial population. From this list, it is evident that
the number of microorganisms far exceeds the number of cells in the body, un-
derscoring their essential importance to intestinal function. Bacteria break down
complex food components for the body, for example, and thus release minerals. In
addition to many vitamins, amino acids, and secondary bile acids, they produce
above all the short-chain fatty acids: formate (C1:0), acetate (C2:0), propionate
(C3:0), butyrate (C4:0), valerate (C5:0), and their isoforms. Together with other
organic acids, such as lactate and succinate, they acidify the colonic environment
and increase the viscosity of the feces. Like glutamate, butyrate is an important
source of energy for enterocytes and is seen as a reinforcing factor of the intesti-
nal barrier. Propionate increases intestinal blood flow and mobility and, like ac-
etate, is transported to the liver via the portal vasculature of the intestine for en-
ergy and feeds into lipo- and gluconeogenesis. The expression of the short-chain
fatty acid portfolio depends on the respective established species composition of
the intestinal microbiome.

o A highly diversified microbiome is the essential functional basis of the immunolog-
ical intestinal barrier.

Microorganisms always have a modulating effect on the activity of the immune
system. They express phylogenetically often conserved molecular structural pat-
terns and nucleotide polymers, which are recognized as PAMPs by epithelial cells,
such as enterocytes, as well as various immune cells with lectin receptors, such as
dectin and macrophage inducible Ca’*-dependent lectin receptors (Mincle), as well
as nucleotide-binding oligomerization domain-like receptors (NLRS), toll-like recep-
tors (TLRS), retinoic acid inducible gene 1-like receptors (RLRs), and extracellu-
larly recognized as membrane receptors, or intracellularly recognized as endoso-
mal receptors (B Fig. 2.2).

All these PRRs trigger the secretion of interleukins and other signaling sub-
stances and stimulate the innate immune system in the first instance. A total of
10 different TLRs are known in humans. The binding domains of TLRs are leu-
cine-rich repetitive amino acid sequences. However, the exact binding constella-
tion is still unknown. They discern bacterial cell wall components such as pepti-
doglycans, LPS, lipoarabinomannans as well as cell wall components of fungi and
yeasts such as mannans and glucans, and yeast enzymes such as zymosan, as well
as RNA and DNA. Enterocytes, for example, carry extracellularly TLR-5, which
recognizes protein components of bacterial flagella, and Dectin I, expressed by
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O Fig.2.2 Receptors for recognition of pathogen-associated molecular patterns: Microbial molecu-
lar structural patterns and nucleotide polymers are recognized by various lectin and to/l-like receptors
of epithelial and immune cells. dsSRNA: double-strand RNA (viral), LBP: lipoprotein-binding protein,
Mincle receptor: macrophage-inducible Ca’* -dependent lectin receptor, ssSRNA: single-strand RNA,
NLR: NOD-like receptor, RLR: RIC-like receptor, TLR: toll-like receptor

macrophages, recognizes fungal glucans. A constant immunological assessment
of the microbial colonization of the intestine is thus ensured. Dietary oligosac-
charides and polynucleotides as well as food-associated bacteria and yeasts can
also have a stimulatory effect on the intestinal immune barrier through PAMP-
like structures via these receptors.

0 What environmental factors influence the gut microbiological barrier?

The gut microbiome is influenced by various factors (8 Fig. 2.3). The immune
status of the intestinal barrier, the mucus quality of the intestinal epithelium, mi-
crobial metabolites such as organic acids, microbial AMPs, and exopolysaccha-
rides, as well as nutritional status, food-associated antimicrobial components, and
prebiotics and probiotics modify the organism composition of the gut microbi-
ome. Ultimately, all foods, stimulants, and medications act in some way to pro-
mote or inhibit growth of one or another microbial species. The microbial com-
position of the gut microbiome thus always reflects the dietary habits of each in-
dividual.

2.2.2 Influence of Antimicrobial Agents on Gut Microbial
Colonization

Bactericidal, bacteriostatic, and fungicidal substances directly influence the mi-
crobial composition in the lumen of the intestine, regardless of whether they are
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B Fig. 2.3 Factors influencing the gut microbiome: the immune status of the gut barrier, the mucus
quality of the gut epithelium, microbial metabolites, and food constituents modify the organism com-
position of the gut microbiome

released by enterocytes, result from immunological reactions, or come from food.
All these molecules have in common that they can opsonize microorganisms, have
a cell lytic effect, or disrupt microbial metabolism.

0 Which antimicrobial substances are produced by the intestinal epithelium itself?

Defensins are antibacterial, cationic-hydrophobic peptides that interact with neg-
atively charged phospholipids of the bacterial, cholesterol-free cell membrane
and can lyse Gram-positive bacteria in particular by forming non-specific pores.
Gram-negative bacteria seem to be better protected against this than Gram-posi-
tive bacteria by their outer LPS envelope structure. Defensins are divided into a-,
B-, and O-classes. Paneth granule cells are predominantly present at the base of
the surface-enlarging crypts of the ileum and jejunum. They secrete a-defensins 5
and 6 luminally into the intestinal cavity. For a-defensins, in addition to antibac-
terial effects, defensive effects against viruses, yeasts, and fungi, parasites and pro-
tozoa are known. Interestingly, this defensin expression is cocontrolled by micro-
bial signals of the intestinal lumen, which are registered via NLRs and TLRs and
lead to a coordinated peptide secretion in the sense of a colonization control of
the intestine by glandular cells. If this regulatory circuit is disturbed, chronic in-
testinal inflammations such as Crohn's disease can result. In addition, these glan-
dular cells produce lysozyme as a bacterial cell wall-breaking glycosidase, cell
membrane-dissolving secretory phospholipase A2, and the iron-binding lacto-
ferrin, which can also be proteolytically converted into the bactericidal lactofer-
ricin and further into the smaller caliocin. These active ingredients are also prom-
inently present in milk and egg. The transferrin of the egg curd is called ovotrans-
ferrin. Lactoferrin is already used as a bactericidal agent in sore throat tablets,
disinfectant solutions, and toothpaste.
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o Cathelicidins, defensins, lysozyme, and transferrins are antimicrobial protein struc-
tures of the intestinal epithelium, which are also present in milk and egg.

Other antibacterial peptides of the intestinal epithelium in both the intestinum
tenue and the colon include cell membrane disruptive B-defensins, with a va-
riety of subtypes, and cathelicidins, which act broadly against bacteria, viruses,
fungi, and protozoa. Like all cell membrane-active peptides, they contain cationic
as well as hydrophilic and hydrophobic amino acid residues, which enable more
or less specific attachment and perforation of microbial cell membranes and ly-
sis of the organisms. There are several valid models for the mechanism of action
of these cell membrane-active peptides. The so-called Toroidal model of action
describes a cationic-hydrophobic attachment of the peptides to the phospholipid
bilayer of prokaryotic cell membranes with subsequent sinking, pore formation,
and penetration of the same. The Carpet model, on the other hand, describes a
rather unspecific destabilization of the membrane structure by peptide-induced
rupture of the phospholipid bilayer.

Another peptide with antibacterial activity is the C-type lectin Reg Illa, which
binds highly specifically to the peptidoglycan structure of cell walls of Gram-pos-
itive bacteria. This interaction is predominantly mediated by a Glu-Pro-Asn-
binding motif of Reg I1la and exposed long-chain carbohydrate polymers of the
bacterial cell wall surface. Subsequently, a hexameric protein pore penetrating the
cell membrane is formed, which is stabilized by electrostatic interactions between
the cationic Reg I11a and the anionic phospholipids of the cell membrane.

Defensins, cathelicidins, but also other antimicrobial peptides have an acti-
vating signal character for defense elements of the innate immune system, such
as for the complement system. The activation status of the mucosal immune sys-
tem is thus directly coupled to the microbiological colonization situation in the
intestinal lumen. This is vastly in that relevant changes in the microbiome com-
position in the gut are directly reflected back by antimicrobial defense responses
of the immune system, such as the release of APPs and the formation of immu-
noglobulins.

@ What is the impact of antimicrobial substances from food-associated lactic acid
bacteria on the gut microbiome?

Biocidal substances from fermentation starter bacteria of lactic acid foods can
also actively influence the composition of the gut microbiome (8 Fig. 2.3). Vari-
ous food-associated lactic acid bacteria form so-called lantibiotics, a heterogene-
ous AMP group, which are characterized by the particular amino acid lanthio-
nine (two alanines are symmetrically linked by a sulfur atom). If the microorgan-
ism density in the environment of these bacteria is high, a resulting increase in the
partial pressure of CO, in the environment triggers the synthesis of the bacteri-
ocidal peptides. Possible microbial food competition should thus be suppressed
in growth. The sauerkraut starter Lactobacillus plantarum, for example, secretes
lactolin, the yoghurt starter L. bulgaricus forms bulgarican, L. acidophilus, ac-
idolin, aciophilin, bacteriocin, and lactocidin. L. reuteri forms the antibacterial
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peptide reuterin, and Lactococcus lactis is famous for nisin formation, being used,
among other things, in hard cheese preparation under the European approval
number E234 as a product-preserving surface protector. In addition to ionic bind-
ing properties to prokaryotic cell membranes, this peptide appears to have a spe-
cific binding affinity to the LPS membrane lipid anchor lipid-A, which explains
its high efficacy against Gram-negative bacteria. Bifidobacteria also secrete anti-
fungal agents, but these are less relevant to the organismal composition of the gut
microbiome.

o Numerous microbiome-modifying components are found in all foods. They are
often only released from the food matrix by the digestion process. The microbial
composition of the gut microbiome is always linked to the dietary habits of each
individual.

By proteolytic digestion of various protein matrices within the body's own diges-
tive process, for example, egg, meat, fish, milk, or soy, by the gastric serine pro-
tease pepsin or by the pancreatic endopeptidases trypsin or chymotrypsin can
give rise to defensin-analogous AMPs. Again, the molecular size, hydrophobic-
ity, and the proportion of polar amino acid residues of the peptide are decisive
for the effect. Pepsin cuts the peptide chain directly after the amino acid pheny-
lalanine in the amino acid sequence and chymotrypsin after phenylalanine, ty-
rosine, or tryptophan. Thus, digestion of both enzymes always produces pep-
tide fragments with terminal aromatic amino acid residues. Trypsin digestion,
on the other hand, produces anionically or cationically charged amino acid res-
idues by peptide dissections after arginine or lysine. Both peptide characteristics
are essential for antimicrobial function, as they can mediate interactions to cell
membranes as well as antagonistic blocking bonds to metabolically important en-
zymes. In a technologically transferred sense, alternative preservatives and protec-
tive substances for food can also be presented in this way, for example, by proteo-
lytic conversion in bioreactors of protein matrices from soybean or lupin beans to
functional peptides. By using preservative peptides close to the product, for exam-
ple, from fish waste or by-catch for fish product preservation, greater consumer
acceptance can be achieved compared to classical product protection concepts.

@ What other antimicrobial substances are found in foods besides protein structures?

Crop plants offer a variety of polyphenolic antimicrobial agents, such as the fla-
vonoids xanthohumol from hops (Humulus lupulus) and aspalathin from green
rooibos (Aspalathus linearis) or catechins from green tea (Camellia sinensis)
and pomegranate (Punica granatum) as well as essential oils, such as the terpene
chamzulen from true chamomile (Matricaria chamomilla), the sesquiterpenoids
B-eudesmol and zingiberene from ginger root (Zingiber-officinalis rhizome), or
cell membrane-active alkaloids, such as the piperine of true black pepper (Piper
nigrum). As chaotropic compounds, all these substances disrupt the structural or-
der of biomembranes and influence microbial metabolic performance by inhibit-
ing various enzymes. In addition to phenolic compounds, sulfur-containing car-
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boxylic acids, such as aspartic acid from vegetable asparagus (Asparagus officina-
lis), also exhibit antibacterial effects. Also the carboxylic acids of honey, such as
ascorbic, acetyl, and formyl acid as well as the sugar acids gluconic, malto, and
lactobionic acid, have relevant antibacterial effects. In general, honey is the prime
example of an antimicrobial food. The hydroxybenzoates and flavonoids, des-
ignated as inhibins, protect the beesugar juice from microbial spoilage. The bee
putty resin called “propolis” also shows antibacterial and antiviral effects, which,
in addition to various essential oils and flavonoids, can also be attributed to the
biocidal effect of phenolic carboxylic acids, which are also found in coffee. There-
fore, also in coffee an intestinal microbiome modifying potential is deemed, re-
gardless of whether it is Coffea arabica or Coffea canephora syn. Coffea robusta.
This effect is attributed less to the psychoactive xanthine alkaloid caffeine, but
also here to the phenolic carboxylic acids, such as chlorogenic, ferulic, gallic and
caffeic acid, catechins, and vanillin. B Table 2.1 gives various antimicrobial food
components for this purpose.

Another interesting substance is the sulfur-containing allicin of the allium
family, such as garlic, onion (Allium cepa), or wild garlic (Allium ursinum). Alli-
cin is oxidized enzymatically in the plant, starting from the diallyl disulfide alliin,
to allicin. Allicin basically inhibits enzymes with thiol groups in the active site
through the rapid reaction of allicin's own thiosulfinate with thiol groups of var-
ious enzymes, such as various cysteine proteinases and alcohol dehydrogenases.
The acetyl-CoA-forming system, which is important for energy metabolism, as
well as enzymes of nucleic acid and fatty acid metabolism are also blocked.

When microorganisms colonize, microbial protective structures such as muci-
lage layers, encapsulation, oligosaccharide layers of bacteria, for example, from
hyaluron polymers, and the formation of complexly composed biofilms are of-
ten relevant for the antimicrobial effect of food components. The sulfur-contain-
ing mustard oil glycosinolates (glucose-f-thioglycosides) of cabbage plants, which
give horseradish (Armoracia rusticana) and mustard (Brassica nigra) their pun-
gent bitter taste, can penetrate these bacterial mucilage barriers very well and
have an antibiotic effect. Corresponding plant extracts are already successfully
used for the treatment of urinary tract infections.

Plant lectins are an exciting group of compounds that influence the compo-
sition of the gut microbiome. These glycoproteins can bind carbohydrate struc-
tures of microbial cell surfaces, mostly fucose-, galactose-, mannose-, or sialic
acid-bearing structures, and thus agglutinate cells. In addition, they can, among
other things, block protein biosynthesis at ribosomes and inhibit cell divi-
sion. Plant lectins also influence immune reactions, such as the activation of
the complement system. For example, concanavalin A of the jack bean (see also
» Sect. 3.1.2), a glucose-affine lectin, inhibits complement activation, whereas ja-
calin of the jack tree fruit, a galactose-specific lectin, has a complement-initiating
effect (see also » Sect. 3.1.2). Thus, beyond the actual antimicrobial effect, modu-
lating effects of innate immune defense reactions are given.
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B Table 2.1

Substance class
Alkaloid

Diallyl di-
sulfide

Peptides:

— ionic pep-
tides

— Iron chelates

Lectins

Polyphenols:

— Anthocya-
nins

— Benzoic acids

— Cathechin

— Flavonol

— Phenylpro-
panoids

— Tannins

Saponins

Terpenes

Antimicrobial food components

Active ingredient
Piperine

Allicin (Alliin)

Defensine

Cathelicidine
Lactoferricin/Kaliocin (from
lactoferrin)

Lantibiotics

chaotropic peptides
Lactoferrin/Ovotransferrin

Concanavalin A
Jacalin

Cyanidin

Ellagic acid

Gallic acid
Epigallocatechin gallate
Aspalatine
Myricetin
Quercetin
Xanthohumol
Cinnamaldehyde
Eugenol

Safrole
Ellagitannin
Tannin/gallotannin

Glycyrrhizin
Solanine

Camzullen
Carvacrol, Thymol
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Origin
Pepper plant (Piper nigrum)
Leek plant (A/lium sp.)

Milk and egg

Lactic acid bacteria

Proteolytically released peptides of plant
and animal protein matrices

Milk and egg

Jack tree fruit (Artocarpus heterophyllus)
Jack bean (Canavalia ensiformis)

Chokeberry (Aronia sp.)

Strawberry (Fragaria sp.), pomegran-

ate (Punica granatum), raspberry (Rubus
idaeus ), currants (Ribes sp.)

Black and green tea (Camellia sinensis)
Rhooibos (Aspalathus linearis)

Berries, nuts, grapes

Apple, broccoli, onion

Hops (Humulus lupulus)

Cinnamon (Cinnamomum ceylanicum)
Clove (Syzygium aromaticum)

Sassafras tree (Sassafras albidum)

Leaf pepper (Piper auritum)

Strawberry, raspberry, rose family, roseae
Black and green tea, hops

Licorice (Glycyrrhiza glabra)
Potato, tomato, and other solanaceous
plants (Solanaceae)

Chamomile (Matricaria chamomilla)
Thyme (Quendel, Thymus sp.)

2.2.3 Nutritional Factors Influencing Mucus Quality
and Function

The goblet cells of the intestinal epithelium secrete a protective mucus, which
consists of highly glycosylated mucin proteins. The quality of the mucus is an-
other important factor in microbial colonization of the small and large intestine.
The water content, viscosity, and carbohydrate composition favor or inhibit mi-
crobial growth. The glycosylation patterns of mucus glycoproteins depend on the

individual glycosyltransferase profile and are thus genetically determined.
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Q How can food components affect mucus quality?

All components essential for highly active cell proliferation must be considered
as relevant influencing nutritional factors for mucus quality. Nutritive deficien-
cies, such as protein-energy deficiency (PEM), as well as vitamin and mineral de-
ficiencies, lead to slowed cell barrier and mucus formation. In particular, the vi-
tamin A group with retinol, retinal, retinoic acid, and retinyl palmitate, which is
essentially involved in protein metabolism, as well as zinc and glutamate are dis-
cussed as limiting metabolic factors of cell proliferation (see also » Sect. 5.1.2).
Biotin (vitamin B, or H) as a prosthetic group of various carboxyl transferase key
enzymes of energy metabolism is also at disposal in this context. Although the
danger of an undersupply with vitamins of the B-group does not exist practically
within a balanced nutrition, a biotin supplementation in connection with the mu-
cous membrane health has been implemented already many times commercially.
Acute and chronic inflammatory events damage the mucosa and reduce its pro-
tective function in the intestine. Chronic intestinal inflammation, such as Crohn's
disease or ulcerative colitis, is often causally corelated to this.

o Impaired enterocytic mucus quality and mucosal function are often the cause of
chronic intestinal inflammation.

The mucus layer is the first point of contact of microorganisms in the intestinal
lumen to the intestinal epithelium. Adhesion of bacteria to this matrix occurs via
ionic, polar-hydrophilic, and non-polar-hydrophobic molecular interactions, me-
diated by adhesins, which are associated with filamentous cellular extensions of
the bacterial cell surface called fimbriae or pili. These specific binding loops con-
taining protein structures can bind to various protein and sugar structures, such
as collagen, fibronectin, glycosaminoglycans, and terminal D-mannose and vari-
ous N-acetylneuraminic acid conjugates. The mucus layer of the intestine includes
various structuring mucilages, so-called mucins. Human mucin glycoprotein com-
prises L-fucose, D-galactose, N-acetylglucosamine, N-acetylgalactosamine, and
N-acetylneuraminic acid, which are mostly located in the terminal position of the
carbohydrate chain of glycoproteins of mucus and give a negative charge to the
molecule together with sulfate esters. The carboxyl group and fivefold hydroxyla-
tion of N-acetylneuraminic acid, which is often also named after the generic term
“sialic acid”, make this amino sugar acid a significant molecule for microbial at-
tachment to the mucus surface. In particular, bacteria, microbial toxins, and vi-
ruses use terminal a2-3-glycosidic N-acetylneuraminic acid linked to galactose for
adhesion to the host cell.

@ Arec there food components that alter microorganism attachment to the intestinal
epithelium?

Cellular binding of bacteria and yeasts can be influenced by a variety of anti-ad-
hesive components from food (B Table 2.2). For example, human milk contains
various anti-adhesive casein glycopeptides, fucosylated as well as sialylated sac-



49 2

2.3 - Influence of Prebiotics and Probiotics ...

B Table 2.2 Anti-adhesive food components

Substance class Effect against Origin
Gal(al-4)Gal glycoproteins Bacteria Egg white
Mannose Bacteria (especially enterobacteria)
NewAc(a2-3)Gal(B1-4)Glc Bacteria, viruses Milk (buttermilk)

(Sialyl-3'-lactose)
NeuAc(a2-3)GalNAc(B1-4)Glc

NeuAc(a2-3)Gal(B1-4) (2-3)
GalNAc(B1-4)Gle

Polyphenols Bacteria Green tea (Camellia si-
nensis)
Hops (Humulus lupulus)

Sulfated polysaccharides Seaweed (Gloiopelltis fur-
cata)
Gigartina teldi

Storage glycoproteins Legumes (Leguminosae)
Tannins (polyhydroxyphenols, Avocado (Persea ameri-
tannic substances) cana)

Rosaceae

charides and glycoproteins. Egg white also shows microbial anti-adhesive prop-
erties due to sialyloligosaccharides. Molecular coverage of the specific binding
structures of the intestinal mucosal barrier may alter microbial colonization of
the mucosa. It also inhibits the penetration of viruses and toxins through the in-
testinal cell barrier. Another food that restricts cell attachment is carrot (Daucus
carota subsp. sativus). In pediatrics, in addition to apple and citrus pectin, cooked
carrots with high levels of oligo-galacturonic acids, which also have anti-adhesive
properties, are traditionally administered.

2.3 Influence of Prebiotics and Probiotics on the Intestinal
Immune Barrier

The immune function of the intestinal barrier is composed of the cellular delimi-
tation tissue, the mucus quality, the general immune status, and the microbial col-
onization of the intestine. All of these interdependent barrier elements are influ-
enced by various dietary factors. A variety of oligosaccharides with mostly diges-
tion-resistant B-glycosidic bonds or branched structures and bacteria, often acid
starters of dairy products, are used in foods to support intestinal barrier function
(B Fig. 2.4).

Both pre- and probiotics show immunostimulatory potential. PAMP-like
prebiotic oligosaccharide molecule structures and PAMP-analogous structures of
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rides

probiotic microorganisms are recognized by PRRs and have an immunostimula-
tory effect on the gut-associated defense system. For example, various probiotic
bacterial species thereby increase the cellular activity of immune cells of the in-
nate immune system such as M®s and NK cells. In addition, through the forma-
tion of organic acids, they acidify the microenvironment of the colon and support
the renewal and repair of the epithelial cell layer of the intestinal barrier there.
Another aspect is the proteolytic potential of probiotic microorganisms, which
degrades toxins, allergens, and other immunogenic protein structures in the intes-
tinal lumen.

— Pre- and Probiotics

Dietary prebiotic carbohydrate structures should first and foremost promote the
growth of physiologically beneficial microorganisms in the intestinal tract. On the
other hand, these substances can also block areas of adhesion for pathogens, espe-
cially in the intestinum tenue, and thus protect against infections.

Probiotic bacteria and yeasts are non-pathogenic, often food-associated mi-
croorganisms. Their growth enables them to competitively displace pathogenic mi-
croorganisms in the intestine. The organic acids they produce acidify the feces in
the intestinal lumen, thereby reducing the establishment and growth of pathogenic
germs, and strengthen the intestinal barrier function.

Probiotics, which are a well-established part of the product market in the food in-
dustry, are also gaining increasing prominence in cosmetics for skin health. Based
on the U.S. National Institute of Health, the international Human Microbiome
Project is investigating the microbial colonization of the individual ecotopes of
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the entire human body and is fueling further development in cosmetic and phar-
maceutical applications with new insights into the roles of cuticular commensal
microorganisms within the immune barrier of the skin and oral mucosa.

2.3.1 Prebiotics

There are many naturally occurring prebiotics in foods, also known as dietary
fiber or fiber. In general, prebiotics cannot be directly metabolized by humans
due to their B-glycosidic linkage, their sometimes unique sugar composition, and
their often highly derivatized and branched polymer structures. In the colon, they
serve as a carbon source for microorganisms. The structural complexity and pol-
ymer length of the prebiotics determine which group of microorganisms is par-
ticularly supported in growth. Breast milk, for example, contains two basic types
of prebiotic oligosaccharides: neutral and acidic. Both are based on a polymeric
basic structure of galactose p1-3/4-glycosidic linked to N-acetylglucosamine. In
the neutral sugars, this base is decorated with al-2/3/4-glycosidically linked fu-
coses; in the acid sugars, sialic acids are a2-3/6-glycosidically linked to the base.
Both oligosaccharide forms promote a Bifidobacterium-dominated gut microbi-
ome. Acidic oligosaccharides have a high binding affinity for microbial receptor
structures, can suppress the attachment of pathogens to the intestinal epithelium,
and thus support mucus function.

o Milk oligosaccharides represent an archetype of all prebiotically active carbohy-
drate structures.

In foods, fructans, galactans, glucans, and N-glucans are predominantly used as
prebiotics (B Table 2.3). In particular, the fructan inulin, often obtained from
chicory (Cichorium intybus var. foliosum) or Jerusalem artichoke (Helianthus tu-
berosus), is used by many food manufacturers as a prebiotic raw material com-
ponent. Sugar alcohols also show beneficial prebiotic properties. Although
growth-promoting effects of this class of substances for lactic acid bacteria in the
intestine and the associated acidification of the feces and displacement of patho-
genic bacteria, particularly Clostridium perfringens, are well known, mannitol and
other sugar alcohols are little used as prebiotic components. Perhaps the reason
for this is that they have traditionally been viewed more as sugar substitutes.

0 How are prebiotics structurally recognized by immune cells?

In addition to their influence on the intestinal microbiome, direct stimulatory in-
teractions of prebiotics with PRRs of immune and epithelial cells of the intesti-
nal barrier are also of interest. It is likely that TLR-1, -2, and -6 as well as dec-
tins can recognize prebiotic PAMPs-like oligosaccharide structures. B-glucans, for
example, are discerned by M cells through Dectin-1, CXCR-3, Scavenger recep-
tors, and TLR-2, and -6. For human milk oligosaccharides in this context, both
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O Table 2.3 Prebiotic saccharides and sugar alcohols

Component Structure Manufacturer

Fructans Fructo-oligosac- Inulin type: [Fru(82-1)],_ Beneo-Orafti (Siid-
charides Fru(B2-1a)Glc zucker)
Fibruline/Fructafit/  Phlein type: [Fru(32-6)] Cosucra Group
Raftiline Fru(B2-1a)Glc Warcoing

Imperial Sensus

Galactane Arabinogalactan/ [Gal(B1-3)] ,Gal branched with

gum arabic [GalB(1-6)], ¢ Ara(al-3), and
Fuc(al-2)
Arabinoxylan [Xyl(B1-4)] Xyl branched with
Ara(a2-3)
Galacto-oligosac- [Gal(B1-2/3/4/6)] ,Gal/Glc Yakult
charides
Oligomate
Lactosucrose [Gal(B1-4)Glc(al-2B)Fru
Soybean oligosac- [Gal(al-6)] Glc(al-2B)Fru Calpis
charides
Glucans/ Cellulose, hemicel-  [Gle(B1-4)]  Glc/Gle(B1-6);
N-glucans lulose branched
Dextran Glc(1-2/3/4/6)] ,Glc; branched
Isomalto-oligosac-  [Gle(al-6)] Glc; branched Showa Sangyo
charides
Isomaltulose/Pala-  Glc(al- 6)Fru Stidzucker
tinose
Pectins [GalA(al-4)] GalA; gradually
methylated
Polydextrose [Gle(al-4/3/6)] ,Glc; glycosid-

ically bound with sorbitol and
citric acid

Pyrodextrin [Gle(al-2/6/31-2/6)] ,Glc; partly ~ Matsutani
with 1,6-anhydro-Glc

Resistant starch RS1-2: [Gle(al-4)] ,Glc; cellular/

RS 1-4 matrix bound

RS3: retrograded strength
RS4: repolymerized starch

Chitin/Chitosan [GlcNAc(B1-4)] ,GlecNAc; grad-
Polyglucosamine ually deacetylated

Sugar alcohols: erythritol, lactitol, mannitol, maltitol, sorbitol, xylitol

TLR signaling supporting and attenuating or suppressing effects are discussed.
Of particular interest is the detection of LPS by TLR-4. Usually, the bacterial en-
dotoxin is recognized by an LPS-binding protein (8 Fig. 2.3). This LPS-protein
complex then ligates to CD14, which can bind to TLR-4. Finally, another fac-
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tor called MD-2 leads to dimerization of two TLR-4, triggering intracellular sig-
naling cascades that result in immune stimulation of the cell. For example, the
human milk sugar component fucosyllactose delays LPS-induced TLR-4-depend-
ent inflammatory responses. Lacto-N-fucopentaose and sialyllactose, on the other
hand, enhance these responses. Derivatization of the sugar structure with fucoses
or neuraminic acid is functional.

Also from lactic acid bacteria extracellularly secreted exopolysaccharides have
a prebiotic effect. Both homologous levan-like fructans and heterologous polysac-
charides with a1-4- and p1-3,4-glycosidically linked glucose, galactose, and rham-
nose, some with complex branched structures, influence bacterial growth. Con-
ceptually, prebiotics are often combined together with probiotic bacteria. In the
commercial market, these applications are referred to as syn- or symbiotics.

2.3.2 Probiotics

Probiotics are living microorganisms which can establish in the colon and offer a
positive effect on health. These include, in particular, immunoregulatory proper-
ties, their protective potential against infections and stabilizing effects of the ep-
ithelial cell barrier of the intestine. As a dietary ingredient, probiotics are mostly
formulated via milk-based products. In the context of medical treatments, they
are also formulated in other solid or fluid matrices and applied orally or rectally.

0 Which microorganisms are specifically used in food?

Many probiotic bacteria are lactic acid-forming fermentation starters. Various
species of the genera Bifidobacterium, Lactobacterium, Lactococcus, and Strepto-
coccus are used commercially in the food sector (B Table 2.4). In nourishments for
newborns and infants, Bifidobacterium-dominated intestinal colonization is gener-
ally targeted by prebiotics or probiotics. However, the expression of the intestinal
microbiome changes over the course of life. Dietary supplementation therefore re-
quires the administration of an expanded spectrum of effective probiotic bacte-
ria beyond the previously established microorganisms. For this purpose, Rumino-
coccus bromii, Roseburia intestinalis, Eubacterium rectale, and Faecalibacterium
prausnitzii, among many others, are particularly being considered. Combinations
of different microbial species also enhance the efficiency of supplementation and
are more consistent with the functional organism network of the gut microbiome.
Gram-negative bacteria with LPS lead to different immunological stimulation pat-
terns than Gram-positive ones with high peptidoglycan and teichoic acid content.

Yeasts can in turn immunostimulate other PRRs via polymannan structures
of the cell walls. In addition, symbiotic interactions between microorganisms can
enhance growth in the gut. The yogurt starter bacterium Streptococcus thermo-
philus, for example, promotes the growth of other lactic acid bacteria through
concise CO,, formate, and lactate formation. These in turn release amino acids
as a nitrogen source through high proteolytic activity. The proteolytically rather
weakly active bifidobacteria, for example, benefit from this effect.
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B Table 2.4 Probiotics for foodstuffs

Genus

Bifidobacterium

Lactobacillus

Pediococcus
Lactococcus

Streptococcus

the same throughout life. Dietary probiotic supplementation must be appropriate

Species/subspecies/strain
Adolescentis ATCC 15,703 and others

Animalis subsp. lactis BB-12,
DN-173010 (Digestivum essensis)
HNOO019 (Howaru Bifido),

Breve (bifiene)
Infantis 35624 (Bifantis)
Longum BB536

Acidophilus LAS
NCFM

Casei CRL431
DN114-001(Immunitass/Defensis)
F19

DSM20312 (Shirota)

Crispatus LBV88
Delbrueckii subsp. Bulgaricus
Fermentum

Helveticus

Johnsonii Lal (LCI1)
Plantarum

Reuteri ATCC55730
RC-14

Rhamnosus ATCC53013 (Aktifit, Emmifit,
Vivifit,)

GR-1

GLB21

Acidilactici B-LC-20
Lactis L1A
Thermophilus

to the particular life situation and age of the consumer.

In the medical application of probiotics, various yeast species are used in addition
to bacteria, such as Bacillus cereus var. Toyoi for diarrhea (8 Table 2.5). In the
case of specific indications, such as atopy or autoimmune diseases, even endopar-
asitic protozoa and intestinal worms are used therapeutically. It is hoped that this
will lead to a balancing immunological counterstimulation of the pathological sit-

uation in those affected.

Manufacturer

Chr. Hansen
Danone
Danisco

Yakult
Procter & Gamble
Morinaga

Chr. Hansen
Rhodia

Chr. Hansen
Danone

Arla Foods, Chr.
Hansen

Yakult

Chr. Hansen
Chr. Hansen

Nestlé

BioGaia Biologics
Chr. Hansen

Valio
Chr. Hansen
Norrmejerier

Chr. Hansen
Norrmejerier

Chr. Hansen

o The composition of a healthy microbial colonization of the intestine is not always
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B Table 2.5 Probiotics for medical use

Genus Species/subspecies/strain Manufacturer
Bacillus cereus var. Toyoi
Bifidobacterium bifidum MIMBDb75 and others
Clostridium butyricum
Enterococcus faecalis

faecium (Causido2, Gaio) Arla Foods
Escherichia coli Nissle 1917 Ardeypharm
Saccharomyces cerevisiae

cerevisiae var. boulardii
Endoparasitic helminths

Endoparasitic protozoa

o Can dead probiotic microorganisms also have an immunostimulatory effect?

Probiotic microorganisms contain a large number of immunostimulatory mole-
cules. Therefore, cell fragments, such as protein structures, sugar polymers, and
DNA of killed probiotic microorganisms are also immunologically highly rele-
vant and are used therapeutically for immune suppression and other immune sys-
tem dysregulations. PRR stimulation by probiotic fragments can have an activat-
ing effect and improve the general immune status. However, dead bacteria and
cellular components cannot contribute to microbial homeostasis, as cellular pro-
liferative power and metabolic performance is the real key to the multiple action
potential of probiotics for prophylactic maintenance or therapeutic regeneration
of the immune barrier.

The future of modern supplementation concepts for a healthy gut microbiome
lies in the combination of a broad spectrum of organisms, combined with specific
prebiotic substances and antimicrobial food components. It is expected that such
a trinity of effects will open up new supplementative possibilities for the targeted
treatment of intestinal barrier diseases.

2.4 Probiotics as An Intervention Option of a Chronic
Inflammatory Bowel Barrier

2.4.1 Ulcerative Colitis and Crohn's Disease

If the outer immune barrier of the digestive tract is damaged, severe chron-
ic-manifest inflammation of the mucosa and associated connective tissues can re-
sult. If there is a negative change in mucus quality, a dysbalance in mucosal-mi-
crobial homeostasis, and impaired stability of the epithelium, the immunologic
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tolerance of the barrier is disturbed and uncontrolled inflammation may develop
throughout the digestive tract. Causes include a genetic predisposition and spe-
cific life circumstances of affected individuals (B Fig. 2.5).

0 How do ulcerative colitis and Crohn's disease differ in their pathogenesis and
symptomatology?

In general, they are the two most common destructive, chronic inflammatory dis-
eases of the intestine. In ulcerative colitis, sharply circumscribed inflammatory ar-
eas appear exclusively in the mucosa and submucosa of the colon, usually ter-
minal in the descending and sigmoid colon and rectum. In contrast, in Crohn’s
disease, the epithelial barrier of the entire oropharynx, stomach, and intestine
may be occupied by local inflammation. Most commonly, however, inflamma-
tory symptoms are seen in the terminal ileum, proximal colon, and rectum. In
addition, in Crohn’s disease, the entire barrier structure with mucus, epithelium,
lamina propria together with associated connective tissue is segmentally discon-
tinuously affected by inflammatory events. In both ulcerative colitis and Crohn’s
disease, the causes of chronic manifestation of inflammatory reactions of the di-
gestive tract are multifactorial. Both show an altered microbiome of the intestine
as well as a disturbance of the immune function and the epithelial immune toler-
ance, which ultimately leads to destructive inflammatory responses.

living conditions genetic predisposition

- nutritional status - quality of the mucus:

- hygiene status mutated or missing fucosyl-transferase-2-gene
- drug use/ abuse - stability of the gut barrier:

- stress mutated or missing CDH-1-gene: E-cadherin

mutated or missing ECM-1-gene: extracellular matrixprotein 1

- regulation of microbial homeostatis in the gut lumen:
mutated or missing NLR-genes (NOD2/CARD15) and TLR-genes:
PRRs for PAMPs-recognition, induction of defensin secretion

alterations of the gut microbiome dysregulation of the immune status

- reduced synthesis of short chain fatty acids - alterated millieu of intestinal messenger substances
- mucosal dysbiosis: tissue infiltration by - repeal of the immune tolerance in the gut
pathogenic microorganisms - activation of the innate and

adaptive immune functions

weakening of the gut barrier
- reduced gut motility

- thinning of mucus layers

- weakening of the enterocyte layer

chronic inflammation of the intestine: Colitis ulcerosa/ Morbus Crohn

B Fig.2.5 Causes of chronic intestinal inflammation: Genetic predispositions and specific life cir-
cumstances can lead to dysbiosis of the gut microbiome, dysregulation of the gut-associated immune
system, and weakening of the gut barrier, which can manifest in chronic gut inflammation. CARD15:
caspase recruitment domain-containing protein, CDH-1 gene: E-cadherin, ECM-1 gene: extracellular
matrix protein-1, NOD2: nucleotide-binding oligomerization domain-containing protein 2
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o In addition to life circumstances, is there a genetically predetermined risk of devel-
oping inflammatory bowel disease?

Gene clusters localized in specific chromosomal segments may involve genetic
predispositions to epithelial barrier instability, altered mucus quality, and dys-
regulation of microbial homeostasis, which, in addition to external factors and
specific life circumstances, are fundamentally contributory to these intestinal dis-
eases. The viscosity and water-binding capacity of the mucosa are determined,
among other factors, by the presence of terminal sialic acid and fucose moieties
within the mucin-glycoprotein oligosaccharide structures. For example, a defec-
tive or absent gene of fucosyltransferase-2 significantly affects the functional-
ity of the mucus layers. The tightness of the epithelial barrier is sometimes in-
fluenced by the cell-cell junction element E-cadherin (CDH-1 gene) and by ex-
tracellular matrix protein-1 (ECM-1 gene) as a subcomponent of the fibrous
intercellular substance between the epithelial intestinal tissue and the basement
membrane. Polymorphisms or defects in these genes favor the development of en-
terocolitis. Also, the tendency to microbial mucus miscolonization, so-called dys-
bioses, which promote intestinal inflammation, can be genetically predisposed.
This is often caused by polymorphic, missing or altered NOD2/caspase recruit-
ment domain-containing-15, NLR or TLR genes of the intestinal epithelium and
associated immune cells. Impaired defensin secretion, e.g., caused by a lack of
PRR immunorecognition of epithelial and immune cells, may lead to dysbiosis of
the barrier system and chronic inflammatory events.

In addition, malnutrition, side effects of medications, drug abuse, and stress
are considered risk factors for an inflammatory digestive tract. Menaquinone (vi-
tamin K,), which is predominantly produced by intestinal bacteria, is an impor-
tant factor for cell proliferation (see also » Sect. 5.1.2). Dysbiosis is often accom-
panied by a deficiency of menaquinone (vitamin K,), which limits the growth and
repair of the intestinal epithelium. Thus, intestinal miscolonization and weak-
ening of the intestinal barrier and chronic inflammatory situation in the intes-
tine are mutually dependent. A change in the intestinal microbiome also causes a
weakening of the intestinal epithelium due to limited formation of organic acids,
with a simultaneous increased risk of infection due to a lack of growth competi-
tion against pathogens. Ultimately, a proinflammatory intestinal signaling envi-
ronment altered by inflammation leads to dysregulation of the mucosa-associated
immune system and abrogation of epithelial immune tolerance. All these factors
result in structural damage to the intestinal barrier, with thinning of the mucus
layer and weakening of the epithelial tissue closure, leading to uncontrolled in-
flammatory responses of the digestive tract that may manifest chronically.

2.4.2 Probiotics as Interventional Agents Against Ulcerative
Colitis and Crohn's Disease

Basically, both types of chronic intestinal inflammation show an altered micro-
biological colonization of the intestinal mucosa, characterized by a reduction of
physiologically intestinal resident bacteria of the division Firmicutes, especially
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of the bacterial genus Clostridium, as well as by a reduction of many protective
bacterial species of the genera Bacteroides, Eubacterium, and Lactobacillus. At
the same time, Gram-negative, often nitrogen-fixing bacteria and pathogenic bac-
teria of the Proteobacteria division, most of which are directly involved in inflam-
matory reactions in the intestine, are present in increased numbers.

@ What causes the altered microbiological colonization of the intestinal mucosa
within these diseases and how can dietary therapy be used?

This dysbiosis of the intestinal mucosa weakens the epithelial barrier function
and allows the invasion of pathogenic microorganisms into the mucosa, into the
further supporting tissue, and into the associated lymphatic vascular systems.
Oral or rectal administration of probiotic bacteria is discussed as a therapeutic
approach to restore microbial balance, resolve the inflammatory immune situa-
tion, and thus strengthen the intestinal barrier. The general limitation of micro-
bial growth by acid formation and an associated pH decrease of the feces as well
as by the secretion of various antibiotically active agents by probiotics would be a
first important aspect. Others could be the improved vitality and functionality of
enterocytes by probiotic metabolites and the possible realignment of immune sta-
tus by probiotic bacterial stimulation of defensin expression and the initiation of
an ultimately anti-inflammatory cytokine profile. However, with a disrupted in-
testinal barrier, there is always a risk that probiotic microorganisms may also in-
filtrate the epithelial-associated supporting and lymphoid tissues and then be in-
volved in inflammatory processes. To maintain immune tolerance within acute in-
flammatory responses, TLR-mediated activation of APCs is a critical factor. In
general, activation of these PRRs by microbial cell components leads to the re-
lease of proinflammatory cytokines that initiate and control an inflammatory re-
sponse. However, when TLRs are repeatedly activated, this leads to transient de-
sensitization of cellular signaling pathways and decreased expression of proin-
flammatory genes. TLR tolerance develops. In addition, TLR surface expression
by epithelial and immune cells is reduced by probiotics. TLR stimulation by pro-
biotics may also lead to immunosuppression mediated by CD4*, CD25", fork-
head box protein-3* (FoxP3) regulatory T-lymphocytes (see also » Sect. 6.1).

© The different expression of the two diseases in the individual areas of the digestive
tract has therapeutic consequences.

The given differences between ulcerative colitis and Crohn's disease must be taken
into account in the treatment approach with probiotics. Since microorganisms
predominantly take effect in the fermentatively active colon, probiotic treatment
is more promising in ulcerative colitis and less so in Crohn's disease. The admin-
istration of gut-associated yeasts, such as Saccharomyces cerevisiae var. boular-
dii, various Bifidobacteria species alone and in combination with prebiotic inulin,
lactulose, or milk oligosaccharides the inflammatory cytokine profile in Crohn's
disease patients can be attenuated, especially the secretion of proinflammatory
IL-1B, IL-17, and tumor necrosis factor (TNF) « is reduced, and the secretion of
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anti-inflammatory IL-10 and TGFf are increased. Overall, however, the clinical
relevance of such probiotic treatment is usually too low. Only the recurrence rate,
i.e., the recurrence of clinical symptoms, can be reduced by such probiotic admin-
istration.

Since the symptoms of ulcerative colitis are confined to the colon, probi-
otic therapy approaches, especially combination treatments with inulin, are more
promising compared to Crohn's disease. Here, oral applications with combinations
of different bacterial genera, such as B. breve, B. infantis, B. longum, L. acidophi-
lus, L. bulgaricus, L. casei, L. plantarum, and S. thermophilus, are effective and can
significantly reduce the disease-related inflammatory cytokine profile. This is due,
on the one hand, to the fact that synergistically complementary metabolic activi-
ties of the individual bacterial genera facilitate microbial colonization of the colon
and, on the other hand, to the fact that the portfolio of metabolites relevant for
action, such as organic acids and antimicrobial agents, is expanded. In addition,
the different bacterial genera increasingly occupy different micro-ecotopes of the
colon. Last but not least, disease-typical dysbiosis with accompanying tissue infil-
tration of pathogenic microorganisms may be pushed back. The intestinal barrier
can thus be gradually regenerated and epithelial immune tolerance restored. Treat-
ment of colitis ulcerosa patients with combined probiotic administration can re-
sult in a clinically relevant reduction of the proinflammatory IL-6 concentration in
the blood with a simultaneous increase of the anti-inflammatory IL-10.

The mode of application of probiotics also seems to have an influence on the
efficacy. Probiotics applied rectally directly at the site of action, such as Escheri-
chia coli Nissle 1917, show a clinically relevant decrease in the overall inflamma-
tory situation in ulcerative colitis. Enteric-coated formulations containing granu-
lated or microencapsulated microorganisms may also improve the clinical efficacy
of such probiotic supplements.

With combinations of different bacteria and prebiotic oligosaccharides, as
well as with an application form adapted to the disease situation, dietary supple-
mentation against chronic intestinal inflammation can in principle promote heal-
ing and support drug treatments.

2.5 Influence of Intestinal Barrier Inflammation on the Gut-
Brain Axis

Infections with various bacteria, viruses, and parasites, such as chlamydia, the
rabies-causing Rabies lyssavirus or toxoplasma, can directly affect the functions
of the central nervous system and are suspected of triggering psychopathies that
can lead to profound personality changes in those affected. Thus, it is not sur-
prising that the microbial colonization of the intestine influences psychologi-
cal health and can be seen as a pathogenetic factor in neurological and psychi-
atric diseases. The immune system appears to be an important mediating factor
in this regard. Indeed, clinical observations show that psychological disorders of-
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ten cooccur with immunological dysregulations. Chronic inflammation of the in-
testine, as in ulcerative colitis or Crohn's disease, can be associated with moodi-
ness and even depression. The basis of these symptoms is a direct exchange of in-
formation about the state of health between the intestine and the brain. Since the
immune system and the intestinal microbiome are involved in this communica-
tion, attempts are made to influence this through nutrition and functional food
components. The so-called Mood Food is a mineral- and vitamin-rich form of nu-
trition which, with its high proportion of essential amino acids, addresses the syn-
thesis metabolism of neurotransmitters and aims to have a mood-enhancing ef-
fect. In addition, various food-associated bacterial species are being discussed as
psychobiotics which are supposed to provide a psychological benefit as a nutri-
tional supplement.

2.5.1 Signaling Pathways of the Gut-Brain Axis

The signaling pathway of information exchange between the central nervous sys-
tem and the enteric nervous system located in the intestinal region is called the
gut-brain axis and, due to its extensiveness in the body, includes not only the neu-
ronal connection but also the endocrine signaling system with neurotransmitters
and hormones. In this communication structure, the immune system and the gut
microbiome are crucial factors.

Together with the spinal cord, the brain forms the central nervous system.
This is where the neural perception and processing of environmental stimuli (sen-
sitivity and cognition) takes place, resulting in a mood state (emotion) with a cor-
responding drive for action (motivation and action). A variety of endocrine fac-
tors, such as neurotransmitters and hormones, are involved in this psychological
action cascade. The independent metabolic homeostasis of the brain is ensured
by the blood-brain barrier as a selective barrier to the transport of substances.
Tight junctions between the endothelial cells and a basement membrane separate
the brain matter from the body's bloodstream for a controlled exchange of ma-
terial. In addition, the brain is thought to have its own lymphatic system inde-
pendent of the body. Many immunological and endocrine signal substances can
pass through this barrier. The immunological defense response of the brain is de-
termined by mononuclear, phagocytotically active microglia. These tissue mac-
rophages, which are found in the connective tissue of the brain, remove accumu-
lating cell debris, interact functionally with neurons, and together with DCs, B-
and T-lymphocytes, regulate immunological defense responses there.

The central nervous system is connected to the enteric nervous system of the
intestine by either excitatory or depressive sympathetic and parasympathetic sig-
naling pathways of the vegetative nervous system B Fig. 2.6. Involving the sym-
pathetic nervous system, the sympathetic-adrenergic-medullary axis is crucial for
rapid response to an acute stress impulse. A stress signal originating from the cen-
tral nervous system excites the release of epinephrine and norepinephrine into the
blood by the adrenal cortex, thus activating the entire organism. The supply of
metabolic energy and oxygen to the locomotor muscles, heart, and brain is in-
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creased, and central nervous excitability is enhanced. The blood supply to the di-
gestive tract and the wider periphery of the body, on the other hand, is reduced.
Innate immunological defenses are activated, and proinflammatory cytokines of
the early defense response (IL-1, IL-6, INFy, and TNFa) are emitted. The hypo-
thalamic-pituitary-adrenocortical axis, which responds more slowly to a sustained
stress stimulus, induces the release of glucocorticoids by the adrenal cortex, par-
ticularly cortisol. This signal, originating from the hypothalamus of the dienceph-
alon, amplifies and prolongs the acute sympathetic stress signal. Cortisol thus
supports the effects of adrenaline and defense mechanisms of the innate immune
defense are activated more strongly. However, a persistent cortisol signal inhibits
initiation factors that are crucial for inflammatory processes and has an immuno-
suppressive effect (see also » Sect. 7.3). In the case of chronic stress, this sympa-
thetic-independent neuroendocrine signaling system is one of the decisive factors
for manifest changes in intestinal and immune function.

The vagus nerve as a large, body-permeating part of the parasympathetic
nervous system consists mainly of afferent nerve fibers leading from the digestive
tract to the brain and oppositely oriented efferent nerve fibers. Status information
from the gastrointestinal tract on energy metabolism is thus fed to the brain, and
regulatory signals are subsequently fed back from there. The vagus nerve is con-
nected to the limbic system, a functional unit of the brain that processes emo-
tions and enables intellectual performance. The signal location of the abdomen
can thus directly influence the psychological action cascade via this pathway. The
enteric nervous system runs through the entire digestive tract. Via the plexus my-
entericus and plexus submucosus located between the longitudinal and transverse
muscles and the epithelium of the intestinal wall, it controls motility, blood flow,
water and electrolyte transport, as well as the secretion of mucus and digestive
juices, and ultimately the activity of the immunological defenses of the intestine.
Enterochromaffin cells localized in the epithelium of the intestine secrete hor-
mones and neurotransmitters for this purpose.

© The gut-brain axis is a bidirectional connection between the central and the enteric
nervous system of the intestine. In addition to neuronal communication, endocrine
factors and immunological signaling substances are also relevant here.

2.5.2 Functional Interactions Between the Gut Microbiome,
Immune Defense, and Psyche

A symbiotic microbiome is characterized by a high diversity of microorganism
species that functionally coexist with humans, while a dysbiotic microbiome is
characterized by a species-poor, dysbalanced composition containing pathogenic
microorganisms. This can favor inflammatory situations of the intestinal mucosa.
A lesion of the intestinal barrier and an associated translocation of intestine-as-
sociated microorganisms into the tissue surrounding the intestine can also lead to
inflammation of the enteric nervous system.



62 Chapter 2 - The Immune Barrier: Influence of Food Components ...

The European consortium Metagenomics of the Human Intestinal Tract pro-
poses three diagnostic enterotypes of humans with specific intestinal microbial
colonization for the assessment of the intestinal microbiome, which are expressed
independently of gender and geographic region and should allow conclusions on
health status. Enterotype 1 is dominated by the bacterial phylum Bacteroides with
high saccharolytic potential, enterotype 2 by the bacterial genus Prevotella with
high glycoprotein degradation, and enterotype 3 by the bacterial genus Rumino-
coccus with high potential for intestinal mucin degradation. The concise presence
of bacteria of the genus Ruminococcus in the intestine is associated with Crohn's
disease, for example. The bacterial genus Proteobacteria is also discussed in this
context as a diagnostic criterion for dysbiosis. Dysbiosis and inflammation of the
intestinal barrier are mutually dependent, since, on the one hand, a defective col-
onization of the intestine activates the immune system, and, on the other hand,
immunological defense reactions also adversely alter the living conditions of mi-
croorganisms in the intestine. The gut-associated immune system controls the es-
tablishment of microbial miscolonization and the emergence of pathogenic mi-
croorganisms in the intestinal lumen via the recognition of microbial PAMPs by
PRRs of gut-associated neutrophil granulocytes, M®s, and mast cells. Result-
ing cytokines enter the body's vascular system, pass through the blood-brain bar-
rier by peptide and protein transport processes, and reach the brain region. The
proinflammatory signaling of the intestinal region is thus registered by microglia
in the connective tissue of the central nervous system and, by mediating inflam-
matory responses themselves, is mirrored in the brain. Excessively high and pro-
longed cytokine releases, termed hypercytokinemia, are being considered in this
context as a disease-causing factor for anxiety disorders and depression. Acti-
vated immune cells can also migrate from the intestine to the brain region (see
also » Sect. 3.3). This increases the secretion of neurotransmitters in the cen-
tral nervous system, which function not only as neurological but also as immu-
nological messengers and manifest the inflammatory situation there. In addition,
glial cells and neuronal cells of the hypothalamus can be activated and express cy-
tokines themselves. This neuroendocrine signaling can in turn be fed back into
the intestinal tract via the stress axis from the brain to the enteric nervous system,
which, by lowering the serotonin signal, reduces the motility and barrier function
of the intestinal wall and promotes a dysbiotic expression of the intestinal micro-
biome. According to animal studies, this fact is reflected in particular in the re-
duction of Lactobacillus species in the intestinal microbiome.

The inflammatory impulse for dysbiosis of the intestinal microbiome can also
originate directly from the central nervous system through chronic stress sensa-
tion. An acute stress signal mediated by the sympathetic-adrenergic-medullary
axis is less relevant here than a prolonged excitation of the hypothalamic-pitu-
itary-adrenocortical axis. The resulting strong cortisol signal lowers the seroto-
nin signal of the enteric nervous system, modifying peripheral immune defense
activity and weakening gut motor function and decreasing secretion of diges-
tive juices. A dysbiotic inflammatory situation of the intestinal barrier can thus
be induced. In burnout syndrome, for example, it is discussed whether a chroni-
cally high cortisol concentration in the blood and an accompanying cortisol re-



63 2

2.5 - Influence of Intestinal Barrier Inflammation on the Gut-Brain Axis

sistance of the signal recipients with a steadily decreasing cortisol signal output
derails the neuroendocrine signal homeostasis of the gut-brain axis of the body
and thus can be seen as a factor for the characteristically complete physical and
emotional exhaustion of the affected persons. Basically, vagal activity counter-
acts stress arousal and inhibits inflammatory responses. Stimulation of the vagus
nerve, through motor exercises, temperature stimuli but also through nutritional
supplementation with pre- and probiotics is used therapeutically to counteract
stress stimuli. However, mouse studies have also shown that visceral sensory, i.e.,
relating to the intestine, and fear-associated brain regions were very rapidly acti-
vated via vagal nerve pathways during infection events in the intestine.

Signals of neuroactive metabolites of intestinal microorganisms can, on the
one hand, be detected by the enteric nervous system and transmitted to the cen-
tral nervous system via the vagus nerve and influence brain functions. On the
other hand, many of these molecules travel directly to the brain through the
blood system. By consuming food-associated microorganisms with neuroactive
properties or prebiotics to promote the growth of neuroactive microorganisms
in the gut, attempts are being made to counteract mental illness. Various clinical
studies have shown that the intake of B. breve, B. bifidus, B. longum, Clostridium
butyricum, L. acidophilus, L. casei, L. delbrueckii subsp. bulgaricus, L. rhamnosus,
or Streptococcus thermophilus offers positive effects in patients with stress symp-
toms, anxiety disorders, or depression.

2.5.3 Microorganisms as a Nutritional Therapeutic Approach
to Psychological Disorders

Many distinct bacterial and yeast species of the intestinal microbiome interact
with the neuroendocrine system of the human host and thereby directly influence
its metabolic, immunological, and psychological functions. This clearly demon-
strates the phylogenetic coupling between humans and their microorganisms of
physiological skin and mucosal colonization. They produce neuroactive metabo-
lites and their metabolic precursors, which can pass through the intestinal barrier
into the blood system and, in part, can also pass through the blood—-brain barrier,
so that they can directly influence neurological regulatory functions of both the
enteric and the central nervous system (8 Fig. 2.6).

In addition, these neuronal messengers are usually also potent immunological
signals that decisively shape inflammatory processes.

Amino acid derivatives are a large group of relevant neurotransmitters of the
body that are even produced by various gut- and food-associated microorganisms
(8 Table 2.6).

Coming from the intestinal lumen via the blood system, these substances usu-
ally cannot pass the blood—brain barrier and cannot reach the brain region. How-
ever, a proinflammatory signaling situation increases the permeability of the
blood-brain barrier for these substances. Microbially formed amino acid pre-
cursors, however, are not prevented from doing so, so that they can provide an
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B Fig. 2.6 Gut-brain axis in the inflammatory situation: The central nervous system is bidirection-
ally connected to the enteric nervous system of the gut by the vagus nerve. Among other things, this
nerve transmits signals for the regulation of the secretion of digestive juices and intestinal motility
from the brain to the intestinal region and, conversely, signals concerning energy metabolism. The mi-
crobial colonization of the intestine is influenced not only by the environment of the intestinal lumen
and the immune status, but also by the diet. A symbiotic microbiome is characterized by a high diver-
sity of microbial species that functionally coexist with humans, while a dysbiotic microbiome is char-
acterized by a species-poor, dysbalanced composition containing pathogenic microorganisms. This
can trigger inflammatory situations of the intestinal mucosa. Inflammation of the intestinal barrier
and dysbiosis are mutually dependent, as immunological defense reactions adversely alter the living
conditions of microorganisms in the intestine. Proinflammatory cytokines can travel from the gut to
the brain and activate immune cells that mirror the inflammatory situation of the gut there. The stress
axis in turn can feed back this neuroendocrine signaling situation from the brain into the intestinal
tract or itself trigger dysbiosis and inflammatory moments in the intestine due to chronic stress sensa-
tions. Metabolites of the gut microbiome may also directly influence central and enteric nervous sys-
tem function as neurotransmitters or endocrine factors and promote an inflammatory state in the di-
gestive tract as immunological signals. DC: dendritic cell

impetus for the synthesis of corresponding neurotransmitters in the brain. Ser-
otonin, for example, is derived from tryptophan. Bacterial serotonin can act di-
rectly on the enteric nervous system and slow intestinal motility. Along with ep-
inephrine, norepinephrine, and dopamine, which are derived from tyrosine, ser-
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B Table 2.6 Amino acid-derived neurotransmitters and endocrine factors and their effect on

the immune system

Metabolite

Adrenalin
(epinephrine)

Tyrosine

Dopamine
(prolactostatin)

Noradrenalin
(norepinephrine)

Serotonin
(5-hydroxy-
tryptamine)

Tryptophan

Melatonin

Glutamate y-Aminobuta-

noic acid

L-glutamate

Intestinal bacterium

Escherichia coli

Bacillus sp.,

E. coli,

Havnia alvei
(NCIMB, 11,999)

Bacillus sp.,
E. coli

E. coli,

L. bulgaricus,

L. plantarum,
Lactococcus latis
subsp. cremoris,
Morganella morganii
(NCIMB, 10,466),
S. thermophilus

Bifidobacterium sp.,
Lactobacillus sp.

Bifidobacterium ado-
lescentis,

B. dentium,

B. angulatum,

E. coli,

L. casei, L. paracasei,
L. plantarum, L. reu-
teri, L. rhamnosus,
Leuconostoc mesen-
teroides,
Saccharomyces cerevi-
siae var. boulardii

Corynebacterium
glutamicum,

L. plantarum,

L. paracasei,
Lactococcus lactis

Effect on the nervous and immune system

Neurological function: neurotransmitter and endocrine factor of
stress response, fine coordination of stress response along with
dopamine, norepinephrine, and serotonin, increases sensory per-
ception and cognitive processing

Enteric nervous system: increases blood pressure and blood flow
to the gastrointestinal tract, increases secretion of bile acid and
other digestive secretions

Immunological function: regulates activity of immune cells with
B2-adrenoreceptors

Central nervous system: stimulatory neurotransmitter and endo-
crine factor, regulates moods, promotes sense of pleasure, fine
coordination of stress response along with epinephrine, norep-
inephrine and serotonin, increases sensory perception and cog-
nitive processing

Enteric nervous system: increases blood flow to the digestive tract
Immunological function: regulates proliferation, differentiation
and migration of T-lymphocytes and microglia

Central nervous system: a stimulatory neurotransmitter and en-
docrine factor formed from dopamine, fine coordination of the
stress response along with adrenaline, dopamine, and serotonin
Enteric nervous system: increases blood flow to the digestive tract
Immunological function: regulates activity of immune cells with
B2-adrenoreceptors

Central nervous system: depressant neurotransmitter and endo-
crine factor, regulates moods, promotes sense of pleasure, fine
coordination of stress response along with adrenaline, dopa-
mine, and noradrenaline

Enteric nervous system: regulation of vagus circulation and in-
testinal motility

Immunological action: signaling molecule for immune cells with
5-HT receptors, induces migration of immune cells from blood
vessels to peripheral tissues, activates innate and adaptive de-
fense responses

Central nervous system: a neurotransmitter-like hormone formed
from serotonin, which regulates the sleep-wake rhythm

Enteric nervous system: relaxation of the smooth muscles of the
intestine

Immunological function: stimulates the formation of immune
cells of the innate defense response, stimulates the formation of
proinflammatory cytokines

Central nervous system: depressant neurotransmitter and endo-
crine factor, passes blood—brain barrier, antagonist to L-glu-
tamate

Enteric nervous system: regulates intestinal motility, secretion of
digestive juices and blood flow to the intestine

Immunological function: stimulates immune cells and induces
their migration

Central nervous system: stimulatory neurotransmitter, crosses the
blood-brain barrier, antagonist to y-aminobutanoic acid, medi-
ates sensory perception, regulates appetite, involvement in higher
brain functions (attention, learning, motivation)

Enteric nervous system: factor of intestinal motility
Immunological function: supports proliferation of immune cells
and cytokine synthesis
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otonin also coordinates the body's stress response. Tryptophan and tyrosine are
essential and semi-essential amino acids, respectively. A dysbiotic intestinal col-
onization with microorganisms that do not synthesize these amino acids and
their neurotransmitters and make them available to the body, but instead draw
them from the food mush in the intestine and utilize them for their own metabo-
lism, can lead to the limitation of these substances with corresponding functional
changes within the intestine—brain axis. Such an amino acid deficiency can also
have an impact on immune function. Kynurenine is another non-proteinogenic
amino acid derived from tryptrophan. It is formed competitively to serotonin in
the synthetic pathway. Indoleamine 2,3-dioxygenase, which converts tryptophan
to N-formylkynurenine, is the key regulatory enzyme in this process. The proin-
flammatory INFy signal induces the activity of this enzyme so that tryptophan is
increasingly converted to kynurenine instead of serotonin. Kynurenine is an im-
mune status feedback signaling molecule. On the one hand, it initiates reactions
of the innate defense in the early defense phase; on the other hand, it inhibits fur-
ther immunological defense processes (see also » Sect. 6.1). Such regulatory se-
quences are present in many ways in immunological defense procedures (see also
» Sect. 5.2.3). In the case of a pronounced tryptophan deficiency, intestinal in-
flammations cannot be adequately limited by this regulation. In this respect, the
lack of antioxidant and neuroprotective effects of kynurenine are also discussed
as pathogenetic factors in inflammation-coupled psychological disorders.

Microbial y-aminobutanoic acid passes the blood-brain barrier via transport
mechanisms and has a calming effect on the central nervous system and damp-
ens neuronal excitation. It is considered a regulatory antagonist to the stimula-
tory neurotransmitter L-glutamate. In turn, it activates the enteric nervous system
and increases various intestinal functions. Immunologically, this non-proteino-
genic amino acid activates immune cells in the intestine and promotes inflamma-
tory processes there. Therefore, it is discussed as an important coupling factor of
immmunological and psychological disorders.

Another large group of neuroactive metabolites of the gut microbiome are
short-chain fatty acids. In addition to their direct enteric effects, such as the in-
crease of serotonin secretion by enterochromaffin cells and concomitant increase
of intestinal motility, effects on the central nervous system are also considered.
Short-chain fatty acids can pass from the intestinal lumen into the bloodstream
and cross the blood-brain barrier by means of monocarboxylate transporters. In
the brain, they can energetically support neuron development and function. In
addition, short-chain fatty acids also show immunological effects that are relevant
in inflammatory reactions of the intestinal epithelium. Butyrate, for example,
modulates the recruitment of neutrophil granulocytes to the site of inflammation.

Beyond that, other neuroactive molecules are produced by microorganisms in
the gut, such as the central neurotransmitter acetylcholine. It is an enteric reg-
ulatory factor of intestinal motility and involved in higher brain functions such
as attention, learning and motivation. This quaternary ammonium compound,
formed, for example, by L. plantarum, passes the blood—brain barrier and can act
on both the enteric and central nervous systems. Acetylcholine is also involved in
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the regulation of inflammatory processes by inducing the migration of immune
cells from blood vessels to peripheral tissues (see also » Sect. 3.2).

Even a broad portfolio of biogenic amines is produced by microorganisms,
such as phenylethylamine by Enterococcus faecalis, which can influence psycho-
logical impulse and mood control. This component is already used as a functional
ingredient for mood enhancement in food.

Research into the pathophysiological relevance of a dysbiotic gut microbiome
and the associated inflammatory situation as a pathogenic factor of mental dis-
orders and degenerative diseases of the brain enables the development of nutri-
tional concepts with immune-functional food components that can counteract or
positively influence these diseases.

Excursus Il: Formulation Concepts for Inmune-Functional Foods

Enhancing the Efficacy of Inmune-Functional Food Components Through Spe-

cific Formulations

The way in which an immune-func-
tional food component is incorpo-
rated into a product matrix plays a sig-
nificant role in determining its efficacy
when administered orally. The solubil-
ity and stability of the active ingredi-
ent are decisive technological param-
eters for optimum bioavailability and
efficacy. Many secondary plant com-
pounds or peptides from egg and milk,
for instance, are often sensitive to oxi-
dation or proteolytic digestion. In addi-
tion, the absorption of these substances
in the body is mostly limited. Many tra-
ditional dishes are often exemplary in
terms of good efficacy of their ingredi-
ents. As an example, the spice mixtures
called “masala” of South Asia and
North Africa, from which curry is also
derived, combine up to 23 different in-
gredients with synergistic effects. Highly
purified active ingredients sometimes
show lower efficacy than native mixed
matrices. Molecular structuring, which
influences the solubility properties and
molecular stability of active ingredients,
and accompanying substances, which
modify  receptor-mediated  resorp-
tion kinetics and enzyme reactions that

counteract the effect of the substance,
are important elements of a product
matrix that enhances the bioavailability
of immune active ingredients.

Structuring of Active Ingredients

Flavonoids, terpenes, anthocyanins, and
other secondary plant compounds are
highly water-soluble but often have in-
sufficient cell membrane permeability.
This reduces the bioavailability of these
substances. Hydro- or oleogels made
from cross-linked carbohydrate polymer
chains, such as alginate, chitosan, chon-
droitin, dextran, guar gum, methyl cel-
lulose, or xanthan gum, which bind wa-
ter or oils as a three-dimensional net-
work without losing their material
cohesion, or disperse systems, such as
double emulsions and aqueous gels
made from gelling or thickening agents,
can improve the solubility and stabil-
ity of active ingredients in products. Li-
pid-based formulation systems, such as
liposomes, also known as ethosomes,
niosomes, pharmacosomes, or transfero-
somes, each with specific properties,
provide a water-soluble application ves-
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icle with their lipid or detergent sphere,
which can increase cellular drug up-
take. Liposomes can be prepared by ro-
tational drying of organic solvent-wa-
ter systems within thin-film hydration
processes, by ultrasonication, or by mi-
cro-extruder processes. Their polar lipid
outer shell gives them a more defined
structure than aqueous emulsions con-
taining fatty acids, bile salts or egg lec-
ithin. These vesicles, 0.025 to 2.5 um in
diameter, carry the water-soluble active
ingredient bound in the lumen of the li-
pid sphere.

Nanoparticle formulations are an-
other form of structuring active ingre-
dients. Here, functional food ingredients
are either bound to metal ions on pol-
ymer-based nanoparticles or on nano-
metal particles with a diameter of 50—
100 nm, or they are embedded in gold
molecular prisms by means of a trian-
gular molecular structure or in spheri-
cal silver nanoparticles. For water-insol-
uble active ingredients, so-called solid
lipid nanoparticles made of beeswax or
carnauba wax are also used. In general,
these nanostructures chemico-physically
stabilize active ingredients, which sig-
nificantly increases bioavailability com-
pared to the unstructured form.

Cyclodextrins are active ingredient
stabilizers and solubilizers. With their
molecular-circular, cup-shaped struc-
ture with a hydrophobic interior and
hydrophilic exterior, they form so-called
inclusion bodies with fat-soluble active
ingredients. They consist of al,4-gly-
cosidically linked glucopyranose rings,
which are formed from starch by the
cyclodextrin-glycosyl transferase cou-
pling reaction. Depending on the a-,
B-, or y-type, 6, 7, or 8 glucose units are
transferred from the starch helix into a
molecular ring structure. Although all

forms and all derivatives of cyclodex-
trin can be used for oral applications
as an amylase-indigestible sugar poly-
mer, it should be noted that -cyclodex-
trin and various cyclodextrin methyl de-
rivatives have been attributed toxic ef-
fects within parenteral administration.
Water-insoluble active components bind
non-covalently through charge or van
der Waals interactions in the hydropho-
bic interior of the cup-shaped cyclodex-
trin structure. When inserted there, the
outer hydrophilic region can impart the
desired water solubility for the active
molecule. The transfer of water-insol-
uble drug molecules through non-po-
lar, biological barriers is also promoted.
The drug is also protected from oxida-
tion, photodestruction, and enzymatic
digestion. In pharmacology, cyclodex-
trins are used especially for drugs in
combination with various types of li-
posomes and nanoparticles.

Enzyme and Membrane Transporter
Modifying Adjuncts and Intestinal Ab-
sorption Enhancers

Drug-degrading enzymes of the intes-
tine and liver, e.g., hydrolases and gly-
cosyl transferases, as well as cellular ef-
flux pumps, such as multidrug-resistance
protein 1, which as transmembrane ac-
tive transporters conveys cell-toxic sub-
stances out of the cell under adenosine
triphosphate (ATP) consumption, can
reduce the efficacy of active substances.
Specific accompanying substances of a
food matrix can have an influence here.
The phenolic yellow pigment of tur-
meric (Curcuma longa), curcumin, is tra-
ditionally combined in curry with pi-
perine from the pepper varieties Piper
nigrum or Piper longum. The 1-piper-
oylpiperidine of the pepper is an acid
amide alkaloid and enhances the bio-



availability of orally ingested curcumin
and many other immune-functional
food components by competitively in-
hibiting oxygenases and efflux pumps
that counteract cellular drug uptake.
Soybean genistein also inhibits trans-
membrane transporters, and the flavo-
noid glycoside naringin from grapefruit
(Citrus paradisi) or the flavonoid querce-
tin, also found in citrus, inhibit multid-
rug-resistance protein 1 and oxygenases
of the intestinal mucosa which can re-
duce the cellular absorption of drugs.

On the other hand, intestinal ab-
sorption performance can be supported
by absorption enhancers. For piperine,
local intestinal blood flow promotion
through receptor-mediated vasodila-
tion is discussed, which increases intes-
tinal absorption capacity. Other absorp-
tion enhancers destabilize the intesti-
nal barrier, increasing paracellular flow
between endothelial cells. For exam-
ple, the polyglucosamine chitosan, espe-
cially trimethylchitosan, found in fungi
and crabs, partially weakens the F-ac-
tin structure of the endothelial cytoskel-
eton. Calcium-binding chelates, such as
ethylenediaminetetraacetate, lower ex-
tracellular calcium concentrations and
thus also weaken endothelial cell—cell
junctions.

In principle, structuring of active in-
gredients and the addition of accompa-
nying substances are helpful elements
of a modern effective application of im-
mune-relevant active ingredients from
food. However, they also have their lim-
its of application. The function of an
active ingredient may also be limited by
structuring, since its mechanism of ac-
tion requires release of the component
from the structuring form. The compat-
ibility of accompanying substances and
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absorption enhancers, especially in the
case of drugs, can also be a limiting ap-
plication factor.

Formulations of Probiotics for Oral

Applications

In order for probiotics fully develop
their physiological functions in the gas-
trointestinal tract, the highest possi-
ble vitality and activity of the bacteria
should be achieved within the oral ap-
plication. This is opposed by manufac-
turing processes, storage, and the envi-
ronment in the gastrointestinal passage
with gastric acid, bile salts, and gastric
and pancreatic digestive enzymes. The
World Health Organization requires a
minimum of one million active germs
per gram of product for foods with a
probiotic claim.

For supplements and foods, pro-
biotics can be incorporated into algi-
nates, carrageenans, cellulose esters, and
other hydrocolloid matrices using vari-
ous drying, extrusion, or emulsion pro-
cesses. Another interesting matrix ma-
terial is whey protein. Whey is a cheap
waste product of cheese production,
with good technological properties and
a physiologically high-quality amino
acid and polar lipid composition. Im-
portant process parameters that influ-
ence bacterial vitality are thermal expo-
sure, insufficient moisture of the formu-
lation and oxidative stress acting on the
bacteria. In this context, extrusion and
emulsion processes produce non-criti-
cal wet particles, which are compatible
for beverages, creams, and pastes. For
dry particle applications, such as bars
and various powders, the spray dry-
ing process can produce relatively large
particles around 4-6 pm in diameter,
which can hold residual moisture well.
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food
transition time
pH-value germ count/ gram chymus
1-2 1-6h gaster 0-103 or faeces
duodenum 0-108
5-6 1-3h jejunum 0- 105
ileocecal valve ileum 10%-107
6-7 1-3d colon 1010- 1013
7-8 with caecum

B Fig. 2.7 Excursus II Germ contents and pH values of the gastrointestinal tract

In general, a moisture content of 3-7%
should be aimed for here. Low-molec-
ular-weight carbohydrates, such as tre-
halose or sorbitol, can be helpful as ad-
ditional moisture retaining agents. If,
in addition to granulation, particles
are also coated with a protective layer
as protection against dehydration and
oxidation, fluid bed drying is a suita-
ble formulation process, since both the
necessary drying and granulation pro-
cesses can be created in combination in
one process. In such processes, the dry-
ing temperature is always crucial for the
survival rate of the bacteria. In spray
drying, an outlet temperature of 55 °C
(inlet temperature 90 °C) should not be
exceeded. Fluid bed drying again offers
an advantage over spray drying, as it is
possible to work with significantly lower
temperatures. But here, too, a drying
temperature above 50 °C is unfavorable.
To improve the survival rate in thermal
formulation processes, physiological
conditioning of the bacteria to temper-
ature stress can be helpful. Short-term
heat exposure of 70-80 °C for 2-5 min
in the propagation culture prior to pro-
cessing induces the expression of heat

shock proteins or chaperones, which
stabilize the protein structures of the
bacteria and make them more resistant
to high temperature effects.

The type of formulation can also
be used to control the release of bac-
teria at the site of action in the intes-
tine. In principle, the release of probiot-
ics from particles can be determined by
the residence time of the product within
the gastrointestinal passage. A formu-
lation when administered orally must
withstand the acidic environment of the
stomach for up to 6 h and then the di-
gestive juices of the small intestine for
up to 3 h. The gastric environment, with
a pH below 2, should be considered as a
microbiological contamination barrier.
Only acid- and pepsin-resistant germs
can colonize the gastric mucosa directly
(Excursus 1T B Fig. 2.7).

The following small intestine sec-
tions duodenum, jejunum, and ileum
are colonized ascending with up to 107
microorganisms per gram of feces. Only
in the transition area from the ileum to
the colon, which is mechanically sepa-
rated by the ileocecal valve, the micro-
bial content increases to up to 10'3 mi-



Further Readings

croorganisms per gram of feces. The
goal of many probiotic nutritional
concepts is to release the given bacte-
ria only in the colon, since the micro-
bial fermentation activity takes place
there and in the associated cecum an in-
tensive interaction of the bacteria with
the intestine-associated immune system
takes place. The gastrointestinal tract
is characterized by an ascending pro-
file of the pH. With appropriate acid-
or alkali-sensitive formulation materi-
als, a pH-dependent release of granu-
lated, encapsulated, and coated bacteria
can be controlled. Aliphatic polyhy-
droxy acids, terpenes, waxes, or ethyl
cellulose are suitable as particle coat-
ings with appropriate properties. Shel-
lac (E904), a natural polymer varnish, is
also extremely acid-stable, but dissolves
in aqueous environments at pH val-
ues above 6. Acid protection during the
gastric passage and a controlled, subse-
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quent release of the bacteria from the
particle in the colon are thus ensured.

Generally, probiotic bacteria are
freeze-dried in the manufacturing pro-
cess after mass cultivation so that they
can subsequently be dissolved in a de-
fined manner in the formulation matrix
for further processing. This procedure
can be simplified by performing bacte-
rial propagation within a slurry cultiva-
tion in a stirred tank reactor. The culti-
vation medium with a water content of
15-20% is at the same time the formu-
lation matrix for the prebiotic product
and thus enables a bacteria-preserving,
direct particle formulation in a spray or
fluidized bed process, without further
intermediate process steps. Functional
formulations and stringently managed
manufacturing processes can thus make
an important contribution to high-qual-
ity probiotic food applications.

1.

Aitoro R, Paparo L, Amoroso A, Di Costanzo M (2017) Gut microbiota as a target for preven-
tive and therapeutic intervention against food allergy. Nutrients 9(7). » https://doi.org/10.3390/
nu9070672

. Alemao CA, Budden KF, Gomez HM, Rehman SF, Marshall JE, Shukla SD, Donovan C, For-

ster SC, Yang IA, Keely S, Mann ER, El Omar EM, Belz GT, Hansbro PM (2021) Impact of diet
and the bacterial microbiome on the mucous barrier and immune disorders. Allergy 76(3):714—
734. » https://doi.org/10.1111/all.14548

. Beermann C, Hartung J (2012) Current enzymatic fermentation processes for novel milk product

applications. Eur Food Res Technol 235(1):1-12

. Beermann C, Hartung J (2013) Physiological properties of milk ingredients released by fermenta-

tion. Food Funct 4(2):185-199

. Beermann C, Euler M, Herzberg J, Boehm G (2009) Anti-oxidative capacity of enzymatically re-

leased peptides from soybean protein isolate. Eur Food Res Technol 229(4):637-644

. Boulangé CL, Neves AL, Chilloux J, Nicholson JK, Dumas ME (2016) Impact of the gut micro-

biota on inflammation, obesity, and metabolic disease. Genome Med 8(1):42

. Carlson JL, Erickson JM, Lloyd BB, Slavin JL (2018) Health effects and sources of prebiotic die-

tary fiber. Curr Dev Nutr 2(3). » https://doi.org/10.1093/cdn/nzy005

. Castanys-Muioz E, Martin M, Vazquez E (2016) Building a beneficial microbiome from birth.

Adv Nutr 7(2):323-330. » https://doi.org/10.3945/an.115.010694

. Celiberto LS, Graef FA, Healey GR, Bosman ES, Jacobson K, Sly LM, Vallance BA (2018) In-

flammatory bowel disease and immunonutrition: novel therapeutic approaches through mod-


http://dx.doi.org/10.3390/nu9070672
http://dx.doi.org/10.3390/nu9070672
http://dx.doi.org/10.1111/all.14548
http://dx.doi.org/10.1093/cdn/nzy005
http://dx.doi.org/10.3945/an.115.010694

72

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chapter 2 - The Immune Barrier: Influence of Food Components ...

ulation of diet and the gut microbiome. Immunology 155(1):36-52. » https://doi.org/10.1111/
imm.12939

Chatterton DE, Nguyen DN, Bering SB, Sangild PT (2013) Anti-inflammatory mechanisms of bi-
oactive milk proteins in the intestine of newborns. Int J Biochem Cell Biol 45(8):1730-1747. » ht-
tps://doi.org/10.1016/j.biocel.2013.04.028

Chen X (2015) Human milk oligosaccharides (HMOS): structure, function, and enzyme-cata-
lyzed synthesis. Adv Carbohydr Chem Biochem 72:113-190. » https://doi.org/10.1016/
bs.acch.2015.08.002

Conlon AM, Bird AR (2015) The impact of diet and lifestyle on gut microbiota and human
health. Nutrients 7(1):17-44. » https://doi.org/10.3390/nu7010017

Cryan JF et al (2019) The microbiota-gut-brain axis. Physiol Rev 99(4):1877-2013. » https://doi.
org/10.1152/physrev.00018.2018

De Santis S, Cavalcanti E, Mastronardi M, Emilio Jirillo E, Chieppa M (2015) Nutritional
keys for intestinal barrier modulation. Front Immunol 6:612. » https://doi.org/10.3389/
fimmu.2015.00612

Demmelmair H, Prell C, Timby N, Lonnerdal B (2017) Benefits of lactoferrin, osteopontin and
milk fat globule membranes for infants. Nutrients 9(8):817

Enck P etal (2016) Irritable bowel syndrome. Nat Res Dis Primers. » https://doi.org/10.1038/
nrdp.2016.14

Fernando O, Martinez FO, Gordon S (2014) The M1 and M2 paradigm of macrophage activa-
tion: time for reassessment. F1000Prime Rep 6(13). » https://doi.org/10.12703/P6-13

Geuking M, Kéller Y, Rupp S, McCoy K (2014) The interplay between the gut microbiota and the
immune system. Gut Microbes 5(3):411-418

Ghosh P, Sahoo R, Vaidya A, Chorev M, Halperin JA (2015) Role of complement and comple-
ment regulatory proteins in the complications of diabetes. Endocr Rev 36(3):272-288. » https:/
doi.org/10.1210/er.2014-1099

Gidwani B, Vyas A (2015) A comprehensive review on cyclodextrin-based carriers for de-
livery of chemotherapeutic cytotoxic anticancer drugs. Biomed Res Int. » https://doi.
org/10.1155/2015/198268

Goulet O (2015) Potential role of the intestinal microbiota in programming health and disease.
Nutr Rev 73(1):32-40

Hansson GC (2012) Role of mucus layers in gut infection and inflammation. Curr Opin Micro-
biol 15(1):57-62. » https://doi.org/10.1016/j.mib.2011.11.002

Jantzen M, Gopel A, Beermann C (2013) Direct spray drying and microencapsulation of probi-
otic Lactobacillus reuteri from slurry fermentation with whey. J Appl Microbiol 115(4):923-1080
Kabir S (1998) Jacalin: a jackfruit (Artocarpus heterophyllus) seed-derived lectin of versatile ap-
plications in immunobiological research. J Immunol Methods 212:193-211. » https://doi.
org/10.1016/S0022-1759(98)00021-0

Kesarwani K, Gupta R (2013) Bioavailability enhancers of herbal origin: an overview. Asian Pac
J Trop Biomed. » https://doi.org/10.1016/S2221-1691(13)60060-X

Kesika P, Suganthy N, Sivamaruthi BS, Chaiyasut C (2021) Role of gut-brain axis, gut microbial
composition, and probiotic intervention in Alzheimer’s disease. Life Sci 1(264):118627. » https:/
doi.org/10.1016/5.1fs.2020.118627

Neuman H, Debelius JW, Knight R, Koren O (2015) Microbial endocrinology: the interplay be-
tween the microbiota and the endocrine system. FEMS Microbiol Rev 39(4):509-521. » https://
doi.org/10.1093/femsre/fuu010

Orel R, Kamhi Trop T (2014) Intestinal microbiota, probiotics and prebiotics in inflammatory
bowel disease. World J Gastroenterol 20(33):11505-11524

Singla V, Chakkaravarthi S (2017) Applications of prebiotics in food industry: a review. Food Sci
Technol Int 23(8). » https://doi.org/10.1177/1082013217721769

Smith KS, Greene MW, Babu JR, Frugé AD (2019) Psychobiotics as treatment for anxiety, de-
pression, and related symptoms: a systematic review. Nutr Neurosci 20:1-15. » https://doi.org/10.
1080/1028415X.2019.1701220


http://dx.doi.org/10.1111/imm.12939
http://dx.doi.org/10.1111/imm.12939
http://dx.doi.org/10.1016/j.biocel.2013.04.028
http://dx.doi.org/10.1016/j.biocel.2013.04.028
http://dx.doi.org/10.1016/bs.accb.2015.08.002
http://dx.doi.org/10.1016/bs.accb.2015.08.002
http://dx.doi.org/10.3390/nu7010017
http://dx.doi.org/10.1152/physrev.00018.2018
http://dx.doi.org/10.1152/physrev.00018.2018
http://dx.doi.org/10.3389/fimmu.2015.00612
http://dx.doi.org/10.3389/fimmu.2015.00612
http://dx.doi.org/10.1038/nrdp.2016.14
http://dx.doi.org/10.1038/nrdp.2016.14
http://dx.doi.org/10.12703/P6-13
http://dx.doi.org/10.1210/er.2014-1099
http://dx.doi.org/10.1210/er.2014-1099
http://dx.doi.org/10.1155/2015/198268
http://dx.doi.org/10.1155/2015/198268
http://dx.doi.org/10.1016/j.mib.2011.11.002
http://dx.doi.org/10.1016/S0022-1759(98)00021-0
http://dx.doi.org/10.1016/S0022-1759(98)00021-0
http://dx.doi.org/10.1016/S2221-1691(13)60060-X
http://dx.doi.org/10.1016/j.lfs.2020.118627
http://dx.doi.org/10.1016/j.lfs.2020.118627
http://dx.doi.org/10.1093/femsre/fuu010
http://dx.doi.org/10.1093/femsre/fuu010
http://dx.doi.org/10.1177/1082013217721769
http://dx.doi.org/10.1080/1028415X.2019.1701220
http://dx.doi.org/10.1080/1028415X.2019.1701220

73

The Defense Response
of the Innate Immune
System: Influences

of Food Components

on the Early Phase of the
Immune Response

Contents
3.1 Food Lectins as Factors Influencing
the Complement System - 75
3.1.1 The Complement System as an Initiation Element

of the Innate Defense Response — 76
3.1.2 Food-Derived Lectins Modify Complement System
Activity — 81

3.2 Cell Migration of Immune Cells
and Antiadhesive Oligosaccharides - 81

3.3 Food Antioxidants Counteract Chemical
Radicals from Defense Reactions — 84

34 Food Components Influence the Signaling
Network of the Early Defense Response - 89

3.5 The Complement System as a Pathological
Factor for Diabetes Mellitus Type 2 - 91

Further Readings - 96
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023

C. Beermann, Food and the Inmune System,
https://doi.org/10.1007/978-3-031-11523-3_3


https://doi.org/10.1007/978-3-031-11523-3_3
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-11523-3_3&domain=pdf

74 Chapter 3 - The Defense Response of the Innate Immune System: Influences ...

Trailer

The complement system is a proteolytic activation cascade with diverse, antimicrobial,
and immunoregulatory protein elements. It represents a key initiation point of the in-
nate defense response. The role of the complement system is to label and opsonize mi-
croorganisms and apoptotic cells, lyse microbial cells through cell membrane-attack-
ing pores, and initiate initial immunological defense responses. Body cells are protected
from attack by the complement system with the help of various inhibitors. Food lec-
tins can have both stimulatory and inhibitory effects on the complement system. These
multimeric, mostly glycosylated protein structures can bind carbohydrate structures. In
addition, numerous crops as well as food-associated yeasts and bacteria form comple-
ment system-activating f-glucan structures.

The innate defense response begins with the recruitment of neutrophil granulocytes
to the site of inflammation. Interactions between glycosaminoglycan-binding receptors
and fucosylated carbohydrate ligands mediate the cell-vessel wall affinities necessary
for this process. Selectins and integrins are important signaling proteins in this regard,
enabling cell migration and diapedesis from blood vessels into inflamed tissue. Fucosyl-
and acetylneuraminic acid-rich as well as sulfated food oligosaccharides can influence
intercellular binding within these processes.

Oxidative killing of microorganisms by phagocytosing cells is codetermined by the
formation of highly reactive nitrogen and oxygen radicals and ions. Oxygenase and ni-
tric oxide synthase are key enzymes in this process. A transiently high output of these
agents can lead to pathological damage to the environment. Therefore, it may be useful
to dietarily limit this intrinsically important defense reaction by antioxidant food com-
ponents. Neutralization of chemical radicals is always achieved by reductive comple-
tion of the highly reactive, unpaired electron constellation. Oligomeric proanthocya-
nidins, steroids, tannins, tocopherols, tocotrienols, thiols, and carotenoids and organic
acids from food have antioxidant effects. Tri- to pentapeptides with terminal aromatic
or thiol-containing amino acids also show relevant antioxidant potential.

Within the innate defense, a network of cellular signaling substances and vari-
ous elements of the complement system spans between tissue and immune cells. The
cytokines IL-1, IL-6, and IL-12 as well as TNFa mediate cellular inflammatory re-
sponses, IFNy a cytotoxic response. IL-4, IL-10, and TGFB, on the other hand, me-
diate immunological tolerance. M®s differentiate accordingly into immunoregulatory
phenotypes. Adaptive defense continues this functional orientation accordingly. Cellu-
lar components and metabolites of food-associated bacteria, fruit pectins, and milk oli-
gosaccharides may influence this functional orientation of the immune defense. Distur-
bances of this signaling network cause, among other things, metabolic diseases.
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| transition from the innate to the adaptive immune reaction |

== Which functional elements of the immune system are active in the innate defense
response?

== How is innate immune defense initiated and coordinated?

== What dietary factors influence the complement system, cell migration, oxidative re-
actions, and the signaling network within innate defenses?

== To what extent do innate defenses feed into subsequent adaptive defenses?

== To what extent are functional elements of the innate immune defense to be seen as
the cause of the metabolic disease “diabetes mellitus™?

3.1 Food Lectins as Factors Influencing the Complement
System

Various food-associated lectins can have both stimulatory and inhibitory effects
on the complement system as an initiation element of the early defense response
and thus have great potential for immune-functional food applications. In gen-
eral, lectins are multimeric, mostly glycosylated protein structures that are widely
found in plant as well as animal foods. With their ability to bind carbohydrates,
such as N-acetylglucosamine, chitin, or mannose structures, they are cell physio-
logically involved in numerous metabolic processes, such as cell division, protein
biosynthesis, and protein folding. As signaling substances on membrane surfaces,
they also mediate intercellular contacts. Some lectins, mainly from bacteria and
molds, are toxic and penetrate cell membranes or inhibit protein biosynthesis.
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3.1.1 The Complement System as an Initiation Element of the
Innate Defense Response

If immunostimulatory substances reach the associated peripheral tissue in rele-
vant concentrations through the weakened or damaged immune barrier, highly ef-
fective defense mechanisms of the body begin to respond. This initiation is always
preceded by molecular structural recognition of the stimulating agent. Already
the enterocytes of the intestinal barrier recognize such immunogens by PRRs.
Barrier-associated DCs, granulocytes, mast cells, M®s, and NK cells also carry
PRRs and recognize PAMPs and tissue destruction-associated molecular pat-
terns (DAMPs), which leads to cell activation and secretion of proinflammatory
cytokines (see also » Sect. 2.2.1). Another key element in the recognition of im-
munogenic structures within the innate defense response is the complement sys-
tem. This plasma protein system, formed in the liver, represents a proteolytic ac-
tivation cascade with multiple, antimicrobial, and immunoregulatory protein fac-
tors. The role of this system is broad and includes the labeling and opsonization
of microorganisms and apoptotic cells, cell lysis through cell membrane-attacking
pores, and stimulation of initial immunologic defense responses (B Fig. 3.1).

0 How does the complement system initiate an innate defense response?

Inflammation mediators of the complement system cause immune cells to mi-
grate chemotactically to the site of action, where they activate various effectors of
the immune defense. DCs, M ®s, granulocytes, and NK cells carry specific recep-
tors for these elements of the complement system. The regulatory function of the
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B Fig. 3.2 Structure recognition and initiation molecules of the complement system: Mannose-bind-
ing lectins and ficolins of the lectin pathway and Clq (Clr+Cls) of the classical pathway bind to
carbohydrate structures of microbial cell surfaces. Interacting serine proteases initiate the proteolytic
cascade of the complement system. MASP: mannose-binding lectin-associated serine protease, MBL:
mannose-binding lectin

complement system is not limited to the early response. As the defense response
progresses, the complement system also regulates the activity of immune cells
within the adaptive immune response.

© Initiation of innate defense always involves molecular structural recognition of the
stimulating agent by the complement system or immune cellular PRRs.

The complement system can be activated via three different signaling pathways,
with the lectin pathway being compared with the classical and the alternative
pathways which are of most interest with respect to food (8 Fig. 3.1). The lectin
pathway and the classical pathway are each initiated by very similarly formed su-
pramolecular complexes. Each complex has multiple recognition subunits for dif-
ferent sugar polymers and other glycosylated molecular structures that are com-
bined into a functional unit by collagen-like support structures. They recognize
carbohydrate structural patterns from microorganisms and from destroyed cells.
In the lectin pathway, the mannose-binding lectin (MBL) and ficolins (FCN 1-3
or ficolin M, L, and H) are involved as structure recognition and start signal mol-
ecules. MBL and ficoline form multimers with their collagen regions consisting of
single protein strands with multiple carbohydrate-binding domains (8 Fig. 3.2).
MBL predominantly binds mannose, fucose, and N-acetylglucosamine residues,
whereas ficolins bind N-acyl structures of bacterial and fungal cell walls in par-
ticular. In the classical pathway, the similarly structured multimer Clq binds the
Fc fragments of cell surface-bound immunoglobulins of the classes IgM and
IgG, ;. In contrast, immunoglobulins of the classes IgA, IgE, and IgD do not
activate the complement system. Alternatively, the lectin pathway can also be
started via Clq immunoglobulin independently by direct recognition of carbohy-
drate structures.
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Q What immune-functional food components can modify complement system activ-
ity?

Food-associated yeasts and probiotic bacteria, for example, form numerous com-
plement system-activating p-glucan structures. In addition to the microbial ones,
plant B-glucans are also relevant. The complement system-stimulating pachyman
[Gle(B1,3)],Gle, for example, is found in the Chinese medicinal plant Poria co-
cos mycelia, or pustulan [Gle(B1,6)] Glc (an acetyl group is attached to each 10/12
glucose unit of the basic structure) is formed in large amounts by the pustule li-
chen, Lasallia pustulata. Barley (Hordeum vulgare) also contains the so-called
Barley-B-glucan [Glc(B1,4)Glc(1,3)] Glc, which can both activate and inhibit the
complement system. Together with the elements of the complement system, APPs
participate in immunogen recognition and activation of innate immune defenses.
These are also stimulated by food glucans. For example, C-reactive protein is a
microorganism-labeling opsonin that interacts with barley-p-glucan and can sub-
sequently activate the complement system. The use of these raw materials as im-
munomodifiers in food supplementation is under intense discussion.

Q How exactly are immunogenic agents recognized by structural recognition and ini-
tiation molecules of the complement system?

MBL and ficolin of the lectin pathway as well as Clq of the classical pathway
each associate with serine proteases in the further activation course of the prote-
olytic cascade (B Fig. 3.2). The binding induces conformational changes in these
complexes, which leads to an auto-activation of the serine proteases and initiates
the further processes of the proteolytic cascade. The ficolin- and MBL-associated
serine proteases (MASP 1-3), and the Clg-associated complement system ele-
ments Clr and Cls fragment the C4 and C2 elements into a and b fragments, re-
spectively (B Fig. 3.3).

The element C2a leads to vasodilatation and is pathologically involved in
edema formation, whereas C4a acts as an inflammation mediator. Via the lectin
or the classical pathway, element fragments C4b and C2b form C3 convertase as
the first milestone of this activation process. This convertase can also be gener-
ated via a third, alternative pathway. Here, spontaneous autohydrolysis of C3 into
C3(H,0) occurs, with subsequent binding of this fragment to factor B, which in
turn is cleaved by factor D into Ba and Bb. The C3 convertase of the alternative
pathway is then formed, albeit in very small amounts, from C3(H,0O)Bb and sta-
bilized with Properdin (factor P). Thereupon, C3 associated with a cell surface
can be cleaved by C3 convertase into C3a and C3b. C4bC2b and C3b are then
used to form C5 convertase in the lectin or the classical pathway, which in turn
cleaves C5 into C5a and C5b. The C5 convertase of the alternative pathway is
formed by spontaneous hydrolysis from C3 and is stabilized by properdin. The
C3 convertase of the alternative pathway is formed from C3bBbC3b-properdin.
At this point, two additional inflammation mediators, C3a and C5a, as well as a
phagocytosis-enhancing C3b-opsonin are formed, which can be cleaved by factor
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B Fig.3.3 The proteolytic cascade of the complement system: The complement system-initiating
serine proteases, and C3 and C5 convertase generate various inflammatory mediators, opsonins, and
a cell membrane penetrating complex. MBL: mannose-binding lectin, MASP: MBL-associated ser-
ine proteases

I into further functional C3b fragments. C3a and C5a are highly potent chemoat-
tractants and direct immune cells to the site of inflammation. C3a, C3b, C3bi,
C3d, C3dg, C4b, and C5a are recognized by all functional cells of the innate de-
fense through specific receptors and thus mediate phagocytosis of immunogenic
substances and regulate proliferation and the migration and effector performance
of these cells (B Table 3.1).

© The complement system is not limited to the immune responses of the innate de-
fense, but reaches regulatory far into the extended adaptive immune response.

Also, cells of the adaptive defense, such as T- and B-lymphocytes, carry C3aR,
C5aR, and CR1-4 receptors for all C3 fragments and C5a. Since many immune
cells carry receptors for elements of the complement system as well as for the im-
munoglobulin classes IgM, IgG, and IgA, a complementary coexistence of both
immune protein systems results in this context (B Table 3.1). Ultimately, C5b
forms a cell membrane attack complex together with C6-C9. This pore penetrates
cell membranes and causes affected cells to lyse and die. The body's cells are pro-
tected from attack by the complement system with the help of various inhibitors
and factors, such as the C1 esterase inhibitor or the membrane cofactor protein
(CD46) and the decay accelerating factor (CDS55). Apoptotic cells, on the other
hand, lack these protective mechanisms due to their altered cell membrane struc-
ture, and they can be labeled and lysed by the complement system.
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3.1.2 Food-Derived Lectins Modify Complement System
Activity

Lectins are categorized according to their different binding properties toward car-
bohydrate structures. The recognition and initiation proteins of the complement
system, MBLs, ficolins, and Clq, are C-type lectins. Structural binding to the car-
bohydrate-binding domain of MBLs is mediated via calcium ions. For the ficol-
ins, this is also calcium dependent. The fibrinogen-like recognition domain con-
tains multiple N-acyl structural affinity adhesion domains. Clq, on the other
hand, displays a globular binding pocket that recognizes and binds a variety of
different carbohydrate ligands in a calcium-independent, multivalent manner.

The Lectin Problem

Nutritionally, food lectins are viewed not only positively. Antinutritional and toxic
properties of lectins are considered critical risk factors for food intolerances. How-
ever, a general avoidance diet is hardly feasible due to their omnipresence.

Food lectins can interact with various functional elements of the complement sys-
tem and modify their functions. The majority of relevant food-associated lectins
are of plant origin. Various cereals, fruits of the nightshade family, such as po-
tatoes and tomatoes, and fruits of legumes, such as beans, lentils, and peas, as
well as various nut species have high lectin contents. The lectin concanavalin A
(see also » Sect. 2.2.2) of the jack bean, Canavalia ensiformis, inhibits the func-
tion of elements C1 and C2, which are important in the early process phase of
the proteolytic cascade of the complement system. Jacalin is a galactose-specific
lectin of the jackfruit tree (Artocarpus heterophyllus). It activates the complement
system by blocking through binding the highly glycosylated C1 esterase inhibitor
that controls activation of complement factor C1. However, foods derived from
animal raw materials also contain lectin molecules, which are often referred to as
agglutinins and hemagglutinins. Galectins, which bind B-galactosidic sugar struc-
tures in particular, are widely distributed in mammalian meat and milk, among
others. Last but not least, food-associated microorganisms, such as various Lac-
tobacillus species and yeasts, also carry lectins or lectin-like structures on their cell
surfaces that can influence complement system activation. Either they themselves
act as ligands of ficolins, MBLs or Clq, or they interfere with or block the detec-
tion of matching ligands by non-specific coverage of the binding domains.

3.2 Cell Migration of Inmune Cells and Antiadhesive
Oligosaccharides

The early defense response to immunogenic stimulation begins with the recruit-
ment of effector cells. In addition to DCs, M®s, and NK cells, in particular neu-
trophil granulocytes, which handle the bulk of the defense response, are directed



82 Chapter 3 - The Defense Response of the Innate Immune System: Influences ...

tethering and rolling activation and binding diapedesis
selectins: E, L, P cytokines: IL-18, TNFo integrins: LFA-1, VLA-4
(CD62E, L, P) chemokines: CXCL-8 integrin-ligands: ICAM, VCAM
complement system: C2b, C3a, iC3b, PECAM (CD31)
basal membrane C4a, C5a
Zendothelial cel| ji - i - i

neutrophilic

CL1,2,3,7and 8
granulocyte "

blood fI(lJ‘v>
LFA_1

capillary blood vessel

unoajes-

7-VIA

L-vd41
[%=fe]

P-selectin
E-selectin

@ TNFo

loose receptor-ligand binding 1 - firm receptor-ligand binding
- activation of the immune cell

inflammation

migration of immune cells out
of the vessels into the tissue

O Fig. 3.4 Immune cell migration and diapedesis: A regulated sequence of signaling and intercellular
tethering mediates the recruitment of immune cells from blood vessels to inflamed peripheral tissues.
It occurs through initial rolling and attachment movements of the immune cell along the endothe-
lium, cell activation and attachment of the immune cell to the vessel wall, and egress of the immune
cell from the vessel into the surrounding tissue. CXCL: CXC-chemokine ligand, ICAM: intercellular
adhesion molecule, LFA: lymphocyte function-associated antigen, PECAM: platelet endothelial cell ad-
hesion molecule, TNF: tumor necrosis factor, VCAM: vascular cell adhesion molecules, VLA: very late
antigen

to the site of inflammation. This hauling of immune cells from blood vessels to
peripheral tissues is determined by molecular cell adhesions as well as by cell-ac-
tivating and chemoattractant signaling substances. Mediated by specific combina-
tions of selectin and integrin interactions as well as cytokine and chemokine sig-
nals, immune cells can specifically find their explicitly assigned site of action. This
distribution process of immune cells to peripheral tissues or lymphoid organs via
the vascular system is also called homing.

The migration of immune cells from the blood vessel to the inflammatory
tissue occurs in two steps. In the first step, immune cells are directed out of the
blood flow to the cell surface of the vascular endothelium (8 Fig. 3.4). This oc-
curs via cell-vessel wall affinity mediated by interactions between glycosaminogly-
can-binding receptors and fucosylated carbohydrate ligands. The early inflamma-
tory signals TNFa and IL-1B, both mostly produced by M®s directly at the site
of inflammation, cause endothelial cells to express first P-selectin and later E-se-
lectin (CD62P, CD62E) as adhesion glycoproteins at the cell surface. The ligands
of neutrophil granulocytes attach themselves to these lectins but tear loose again
due to the shear forces of blood flow, resulting in an attachment and rolling mo-
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tion of the immune cell along the vessel wall endothelium. Conversely, the L-se-
lectin (CD62L) of the granulocyte attaches to a mucin ligand of the endothelial
cell. Additional inflammatory signals, such as IL-6 and the complement system
elements C3a, C4a, and C5a, known as anaphylatoxins, further activate endothe-
lial cells. The element C2b also dilates blood vessels, thereby slowing blood flow
and strengthening intercellular connectivity.

In the second step, proinflammatory TNFa signaling causes the expression
of VCAMs and ICAMs as integrin ligands by endothelial cells. Only ICAM-2 is
consistently, constitutively expressed by endothelial cells. The binding proteins
very late antigen-4 (VLA-4) and LFA-1, which function as integrins, and the com-
plement receptor CR3 on neutrophil granulocytes bind the endothelial ligands
VCAM-1 and ICAM-1. A chemokine gradient emanating from the site of inflam-
mation, in this case CXC-chemokine ligand CXCL 1-3, 7, and 8, is registered by
receptors of the immune cell and triggers a conformational change of the integ-
rin-binding domains. Structurally, integrins straighten up as a result of this sig-
nal and increasingly stretch their binding domain toward the binding partner.
Cell-endothelial binding manifests itself and the diapedesis of the cell through
the vessel wall is prepared. Here, too, the anaphylatoxins and IC3b of the comple-
ment system have an immune cell-activating effect. Bilaterally produced platelet
endothelial cell adhesion molecule-1 (PECAM-1, CD31) mediates diapedesis. Met-
alloproteases of the immune cells involved dissolve the basement membrane of
the vascular endothelium and the immune cell can migrate into the surrounding
tissue. This process is also called “extravasation”.

o Fucosylated, sulfated, or neuraminic/sialic acid-rich polymer structures may affect
immune cell migration.

Vegetable pectins and resins contain various structures with these properties. Ap-
ple and citrus pectins exhibit a high degree of fucosylation. These can, for exam-
ple, bind to the fucose-binding motif of the P-selectin-binding domain and thus
competitively displace native ligands.

Arginine residue 97 of the selectin-binding domain binds the N-acetylneura-
minic acid of the sialyl Lewis* motif via charge interactions (8 Fig. 3.5). In bo-
vine milk and other milks, sialyl oligosaccharides carry N-acetylneuraminic acid
on their basic structure ([Gal(B1-3/4)GIcNAc B1-] Gal(B1-4)Glc) in addition
to fucose branches, thus offering the lectin another binding molecule. Interest-
ingly, sulfate residues are also bound by this amino acid with even higher affin-
ity. Therefore, sulfated ligand structures are also adequate binding partners for
selectins. When fucoses and sulfate groups are combined in a structure, they can
mediate lectin-ligand binding of high affinity. This is impressively demonstrated
by the sulfated polyfucose fucoidan derived from various species of brown algae
(Phaeophyceae). This polymer is put to the test for medical applications to block
neuronal substance adhesions and as an antiadhesive against metastasis in can-
cer. Similar properties are exhibited by the endogenous heparin, a sulfated and
branched-fucosylated carbohydrate polymer containing galactose, glucose, glucu-
ronic acid, mannose, and xylose units, synthesized in the liver and used in med-
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lectin binding

icine as a thrombosis prophylactic. As an anticoagulant, it inhibits intercellular
adhesions by competitively blocking binding domains to the natural ligand. Such
functional components at relevant concentrations in blood can modify immune
cell recruitment by competing against natural ligands for the same selectin-bind-
ing sites. Chronic inflammatory situations could thus be limited and resolved.

Interestingly, diet composition seems to influence the synthesis capacity and
molecular assembly of lectin ligands and thus directly affect effector recruitment
and homing of immune cells. A diet rich in guar gum or wheat bran is thought to
enhance glycosamine glycan formation, whereas the soybean phytoestrogen genis-
tein is thought to act as a gene expression inhibitor to decrease synthesis. The de-
gree of sulfation of glycosamine glycans, which determines adhesion, appears to
be influenced by the intake of dietary manganese from cereals, blueberries (Vacci-
nium myrtillus), or nuts as a metabolic synthesis cofactor.

3.3 Food Antioxidants Counteract Chemical Radicals
from Defense Reactions

During inflammation, phagocytosing M®s and neutrophilic granulocytes migrate
from blood vessels to surrounding tissues. Cytokine signals from the vascular en-
dothelium, such as granulocyte—macrophage colony-stimulating factor (GM-CSF)
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B Fig.3.6 Generation of reactive nitrogen and oxygen species: Phagocytes generate highly reactive,
biocidal substances along an enzyme cascade. Phagocytosis activity and complement system signals
initiate NADPH-dependent oxygenase as a key enzyme for this purpose. Oxidative killing of microor-
ganisms culminates in a cellular secretion of highly reactive nitrogen and oxygen substances called re-
spiratory burst. MPO: myeloperoxidase, NOX: NADPH-dependent oxidase, SOD superoxide dismu-
tase, INOS: induced nitric oxide synthase

and macrophage colony-stimulating factor (M-CSF), lead to cell maturation and
deployment of the full defense competence of these effectors. Anaphylatoxins of
the complement system, in particular C5a, also have an activating effect. Micro-
organisms opsonized by the element C3b are bound to the cell membrane sur-
faces of phagocytes by the receptor CR3a. Later, microorganisms are also labeled
by immunoglobulins, which then can be recognized and bound as antibody-im-
munocomplexes by phagocytes via their FcyR. The microorganisms trapped
thereon in an intracellular phagosome are then chemically enzymatically decom-
posed (B Fig. 3.6). To achieve this, granular vesicles called “lysosomes” within
the cell fuse with the phagosome and together form the so-called phagolysosome.

e What is the function of oxygen and nitrogen radicals in the phagolysosome?

The lysosomes are loaded with proteases, such as elastases and gelatinases, and
with various antimicrobial peptides. In addition, they contain enzymes that gen-
erate highly reactive, biocidal oxygen substances. They fuse intracellularly with
the phagosome and together form the phagolysosome. Killing of the microorgan-
isms trapped within must occur rapidly before they in turn can break through the
membrane of the phagolysosome by lipase activities. The pathogenic meat spoil-
age agent Listeria monocytogenes, for example, is known to free itself from the
phagosome after phagocytosis in order to proliferate intracellularly. The phagocy-
tosis process increases oxygen consumption in the granules of neutrophil granulo-
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cytes or in the granular lysosomes of M®s. The key enzyme in this process is NA-
DPH-dependent oxygenase (NOX 1-4), which is present membrane-bound both
in the granular vesicles and at the cell membrane itself. This process is supported
by complement system element C5a signaling. The NADPH oxygenase synthe-
sizes superoxide radicals, which in turn can be converted to chemically relatively
stable hydroxygen peroxide by the enzyme superoxide dismutase (SOP). However,
the hydroxygen peroxide can spontaneously decay to hydroxyl radicals or is con-
verted within the phagolysosome by myeloperoxidase with chloride ions to form
a highly reactive hypochloride anion. Such substances can also be generated from
various organic nitrogen compounds. The inducible nitric oxide synthase (iNOS
1-3), for example, forms the nitric oxide radical in an NADPH-dependent man-
ner starting from the amino acids arginine and citrulline, which itself can react to-
gether with the superoxide radical to form the reactive peroxynitrite anion. Ulti-
mately, a diverse portfolio of chemical radicals and ions is formed that unspecif-
ically destroy lipid and protein structures and thereby decompose organisms and
tissues. The oxidative killing of microorganisms culminates in a respiratory burst
called cellular secretion of highly reactive nitrogen and oxygen substances. Inter-
estingly, several plant pungents, such as the 6-gingerol and 6-shogaol of ginger
(Zingiber officinale), inhibit intracellular iNOS induction pathways and thus re-
duce inflammation-induced oxidative stress.

0 What food components can affect phagocytosis performance and respiratory burst
of phagocytes?

Various phytomedicinal applications of leaf or root extracts of ginseng (Panax
ginseng), echinacea (Echinacea spec.), or pelargonium (Pelargonoium sidoides)
aim to enhance the functionality of phagocytes. These active ingredients are
mostly used preventively to strengthen infection defenses and are commercially
very successfully established on the market. Polysaccharides, alkylamides, and
various phenolic acids contained in these plants are discussed as agents that acti-
vate immune cells via TLR-4-dependent and TLR-4-independent signaling path-
ways and increase the synthesis and secretion of nitric oxide radicals by neu-
trophil granulocytes and M®s, in addition to phagocytosis performance. Chic-
ory acid, an immunoactive phenylpropanoic acid prominent in echinacea, is also
found in chicory (Cichorium intybus var. foliosum), making this vegetable an inter-
esting candidate for an immune-functional food.

Endogenous enzymes, such as catalase and the selenium-dependent glu-
tathione peroxidase/glutathione disulfide reductase-enzyme system, as well as an-
tioxidant substances, such as albumins and uric acid, naturally counteract oxida-
tive reactions of chemical radicals. However, a transient high respiratory burst can
break this physiological containment and lead to oxidative stress with pathologi-
cal damage to the environment. Therefore, it may be useful to use dietary antiox-
idant food components to help limit the intrinsically immunologically important
defense responses. In the pathogenesis of atherosclerosis, for example, oxygen
radicals formed by M®s are involved because low-density lipoproteins incorpo-
rated in the tunica intima of the morphologically trilayered arterial vessel wall
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are oxidized by them. M®s take up these highly oxidized lipoproteins CD36-me-
diated and become foam cells, which, accumulated, eventually form the vasocon-
strictor plaque.

Neutralization of chemical radicals is always achieved by reductive comple-
tion of the highly reactive, unpaired electron constellation. Either electrons or di-
rectly a hydrogen atom are donated to the radical. Antioxidant molecules, which
remain chemically stable after such a reaction, are mostly characterized by hy-
droxyl groups as electron or hydrogen atom donors. These are associated with ar-
omatic molecular structures, which can distribute the resulting electron loss over
the entire delocalized m-electron system.

— Antioxidant Capacity

Analytically, the capacity of molecules to neutralize the oxidation potential of
chemical radicals is often expressed as a relative value, related to the antioxidant
tocopherol capacity. For this purpose, all tocopherol and tocotrienol isoforms and
derivatives of vitamin E have been grouped together conceptually. A common var-
iation of this is to refer the potency of a substance to a model molecule called
Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid). Or the antiox-
idant power is defined as the mean effective concentration EC,, of the substance
used.

In food technology, various constellations of molecules are used as antioxidants
that correspond to this ratio. The synthetic, highly antioxidant tertiary-butylhy-
droquinone (E319), tertiary-butylhydroxyanisole (E320), and tertiary-butylhy-
droxytoluene (E321), for example, are phenol-like structures with different solu-
bility characteristics from rather fat-soluble to well water-soluble. Natural prod-
ucts also have high antioxidant competence, such as steroids, tocopherols and
tocotrienols, tannins, various thiol components, and organic acids and carote-
noids. L-(+)-ascorbic acid (E300) is a highly antioxidant, quadruply hydroxy-
lated, cyclic carboxylic acid. It is found in maximum amounts in the tropical bush
plum Terminalia ferdinandiana. However, rose hips and sea buckthorn berries are
rich in this active ingredient as well, also known as vitamin C. Interestingly, a
combination with tocopherol seems to significantly improve the antioxidant po-
tential of this vitamin. A widely used antioxidant carotenoid in yellow to orange
fruits is zeaxanthin. It is the yellow pigment in egg yolks, too. Its structural cousin
astaxanthin is a violet-reddish carotenoid pigment found primarily in aquatic life,
such as algae, krill, and salmon, but also in many fruits, such as blueberries and
currants. In general, coloring molecules in foods from a wide variety of substance
classes show antioxidant potential (B Table 3.2). Oligomeric proanthocyanidins
in particular are highly potent antioxidants. These molecules, which belong to the
large group of flavonoids, are composed of catechin (flavan-3-ol) units, each of
which contains two aromatic rings and a hydroxyl group in its tricyclic structure
(8 Table 3.3). The epigallocatechin gallate, for example, gives green tea a concise
antioxidant capacity.
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B Table 3.2 Food plant pigment with antioxidant effect

Pigment Substance class Color Occurrence
Betaine Quaternary ammonium Red-purple Crabs (Brachyura)
compound Blue mussel (Mytilidae)
Beet (Betula vulgaris)
Lutein Carotenoid Kale ( Brassica oleracea var.
Xanthophyll sabellica)
Spinach (Spinacia oleracea)
Lycopene Carotenoid Tomato (Solanum lycoper-
Tetraterpene sicum)
Capsanthin Carotenoid Red Sweet bell pepper (Capsi-
Capsorubin Xanthophyll cum sp.)
a-Carotene Carotene Orange-yellow  Carrot (Daucus carota ssp.
B-Carotene sativus)
Kale (Brassica oleracea var.
sabellica)
Curcumin Polyphenol Turmeric (Curcuma longa)
Saffron (Crocus sativus)
Cyanidin Anthocyanin Broccoli (Brassica oleracea
Flavan-3-ol var. italica)

Red cabbage (Brassica oler-
acea convar. capitata var.
rubra)

O Table 3.3 Plants with high levels of oligomeric proanthocyanidins (flavan-3-ol di- and tri-
mer and oligomers)

Bark

Maritime pine (Pinus pinaster)

Cinnamon (Cinnamomum cassia, Cinnamomum veruni)

Seed or fruit coat

Chokeberry (Aronia berry)

Rosehip (Rosa canina)

Blueberry (Vaccinium myrtillus)

Currants (Ribes sp.)

Cranberries (Vaccinium macrocarpon, Syn.: Oxycoccus macrocarpos)
Cranberry (Vaccinium vitis-idaea)

Sea buckthorn berry (Hippophae rhamnoides)

Grape seed extract of grape (Vitis vinifera ssp. vinifera)



89 3

3.4 - Food Components Influence the Signaling Network of the Early ...

Peptides can also have an effective antioxidant effect. In addition to the phys-
iological tripeptide glutathione, which deactivates radicals in combination with
peroxidase and reductase enzymes, it is particularly small tri- to pentapeptides
that have an antioxidant effect. Structurally, they often hold in their peptide se-
quence paired, terminal aromatic amino acids, such as phenylalanine, trypto-
phan, and tyrosine, or thiol-containing amino acids, such as cysteine. These pep-
tides can be formed physiologically in the body by pancreatic protein digestion by
the serine protease chymotrypsin, which predominantly cuts proteins on the car-
boxyl side of aromatic amino acids. They can also be presented biotechnologi-
cally by proteolysis with engineered serine proteases, such as from soybean (Gly-
cine max (L.) Merr.), sweet lupin meal (Lupinus L. ssp.), or even animal protein
matrices from meat and fish. The immunological relevance of all these dietary an-
tioxidants is ultimately based on the limitation and reduction of oxidative stress
within a rampant inflammatory reaction.

3.4 Food Components Influence the Signaling Network of the
Early Defense Response

Within the innate defense, an initial network of cellular signal substances and
various elements of the complement system spreads out between tissue and im-
mune cells. This initial defense orientation is later mirrored and amplified by the
adaptive defense (B Fig. 3.7).

The opsonizing C3b element of the complement system is a key proinflamma-
tory signal in the innate defense response. It stimulates the phagocytosis activity
of neutrophil granulocytes and M®s. This cellular uptake of organisms and sub-
stances is existential for immune defense. Impairment or failure of this cellular
function is always fatal, as evidenced, for example, by the high lethality of plague
disease. The high virulence of the bacterial pathogen Yersinia pestis, which is re-
sponsible for it, is primarily due to the generated inhibition of the phagocytosis
performance of M®s. Cytotoxic NK cells are also activated by C3 fragments of
the complement system. Endocrine tissues, endo- and epithelial cells, and immune
cells secrete various signaling peptides as well that act as growth and differentia-
tion factors or signaling molecules. The cytokines IL-1, IL-6, IL-12, and TNFa
mediate cellular inflammatory responses. A cytotoxic response is always associ-
ated with interferon (IFNy). In contrast, IL-4, IL-10, and TGFp are anti-inflam-
matory signals involved in mediating peripheral tolerance to stimulation. But they
are in the context of granulocyte- and mast cell-based immune responses against
pathogenic fungi and parasites, too.

e What are the implications of immunological signaling for phagocytes?

M®s differentiate into a proinflammatory M1 or a tolerance-mediating M2 phe-
notype according to the signaling environment. The M2 phenotype differenti-
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B Fig.3.7 Signaling network of the innate defense response: A network of cellular signaling sub-
stances and various elements of the complement system regulates the innate immune response be-
tween granulocytic or cellular-cytotoxic responses. In this context, carbohydrate structures can di-
rect the differentiation of M®s into a proinflammatory or immune tolerance-inducing phenotype. The
adaptive immune response continues the functional orientation of the innate immune response in an
antigen-specific manner. ADCC: antibody-dependent cellular cytotoxicity, AG: antigen, DAMPs: dest-
ruction-associated molecular pattern, PAMPs: pathogen-associated molecular patterns, pDC: plasmacy-
toid DC, IL: interleukins, IFN: interferon, M®: macrophage, TNF: tumor necrosis factor, TGF: trans-
forming growth factor

ates into further three subtypes M2a, b, and c. This dichotomous phenotyping
is caused on the one hand by LPS recognition by CD14/TLR-4 as a strong in-
flammatory stimulant, or on the other hand by carbohydrate ligands of the man-
nose receptor. This results in different possibilities for dietary influence on this
functional M® phenotyping. The cell walls of lactic acid bacteria of sauerkraut
and other lactic fermented foods consist largely of mannose and N-acetylgluco-
samine. Metabolites of this group of bacteria are also ligands of the mannose re-
ceptor and thus have the potential to produce a tolerance-mediating M2 pheno-
type in M®s. The exopolysaccharides of the kefir starter Lactobacillus cremoris,
for example, show mannose receptor-compatible carbohydrate structures with
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terminal fucose and N-acetylglucosamine residues. Other foods also provide in-
teresting structures to modify M® differentiation. N-acetylglucosamine-bearing
acidic oligosaccharides of milk and fucosylated fruit pectins, for example, are also
potential M®-mannose receptor ligands. Last, all food components with PAMPs
or DAMPs-like molecular structures are always candidates for modifying these
regulatory mechanisms.

0 To what extent do the early and adaptive defense phases influence each other regu-
latory via the signaling network?

The innate and adaptive defense phases of the immune response are closely linked
in regulatory and functional terms. On the one hand, the functional orientation
of the signaling network of the innate immune defense is regulatively adopted
and specified by the adaptive defense response. In the further course of the in-
flammatory response, plasmacytoid DCs, which have migrated from the bone
marrow via the blood system into the inflamed tissue, take up antigens there in
order to later specifically direct the adaptive immune response in the lymphoid
follicles as professional APCs (see also » Sect. 4.1.2). The resulting growth fac-
tors and cytokines in turn retroactively support the established functional expres-
sion of the innate defense. Immunoglobulins and opsonizing elements of the im-
mune system are also functionally complementary. When immunoglobulins are
produced, they interact with the complement system to mediate phagocytosis
of M®s and neutrophil granulocytes, initiate cytotoxicity of NK cells, which is
then referred to as antibody-dependent cellular cytotoxicity, and trigger degranula-
tion processes of basophilic or eosinophilic granulocytes as well as of mast cells.
Taken together, this means that the influence of food components on the signal-
ing network in the early phase of the defense response always also shapes the sub-
sequent defense events.

3.5 The Complement System as a Pathological Factor
for Diabetes Mellitus Type 2

Diabetes mellitus is a metabolic disease characterized by chronic hyperglycemia.
Insulin is an essential hormone signal for cells to take up glucose from the blood.
In type 1 diabetes, this signaling substance is absent because the insulin-produc-
ing B-islet cells of the pancreas’ are destroyed by autoimmune reactions. Diabe-
tes type 2, on the other hand, is to be seen in the symptom chorus of metabolic
syndrome-X together with obesity, atherosclerosis, and hypertension. The com-
plement system is an important factor in the pathogenesis. A characteristic fea-
ture of this disease is a lack of glucose transporter-4-dependent glucose uptake
by, despite the presence of insulin signaling, called “insulin resistance”. This leads
on the one hand to an energy undersupply of tissues and organs, and on the other
hand to persistently high blood glucose levels.
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B Fig. 3.8 The complement system as a pathological factor for type 2 diabetes mellitus: The intra-
cellular signaling pathway mediating insulin-dependent sugar uptake into the cell can be disrupted by
chronic inflammatory reactions of adipose tissue caused by metabolic overload of the metabolic sys-
tem and oxidative stress. Other inflammatory events in the body, such as prolonged gingivitis, can also
affect insulin signaling pathways. Elements of the complement system are key mediators in this re-
gard. CCR-2: chemokine receptor-2, FFS: free fatty acids, GLUT-4: glucose transporter-4, CCL-2:
chemokine ligand-2, TLR: toll-like receptor, IRS 1/2: insulin receptor substrate 1 and 2, PI-3 kinase:
phosphatidylinositol 3-kinase

Q How does insulin signaling lead to cellular glucose uptake?

The cell membrane insulin receptor is highly expressed on muscle, fat, and liver
cells. When insulin binds to the appropriate receptor, an intracellular kinase sig-
naling cascade is initiated that phosphorylates specific serine and threonine resi-
dues of insulin receptor substrate (IRS) 1 and 2. This in turn activates phosphati-
dylinositol-3 kinase, a key substrate-phosphorylating enzyme of intracellular
signal transduction (B Fig. 3.8). Ultimately, endosomally bound glucose trans-
porter-4 is translocated from the cell lumen to the cell membrane in response to
this signal. Insulin-induced uptake of glucose into the cell thus occurs.

Q How is insulin signaling affected by inflammation?

Phosphokinase C plays a central role in intracellular signal transduction. Among
other things, it is activated by the proinflammatory TNFa signal. A persis-
tent inflammatory situation of adipose tissue, due to an overload of the meta-
bolic system by free fatty acids (FFS) and carbohydrates, activates phosphoki-
nase C. Insulin-dependent phosphorylation of IRS may be disrupted by prema-
ture competitive phosphorylation by activated phosphokinase C and thus should
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be considered as the primary cause of insulin resistance. High glucose excess,
which then floods toward adipocytes, catabolically leads to exuberant mitochon-
drial oxidative phosphorylation and concomitant oxygen radical formation. Ex-
cess dietary-derived or cell-derived FFS are complexed by the blood-binding pro-
tein fetuin-A complexed and recognized as such by TLR-4 of adipocytes. Both
oxidative stress and FFS recognition by adipocytes produce inflammatory adi-
pose tissue responses. Adipocytes, in addition to their ability to store metabolic
energy in the form of triacylglycerols in their vacuoles, are highly potent endo-
crine cells that, along with various adipokines, angiotensinogens, and proteins of
the fibrinolytic system, they also produce immune-relevant signaling substances
such as chemokines, cytokines, and elements of the complement system. TNFa
secreted by activated adipocytes is a key proinflammatory cell signaling peptide
within diabetes pathogenesis. Activation of phosphokinase C by TNFa blocks
intracellular insulin signal transduction of the insulin target cell. IL-6 produced
by fat cells also blocks insulin signal transduction, but by a different mechanism.
IL-6 activates cytokine signaling suppressors, which in turn induce early degra-
dation of IRS. In addition, IL-6 increases TNFa secretion and enhances the re-
lease of FFS by adipocytes. FFS themselves are taken up by insulin target cells
through transporter systems and also activate phosphokinase C via the diacylg-
lycerol signaling pathway. Further signaling further manifests chronic tissue in-
flammation.

o Overloading of the metabolic system with glucose and FFS and the resulting cellu-
lar oxidative stress disrupts the insulin-dependent intracellular kinase signaling cas-
cade and is a central cause of insulin resistance in type 2 diabetes mellitus. TNFa is
a key proinflammatory cell signal in this regard.

The adipocytogenic monocyte chemoattractant protein-1 (chemokine ligand-1,
CCL-1), like fetuin-A, carries M®s from the blood into adipose tissue. These
also secrete TNFa and take up fat-overloaded, apoptotic adipocytes. This process
is supported by elements of the complement system secreted by adipocytes. By
binding Clq to apoptotic adipocytes and M®s and the concomitant activation of
the serine proteases Clr and Cls, the inflammatory mediators C2b, C3a, and C4a
are released and enhance the chronic inflammatory status in adipose tissue. In ad-
dition, adipocytes express factors B and D and allow continuous activation of the
complement system via the alternative pathway. As a result, additional M ®s mi-
grate into the affected adipose tissue. Complement system elements thus perpet-
uate the inflammatory state of adipose tissue and maintain insulin resistance of
target cells.

Thus, counteracting the development of insulin resistance means reducing the
persistent-chronic inflammation emanating from adipose tissue. From a nutri-
tional point of view, a reduction in the intake of dietary fats and sugar compo-
nents is of course advisable in the first instance. In addition, the administration
of inflammation-suppressive food components is of interest. Food lectins which
counteract complement activation and antioxidants which reduce oxidative stress
in adipose tissue can help break the chronic course of inflammation.
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Excursus lll: The Influence of Specific Formulations of Food Fat Components on the

Postprandial Kinetics of Dietary Fats

Postprandial hypertriglyceridemia, i.e.,
an unphysiologically high and pro-
longed fat concentration in the blood
plasma after food intake, is a highly rel-
evant risk factor for obesity, inflamma-
tory cardiovascular diseases, and type 2
diabetes. Nutritionally, slow pancreat-
ic-intestinal digestion with delayed in-
testinal epithelial absorption is targeted
for carbohydrates by long-chain poly-
saccharides, often derivatized starch,
and fructose or sugar alcohols, to avoid
high insulin secretions as a hormonal
response. In contrast, for dietary fats, a
short-term high fat concentration with
rapid blood lipid clearance is favorable.
Chronic inflammatory situations in ves-
sels and tissues due to long-lasting fat
accumulations are thus prevented.

The speed of digestion, absorption,
and the course of further metabolism of
dietary fats is determined by the quan-
tity, composition, and molecular struc-
ture. Another important factor is the
way in which fat components are incor-
porated into vesicles or emulsions. The
hydrolysis of dietary fats by pancreatic

pancreatic

lipase

fat content in the blood plasma
dietary fat

effect of the second meal
. ’l”

lipase in the lumen of the intestine pri-
marily determines postprandial kinetics
(Excursus II1, B Fig. 3.9). The hydro-
lyzed lipids are absorbed in the form of
vesicular micelles by the intestinal epi-
thelium, metabolized, and stored there.
In the case of a meal containing fat,
the first fats are released from the in-
testinal epithelium into the blood only
about 30 min after ingestion, triggered
by a brain signal from the hypothala-
mus; 3—4 h later, dietary fat appears in
the form of “chylomicrons” called lipo-
proteins in the blood. The amount of
fat in this first chylomicron release into
the blood can be significantly higher as
a so-called effect of the second meal,
if the meal before was already high in
fat. If non-esterified fatty acids appear
in the blood plasma after fat consump-
tion, this is referred to as a spill-over ef-
fect. The metabolism of dietary fats is
then incomplete. This causes a distribu-
tion of fatty acids in tissues and organs
outside the lipoprotein transport path-
ways. A strong increase in the number
of small chylomicrons in the blood as

luminal side gut epithelium serosal side

""" - " spill-over

N, effect

blood clearing phase

o

0,5

3-4 time [h]

O Fig. 3.9 Postprandial kinetics of dietary lipids: delayed clearance of blood lipids, due to
multiple, small chylomicrons in the blood, to a pronounced second-meal effect, and to a spill-
over effect, are important risk factors of hypertriglyceridemia after ingestion of food



well as a pronounced effect of the sec-
ond meal and the resulting slow clearing
of blood fat, as well as a pronounced
spill-over effect, which counteracts the
oxidative-catabolic degradation of fatty
acids in the liver and tissues, are risk
factors for postprandial hypertriglyceri-
demia and the associated diseases.

To achieve rapid postprandial kinetics
of dietary fats with low vascular and tis-
sue accumulation, structural emulsifica-
tion strategies of fat moieties in foods, for
example with gycerides, fatty acid com-
pounds, lecithin, and phosphate salts, are
of interest. In principle, emulsified fats
provide a large surface area for pancre-
atic lipase to attack and promote effective
fat digestion. In contrast, carbohydrate-
or protein-based emulsions, for example
with succinate starch or whey proteins,
are unfavorable because either the carbo-
hydrates are preferentially oxidized over
the fats or the proteins interfere with li-
pase-substrate contact and thus delay fat
digestion. Efficient lipase digestion of fat
emulsions produces few, large chylomi-
crons postprandially in the blood. As a
result, neither the second-meal effect nor
the spill-over effect can become strongly
pronounced, resulting in undisturbed cat-
abolic fat metabolism and less fat storage
in vessels, tissues, and organs.

The flow homeostasis from inflow
and outflow of carbohydrates and fats
in blood plasma postprandially after
consumption are competitively linked.
The storage and allocation of sugars
and fats within the body, as well as cata-
and anabolic metabolic processes influ-
ence each other. Simultaneous admin-
istration of dietary fats and high doses
of sugars causes decreased fat oxida-
tion and increased fat accumulation in
tissues, because glucose is preferentially
oxidized catabolically over acyl chains
by the metabolic system. On the other
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hand, insulin stimulates lipoprotein li-
pase activity, resulting in better blood
lipid clarification and increased fat up-
take into tissues. The postprandial ki-
netics of milk fat and milk sugar are ex-
actly in line with this logic. The glycemic
index is a relative measure of the effect
of food on blood glucose levels, in terms
of glucose. The higher the value, the
more sugar is in the blood. The post-
prandial rise (2-3 h) of blood glucose
level after consumption of lactose with
a glycemic index of 45.5 is low and cor-
responds to the postprandial behavior
of whole-grain bread. The fat content
of milk is structured in so-called milk
fat globules. Here, the neutral fats are
bound in the lumen of a vesicle consist-
ing of a polar lipid bilayer. Hydrolysis
of these globules occurs via a system of
pancreatic lipase, colipase, and bile salts.
The direct contact of the lipase with the
globule membranes enables effective fat
digestion, while the bile salts as interfer-
ing substances and the colipase support
the process and increase the speed of
fat hydrolysis. The homogenization of
commercial milk, in which it is pressed
through fine nozzles under high pres-
sure to prevent creaming of the milk
fat phase, destroys the milk globules.
The neutral fats released by this process
form a stable emulsion together with ca-
sein, which can only be digested by pan-
creatic lipase with a delay. A techno-
logical structuring of the fat and whey
phase, without protein emulsification by,
for example, extruded polar lipid lipos-
omes or micelles, can improve the post-
prandial kinetics of homogenized milk.
Sensible structuring of the fat phase in
food applications is an important nu-
tritional factor in influencing the met-
abolic balance between fat oxidation,
storage, and the distribution of fats in
tissues and organs.
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Trailer

Upon prolonged immunogenic stimulation, an antigen-specific adaptive defense response
is initiated. The established signaling of the innate defense phase is transferred to the adap-
tive phase of the defense response by the immune cells involved through PRRs and CRs.
Various food-associated carbohydrate and peptide structures, fatty acids as well as bacte-
ria and yeasts can already indirectly influence adaptive immune responses. Food is essen-
tial for the development and maintenance of these immune functions, but it can also cause
pathological-immunological hyperreactions.

The functional orientation of the adaptive immune response is initiated by differential
antigen presentation by APCs. The stimulation intensity of the antigen is determined by its
molecular nature, quantity, and by the period of presence in the system. Endogenous anti-
gens presented on MHC class I lead to an adaptive cellular-cytotoxic defense response. Ex-
ogenous protein antigens presented on MHC class II or lipid antigens presented on CD1
molecules lead to either IFNy-presented Th,-lymphocyte help supporting a cellular-cy-
totoxic defense response or to IL-4-characerized Th, help supporting a humoral response.
This dichotomous T-lymphocyte help is oppositely regulated.

The strongly proinflammatory Th, response activates MHC class I-restricted, anti-
gen-compatible CD8*-CTL as well as M®s and NK cells. In addition, immunoglobulins
with cytotoxic potency are produced. Pathophysiologically, this defensive orientation tends
to autoimmune reactions, which may lead, for example, to the clinical picture of celiac dis-
ease. Possible therapeutic ways to treat this cellular-driven, pathological hyperreaction are on
the one hand the avoidance of allergic stimulation, on the other hand the specific blocking of
pathogenesis relevant enzymes and immunological signaling pathways.

Th,-Lymphocyte help is primarily directed against unicellular or multicellular parasites
and initiates the formation of IgE and IgG. Granulocytes are sensitized and activated by
these immunoglobulins. In addition, other Thy-, Th - and Th,,-helps functionally focus
on neutrophil granulocyte recruitment and mast cell activation or support B-lymphocyte
costimulation, which in turn leads to immunoglobulin secretion. T, -help support immu-
noglobulin production in lymphoid follicles, whereas Treg-help induce immunological tol-
erance and regulate lymphocyte homeostasis. Pathophysiologically, this defensive orien-
tation predisposes to type I allergic hyperreactions, such as IgE-dependent food allergies.
Therapeutically, this humoral-driven pathological hyperreaction is treatable with allergen
avoidance, hyposensitization, and by inducing immune tolerance to the allergen. A physio-
logically balanced realignment of the pathological defense reaction by immune-functional
food components is discussed.

These T-lymphocyte help-dependent antigen-specific defense responses are initiated in
the follicles of lymphoid tissues. Antigen-loaded professional APCs originating from pe-
ripheral tissues are spatially congregated here with immune response-mediating T-lympho-
cytes, whose TCRs are responsive to antigen presentation, and immunoglobulin-produc-
ing B-lymphocytes. In addition to MHC class II-restricted CD4*-T-lymphocyte helpers,
CDl-restricted y8-T and NKT-lymphocytes may also be involved as mediating helper cells
when a humoral-adaptive immune response is initiated. Immunoglobulins can target both
hydrophilic protein and hydrophobic lipid antigen structures. Food-associated glyco- and
phospholipids as well as lipoproteins may thus show an additional immunostimulatory po-
tential besides protein structures, which has to be considered when assessing immunologi-
cal risks of foods.
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antigen presentation
antigen presenting cells:
dendritic cells, macrophages
B lymphocytes

1
messenger

mediation of stimulation
CD4* T helper lymphocytes
Thy,Thy, Thy, Thyz, Thy,,
The, Treg Ccells

antibody secretion
B lymphocytes/ plasmablastic cells

cytotoxic reaction
cytotoxic T lymphocytes

tolerance induction
regulatory T lymphocytes

defence response or immune tolerance

immunological memory
B lymphocyte memory cells
T lymphocyte memory cells
cytotoxic memory cells

antigen recognition and activation of the specific

| transition from the innate to the adaptive immune reaction |

== Which functional elements of the immune system are active in the adaptive defense
response?

== How is adaptive immune defense initiated and coordinated?

== What dietary factors influence the functional orientation of adaptive defenses?

== How do food components trigger pathological-immunological hyperreactions?

4.1 Food Components Are Basic Stimulants for Functional
Targeting of the Adaptive Inmune Response

With persisting relevant immunogenic stimulation, the innate immune response
is supported and continued after 4-6 days by an antigen-specific adaptive de-
fense response. The prerequisite for this response is three factors: The first fac-
tor is the presentation of an antigen by APCs, which is the initiation point of this
response. The second factor is the intensity of stimulation of the antigen, which
is determined by the molecular nature, the quantity, as well as by the period of
presence in the system (B Fig. 4.1). In addition, there must be a T-lymphocyte
help mediating the adaptive immune response whose TCRs are responsive to an-
tigen presentation. The clonal selection of an antigen-compatible T-lymphocyte
helper from a large number of different T-lymphocytes as well as its clonal ex-
pansion into many identical helper cells leads to an enhanced and targeted adap-
tive defense (see also » Sect. 5.1.1). The third factor is the signaling already estab-
lished in the early defense response. The recognition of PAMPs by PRRs, such as
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B Fig. 4.1 Requirements for an adaptive immune response: the molecular nature and quantity of the
antigen and its presence period in the system determine the stimulation intensity for an antigen-spe-
cific adaptive defense response. Following antigen presentation by APCs, compatible T-lymphocyte
help mediates the antigen-specific defense response. The signaling situation of the innate immune re-
sponse helps determine the functional orientation of the adaptive one. APC: antigen-presenting cell

TLRs and NODs, and the regulatory potential of the complement system lead to
a functional prealignment of the adaptive immune response already in the early
defense phase. In addition to DCs, M®s, and other immune cells, T- and B-lym-
phocytes directly involved in an adaptive defense also carry PRRs and comple-
ment system receptors and transfer the signaling orientation from the innate to
the adaptive defense phase. This alignment information is retained and refined by
the presentation of antigenic structures by APCs and the resulting adaptive de-
fense response, with, depending on the T-lymphocyte help, either cellular-cyto-
toxic or humoral with antigen-specific immunoglobulin formation. Due to this
immunological preconditioning, fructans, glucans, mannans, and food-associated
bacteria and yeasts, for example, can have a lasting influence on adaptive immune
responses already in the early phase of the defense.

However, food components, such as peptides and lipids, in addition to their im-
munoregulatory potential, are also directly involved as antigenic stimulants in the
functional orientation of the adaptive immune response. Food as a concise envi-
ronmental factor is essential for the formation and maintenance of these immune
functions, but it can also condition pathological-immunological hyperreactions.

4.1.1 Functional Targeting of the Adaptive Imnmune Response
by Differential Antigen Presentation

Through differential presentation of various antigen molecules, located outside or
inside the cell, by APCs the functional orientation of adaptive immune responses
is determined. Endogenous antigens lead to an adaptive cellular-cytotoxic defense
response, and exogenous protein or lipid antigens lead to a distinct T-lymphocyte
help.



103 4

4.1 - Food Components Are Basic Stimulants ...

Initiation of the Adaptive Defense

The adaptive defense response of the immune system is initiated by specific antigen
presentation by APCs. Three different classes of presentation molecules are rele-
vant here: MHC class I molecules for intracellular endogenous antigens, CD1 mol-
ecules for lipid antigens, and MHC class II molecules for exogenous antigens.

= Presentation of Peptide Antigens by MHC Class |

Protein structures of intracellular bacteria or viruses, as well as endogenous tu-
mor antigens, are usually presented to the immune system on the MHC class |
cell surface molecule of APCs (8 Fig. 4.2). The MHC class I molecule consists of
the 3 o subunits, ,, which together form the antigen-binding domain, and a small
globular B, microglobulin subunit. In humans, this molecular complex is deter-
mined by the highly variable, polymorphic human leukocyte antigen gene loci class
Ta: HLA-A, HLA-B, HLA-C. Non-classical Ib MHC classes with the gene loci
HLA-E, HLA-F, HLA-G promote pathological autoimmune reactions such as
celiac disease depending on individual expression.

At the beginning of the loading process, they are membrane-bound in the ER
of the cell. The antigen-binding region of the a, chain is initially blocked by the
lectin chaperone calnexin. Only during the antigen loading process is the b, chain
and the a, chain of the MHC class I molecule brought together, opening a bind-

cytotoxicity T lymphocyte help | CD4* T lymphocyte help
proteine restricted lipid restricted proteine rd;stricted
cytotoxic T lymphocyte iNKT lymphocyte Y8 T Iymphocyte“ T lymphocyte
CcD8*, CD16*, CD56"* NK1.1*/ CD56* CD4-, CD8- | CD4*, oBl-TCR
IL-1p)
""12l IL-23 ] H lcytokines
TGFB |
CD1a
i CD1b, ¢, d ICD1b
early endosome: -
late endosome: AP2_ | &
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@ L ( @ exogenous proteins
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1 ]
1 endogenous pathway exogenous pathway 1

B Fig. 4.2 Presentation of endogenous and exogenous antigens: differential presentation of distinct
antigen molecules located outside or inside the cell by APCs determines the functional orientation of
adaptive immune responses. Exogenous protein or lipid antigens tend to lead to a humoral, endoge-
nous to a cellular-cytotoxic defense response. AP: adapter protein complexes, CLIP: class Il-associa-
ted-invariant-chain peptide, MHC: major histocompatibility complex, NKT-lymphocyte: natural killer
T-lymphocyte, TAP: transmembrane antigen transporter
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ing pocket and making it accessible to intracellular antigens. This process is struc-
turally stabilized by the chaperone calreticulin, which replaces calnexin. The load-
ing of the presentation molecule is supported by a peptide-loading complex con-
sisting of additional, different chaperones. This MHC class I molecule complex
now attaches to tapasin, a part of TAP. Endogenous proteins located in the cy-
toplasm are fragmented by a locally associated proteasome and transferred by
the protein transporter into the lumen of the ER. This proteolytic digestion re-
sults in a defined antigenic peptide size of 810 amino acids, which is bound in
the edge-limited, hydrophilic binding pocket of the MHC class I molecule. Upon
loading of the presentation molecule with an endogenous antigen, calreticu-
lin falls off the molecular complex and the antigen-loaded MHC class I mole-
cule is delivered to the cell surface by vesicular transport via the Golgi complex.
Through this endogenous pathway of antigen presentation, the antigen-loaded
MHC class I molecule, together with other surface receptors as well as IL-12 se-
cretion, can activate CD8"-CTL and induce an adaptive cellular-cytotoxic im-
mune response.

= Presentation of Lipid Antigens by CD1 Molecules

The CDI molecular complex presents both endo- and exogenous hydropho-
bic antigenic structures, such as lipoproteins, glyco- and phospholipids, to the
immune system. Membrane-bound CD1 is present in the lumen of the ER and
is structurally analogous to the MHC class I molecule except that the binding
pocket of the CDI1 molecule is hydrophobic. Five CDI isoforms a-e are known,
with each isoform following its own intracellular vesicular transport pathway.
CD1 molecules are loaded with endogenous lipid antigens in the ER and then de-
livered directly to the cell surface via the Golgi complex. CD1 molecules often
present cellular endogenous hydrophobic antigens. Invariant NKT and y8-T-lym-
phocytes recognize this CD1-antigen complex and either act as cytotoxic effectors
or mediate immunoregulatory T-lymphocyte help that activates or suppresses de-
fense responses of other effectors. To present exogenous lipid antigens, cell sur-
face CD1 molecules in endosomes are taken back into the cell interior, loaded
with exogenous lipid antigens and recycled to the cell surface. For this purpose,
different loading pathways, within an early or late endosome, respectively within a
phagolysosome, “ are possible for CD1 molecules. Which pathway is followed de-
pends on the one hand on the topography of the hydrophobic binding pocket and
the alkyl chain length of the lipid antigen. On the other hand, the specific binding
of different endosomal adapter protein complexes (APs) to a cytoplasmic struc-
tural domain of CD1 molecules determines the loading pathway. These APs re-
spectively label the different endosomal membrane compartments and regulate
their intracellular transport. CD1a molecules lacking any domain signals are only
found in recycled, early endosomes near the cell surface. The domain structure
of CDIc and d recognizes the AP2 and is predominantly located in late endo-
somes. The CD1b isoform is the only one that interacts with AP3 through its do-
main and thus can incorporate exogenous lipid structures into the binding pocket
within the endosome named MHC-Ii antigen-loading complex, where MHC class
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IT molecules are also loaded with exogenous antigens. Usually, endogenous ma-
terial previously bound on CD1 molecules, catalyzed bysaposins” glycoproteins,
will be replaced with newly taken up exogenous lipids from the endosome. The
antigen presentation molecule CDI1d, for example, carries a-galactosylcerami-
des or phosphatidylcholines in the binding groove. Foods with these components,
such as egg, meat, and dairy products, thus have another immunostimulatory po-
tential in addition to proteins, which must be taken into account when assessing
immunological risks of foods.

= Presentation of Peptide Antigens by MHC Class Il Molecules

Exogenous protein structures are presented on the MHC class II cell surface mol-
ecule to the immune system. Analogous to MHC class I molecules, MHC class
II molecules are also generated in the ER. An MHC class II molecule consists of
one symmetrically arranged a and one b chain, each with two subunits. The a,
and b, chains together form the antigen-binding domain. The a, chain and the b,
chain, which fix the molecular complex to the reticulum membrane, are initially
structurally stabilized by calnexin, just as in the MHC class I molecule. Upon for-
mation of the MHC class II a, -b,-heterodimer, the hydrophilic antigen-binding
region that forms is occluded with the class II-associated-invariant-chain-peptide
(CLIP) fragment attached to the membrane-invariant chain. This entire complex
is delivered by vesicular transport across the Golgi complex within the cell to a
phagosome. The phagosome is a cell membrane compartment and encloses ex-
ogenous protein during phagocytosis. In a further step, protease-containing lys-
osomes fuse with the phagosome and together form the phagolysosome. In the
phagolysosome, CLIP initially still closes the antigen-binding site of the MHC
class II molecule complex. Only in the MHC-li antigen-loading complex of the
phagolysosome, when a chaperone called “HLA-DM” binds to the MHC class 11
molecule complex, CLIP is released, and an exogenous antigen peptide is taken
up into the hydrophilic binding pocket. The open hydrophilic binding pocket of
the MHC class II molecule carries peptide antigens with a minimum size of 10
amino acids. Finally, the antigen is presented on the cell surface.

o What properties must food proteins show to be presented on MHC class II mole-
cules?

For food proteins, the hydrophilicity of the amino acid sequence and its length
determines the potential to elicit an adaptive immune response. For hypoaller-
genic foods, for example, this fact is exploited by proteolytically cleaving peptides
into minute fragments. In humans, this molecular complex is determined by the
variant gene loci HLA-DM, HLA-DO (A, B), HLA-DQAL BI.2-9° HLA-DP AL BI
and HLA-DR,, 5. The polymorphic diversity of the HLA gene complex is
particularly evident in the antigen-binding domain of the MHC molecule. De-
pending on the expression of the genes, individual antigen presentation patterns
occur for the carrier, which can be associated with a specific peptide-binding char-
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acteristic and the resulting defense reactions, such as a high allergy susceptibility
to certain foods. In addition to protein structures, zwitterionically charged poly-
saccharides, which similar to peptides can be held with their positive and negative
functional groups by the two binding domains of the MHC class II molecule, are
also presented to the immune system in this way. Negatively charged polynucleo-
tides, such as viral or bacterial DNA and RNA, are also presented by APCs on
MHC class II molecules. Against this background, aminated, carboxylated, phos-
phorylated, sialylated and sulfated polysaccharide structures from food also ac-
quire an at least theoretical antigenic significance.

In this context, for example, polysaccharides consisting of B-glycosidically
linked glucose and mannose units from wheat are discussed as antigens.

Last, the loaded MHC class II molecule is guided intracellularly to the cell
surface through the vesicular transport network to induce CD4*-T-lymphocyte
help together with other surface receptors and signaling agents.

4.1.2 The T-Lymphocyte Help

= Stimulation-Dependent APC Phenotyping of T-Lymphocyte Help

Antigen presentation by MHC class II molecules mediates CD4*-T-lymphocyte
help, which transmits molecular structural information to effectors and, together
with various signaling agents, induces an adaptive immune response. Early in the
defense response, professional APCs are functionally targeted by PRR stimula-
tion. Immature DCs, which are prestimulated by viral nucleotides or by DNA
and RNA from intracellular bacteria-recognizing NLR, RLR, TLR-3, and TLR-
9, differentiate into a DC1 phenotype initiating a cellular-cytotoxic Th,-lympho-
cyte help (see also » Sect.2.2.1). TLR-4 stimulation, for example, by LPS of
Gram-negative bacteria, also leads to this phenotype, but under special stimula-
tion conditions, it also can result in a DC2 phenotype that initiates humoral de-
fense response-mediating Th,-lymphocyte help. The DC2 type is also stringently
associated with extracellular stimulation of TLR-2 (TLR-1 and -6). Due to lack
of or too weak stimulation, DCs dwell in an immature state and generate immu-
nosuppressive antigen tolerance (see also » Sect. 6.1). The immunological stimu-
lation situation of the early phase is thus transferred to the adaptive phase of the
defense response. This offers the possibility to influence the functional orientation
of subsequent defense reactions with immunogenically acting food components.

0 What food components may influence the functional targeting of the adaptive im-
mune response by PRRs?

Besides probiotics, carbohydrate, and peptide structures, food fatty acids can
also have an immunomodulatory effect through this. Because LPS possesses mo-
lecularly a hydrophobic lipid A-membrane anchor, TLR-4 recognizes non-polar
structures, such as long-chain aliphatic acyl chains. For example, binding of satu-
rated fatty acids to the CD14-TLR-4-MD2 complex can induce an inflammatory
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defense response. Unsaturated fatty acids, on the other hand, seem more likely
to inhibit such signal initiation. These potential influences are of particular in-
terest for nutritively counteracting immunological imbalance and hyperreactions
of the defense responses. A completely different anti-inflammatory mode of ac-
tion is shown by glycosylated steroids called “saponins”. Soy saponins, for exam-
ple, show a high binding affinity toward TLR-2 and TLR-4 through 11 free hy-
droxyl groups and influence their PAMP recognition capacity. Due to this sub-
stance blocking, LPS stimulations can no longer be adequately detected by APCs
and converted into inflammatory response signals. Therapeutically, dietary inter-
ventions with such components are conceivable to limit Th,-induced hyperreac-
tions.

m  MHC Class lI-Restricted T-Lymphocyte Help

In general, MHC class Il-restricted T-lymphocytes can mediate either a Th,- or
a Th,-rejection response (B Fig. 4.3). The cytokine IFNy propagates a cytotoxic
cellular response versus an IL-4-dependent humoral response. To resolve a stably
established immunological polarization of a T-lymphocyte help, a relevant coun-
terstimulation or a corresponding signal inhibition is required. In order for a de-
fense reaction not to pathologically derail to a Th,-polarized, autoimmune tis-
sue destruction or to an allergic Th,-hyperreaction, immunosuppressive counter-
regulation is carried out with an IL-10- and TGFB-dominated signaling (see also
» Sect. 6.1).

hyperreaction
cellular response humoral response

IFNy

physiologic aera

tolerance
suppressed
immune response

O Fig.4.3 Reciprocal regulation of cellular and humoral defense responses: Th, and Th2-lympho-
cyte help are oppositely regulated. The cytokine IFNy propagates a cellular-cytotoxic response, 1L-4
a humoral response. TGFp and IL-10 are immunosuppressive signals and regulate the conciseness of
each response. Relevant counterregulations with signaling substances or corresponding signaling inhi-
bitions are required to resolve an immunological polarization. IL: interleukin, IFN: interferon, TGF:
transforming growth factor
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o A T-lymphocyte help for cellular-cytotoxic or humoral defense response is basically
divergently regulated by diametrically opposed immune signals.

A cellular-cytotoxic response mediated by Th,-lymphocyte help is INFy-me-
diated in addition to TNFa (8 Fig. 4.4). DCI1 also secrete IL-12 and IL-15, by
which antigen-compatible, MHC class I-restricted CD8*-CTLs are activated.
These effectors can then differentiate into memory cells and regulatory cells as
the defense response progresses. Accompanying this strongly proinflammatory
response are immunoglobulins (IgG,,) with cytotoxic potency. IFNy and TNFa
also activate M®s and NK cells, reflecting adaptive, antigen-dependent func-
tional direction to effectors of the innate defense phase. M®s activated in this
way can initiate a TNFa-primed, so-called delayed-type hypersensitivity response
that, in interaction with neutrophil granulocytes and CD8*-CLTs fights off intra-
cellular microorganisms. As an overreaction, visible redness, swelling, and indura-
tion of the affected tissue occur. Pathophysiologically, this cellular-cytotoxic de-
fense can derail to autoimmune reactions such as celiac disease.

CD4* T lymphocyte (@B TCR) target cells and effects
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D Fig. 4.4 Functional alignment of MHC class II-restricted CD4*-T-lymphocyte help: characterized
by the immune situation at hand, appropriately phenotyped APCs activate MHC class II-restricted
CD4*-T-lymphocytes, which mediate either a cellular-cytotoxic response through TNFa and IFNy
or an IL-4-mediated humoral immune response that can further differentiate into a Thy-, Th,,-, or a
Th,,-T-lymphocyte help for specific granulocyte, mast cell, and B-lymphocyte activations according
to the cytokine signaling situation. In lymphoid follicles, costimulation of B-lymphocytes is aided by

T, -lymphocytes. Mediated by retinoic acid and TGFf, lymphocyte homeostasis within the defense re-
sponse is regulated by T reg -lymphocytes. APC: antigen-presenting cell, CTL: cytotoxic T-lymphocyte,
DC: dendritic cell (phenotype 1 or 2), iDC: immature dendritic cell, DTH: delayed-type hypersensitivity
reaction, 1L: Interleukin, IFN: interferon, Ig: immunoglobulin, TCR: T-cell receptor, TGF: transfor-
ming growth factor, TNF: tumor necrosis factor, NK cell: natural killer cell
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An IL-4 imprinted Th,-lymphocyte help is primarily directed against unicel-
lular or multicellular parasites. It is characterized by functional secretion of IgG,
and initiates an immunoglobulin class switch to IgE. Sensitization and activation
of basophilic and eosinophilic granulocytes as well as mast cells are thereby ena-
bled. Th,-lymphocytes also secrete IL-5 and IL-13. Pathophysiologically, this de-
fense orientation tends to cause allergic type 1 hyperreactions, such as IgE-de-
pendent food allergies.

o In addition to Thy-lymphocyte help, other lymphocytic mediations for distinct im-
mune function are known to originate from the DC2 phenotype.

Apart from direct Th, polarization, there are other associated T-lymphocyte sub-
populations, each with a specific functional focus, whose differentiation is deter-
mined by TGFf and various interleukins in each case. The cellular growth factor
TGFB is primarily expressed by DC2 and tolerance-inducing DCs. However, it is
also secreted within defense events by various epithelial cell types of the intestine,
lung, and other tissues.

Thy-lymphocytes are seen in the context of defense reactions against multi-
cellular, endoparasitic worms. They develop under TGFp influence and are char-
acterized by the dominant secretion of IL-9, which in particular supports the
growth and survival of mast cells in the tissue. Thy-lymphocytes are therefore
more abundant in the peripheral blood of atopics and allergy type | patients. All
T-lymphocyte subpopulations are always part of a regulatory network. For exam-
ple, Thy-lymphocytes can have an anti-inflammatory effect by promoting the ac-
tivity of Treg-lymphocytes and inhibiting that of Th,-lymphocytes.

The IL-17- and IL-22-secreting Th,-lymphocytes have a proinflammatory ef-
fect on tissue cells by inducing chemokine and cytokine synthesis in endo- and
epithelial cells as well as fibroblasts, for example in skin and lung tissue, which
attracts and activates neutrophilic granulocytes. Th,-lymphocyte help generates
under IL-6, IL-21, IL-23, and TGFp influence and also supports immunoglob-
ulin formation by costimulation of B-lymphocytes. Interestingly, this T-lympho-
cyte subpopulation can convert to Th,- or Th,-lymphocytes by IL-12 or IL-4 in-
flux, resulting in a highly flexible network of immune mediators rapidly adaptable
to the acute defense situation. Pathophysiologically, Th,,-lymphocyte help is dis-
cussed in the context of autoimmunity.

Th,,-lymphocyte help acts predominantly within the maintenance of the epi-
thelial barriers of the skin, lungs, and intestines. It supports antimicrobial defense
reactions by M®s and neutrophil granulocytes, but is also needed in connection
with tissue healing processes. This T-lymphocyte help is initiated by IL-6, IL-21,
and TGFp signaling.

Follicular Ty -lymphocytes are located within lymphoid follicles of lymph
nodes, spleen, and Peyer's plaques. T -lymphocytes differentiate by signaling
determined by IL-21, IL-23, 1L27, and TGF, probably independently of the
Th,-lymphocyte developmental lineage. Through its antigen-specific B-lympho-
cyte costimulation, Ty -lymphocyte help supports the maturation of B-lympho-
cytes into plasma cells and thus the formation of all Ig classes. Together with fol-
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y8-T-lymphocytes are effectors of an INFy-driven cellular-cytotoxic immune response. However, un-
der IL-4, IL-5, IL-10, and IL-13 signaling, these cells can also mediate a lipid antigen-associated Th,-
like humoral immune response. IL: interleukin, IFN: interferon, iNKT-lymphocyte: invariant natural
killer T-lymphocyte, TNF: tumor necrosis factor

licular DCs, T, -lymphocytes guide B-lymphocytes into the differentiation path-
way to the memory B-lymphocyte cell (B Fig. 4.5).

e How is peripheral immunological tolerance induced within T-lymphocyte differen-
tiation?

DCs that remain in an immature stage of maturation despite antigen presence
do not express costimulatory CD80/CD86 ligands on their cell surface and ini-
tiate differentiation of Treg-lymphocytes under retinoic acid- and TGF-deter-
mined signaling (see also Sects. 1.3.3 and 6.1). These immature iDCs are then re-
ferred to as tolerance-inducing or tolerogenic DCs. Conversely, Treg-lymphocytes
also appear to suppress the expression of CD80/CD86 and CD40 T-lymphocyte
costimulatory molecules in mature DCs as well as their generation of proinflam-
matory cytokines. The defense-inducing potential of DCs is thus relevantly re-
duced. Treg-lymphocytes are characterized by a high expression of the transcrip-
tion factor FOXP3 and of the interleukin-7 receptor (IL-7R; CD127) involved
in lymphocyte maturation. These immunosuppressive cells mediate immunologi-
cal tolerance, in particular through IL-10 secretion, to intrinsic and peripheral en-
vironmental antigens and food components. The growing understanding of the
regulatory mechanisms and functional modes of tolerogenic DCs and regulatory
T-lymphocytes gives hope to use them therapeutically in metabolic or intestinal
diseases caused by immunological hyperreactions.

= CD1-Restricted T-lymphocyte Help

y8-T-lymphocytes and iNKT-lymphocytes are activated by endo- and exogenous
lipid antigens presented on CD1 molecules by APCs. Similar to MHC class I-re-
stricted T-lymphocytes, they are effectors of an IFNy-targeted cellular-cytotoxic
immune response (B Fig. 4.5). CDI-restricted cells also extend the network of
T-lymphocyte help. Under IL-4-, IL-5-, IL-10-, and IL-13-determined signaling,
these mediate a lipid antigen-associated, Th-like, humoral immune response as
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helper cells. In the secondary lymphoid organs, y3- and iNKT-lymphocytes then
initiate the formation of immunoglobulins. In addition, Th .- and Th,,-lympho-
cytes also recognize CD1-presented endo- and exogenous antigens. Thus, anti-
genic stimulatory power is not limited to proteins, but lipid structures can also in-
itiate various immune responses, with all the characteristic facets of their patho-
logical hyperreactions.

= Influence of Food Components on the Polarization of T-lymphocyte Help
Within the reciprocal functional alignment, to nutritively alter T-lymphocyte help
in immunologic hyperreactions, strong counteracting stimulation or immunosup-
pression is required (B Fig. 4.3). A good example of the extent to which food
components can influence the functional orientation of adaptive defenses is neo-
natal nutrition. During pregnancy, both the mother and the fetus are blocked in
their Th,-lymphocyte help to avoid immunologically induced abortion. The new-
born does not establish a balanced T-lymphocyte help by environmental stimuli
until after birth. Food components of early nutrition exert influence here. Sia-
lyzed and fucosylated oligosaccharides, fructans, galactans, xylans as well as gly-
coproteins and nucleotides generally support the development of a Th,-lympho-
cyte support by their immunogenic stimulation potential. This effect counterbal-
ances the postnatal dominance of Th,-lymphocyte help in the newborn. Breast
milk corresponds exactly to this functional principle in its composition.

Also probiotic bacteria and bacterial fragments strengthen the expression
of a cellular defense reaction and thus counteract a possible manifestation of a
Th,-lymphocyte help-associated allergic hyperreaction. Short-chain fatty acids
as bacterial fermentation products of probiotic bacteria are important messen-
gers in this context. In particular, propionate and butyrate are recognized intraep-
ithelially by G protein-coupled receptors for free fatty acids of various immune
cells and modify the synthesis of cytokines. In general, these short-chain fatty ac-
ids have rather anti-inflammatory effects, for example, by decreasing IL-12 and
TNFa synthesis by M®s and DCs and promoting differentiation of naive T-lym-
phocytes into Treg-lymphocytes. On the other hand, propionate and butyrate also
condition the generation of Th,- and Th,,-T-lymphocytes and a cellular-cyto-
toxic defense response under given immune stimulation.

Another class of fatty acids, PUFAs as regulatory precursors of lipid medi-
ators are directly linked to the polarization of the defense (see also » Sect. 6.2).
E-series prostaglandins (PGs) are derived from PUFAs and are prominent regula-
tors of T-lymphocyte help. The PGE, is derived from arachidonic acid (C20:4 n6,
AA) and, like PGE, and PGE,, modifies the polarization of T-lymphocyte help.
Thus, it seems possible to influence the immunological functional expression of
the defense response by the administration of certain PUFA species from plants
or fish oils. One particular form of PUFAs is conjugated linoleic acid (cC18:2 n6,
CLA), a positional isomer of linoleic acid (C18:2 n6, LA) with conjugated dou-
ble bonds. Various CLA isomers, in particular the cis-9, trans-11 CLA isomer, are
found in milk and dairy products and are formed by bacterial fermentation in the
rumen of cows and are transferred to milk fat. CLA affects the PUFA synthesis
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pathway, modifying associated lipid mediator formation. The potential of CLA
to modify the functional orientation of the defense response within a diet is con-
troversial.

o Ionically charged, long-chain polymeric structures as well as specific fatty acids and
divalent metal ions from food as well as food-associated bacteria and their cell frag-
ments can directly influence the polarization of T-lymphocyte help.

Last, nutritive divalent ions can also influence the polarization of T-lymphocyte
help. Intracellular free zinc, for example, modifies the activity of various kinases,
involved in lymphocytic cell maturation and proliferation as well as in intracellu-
lar signal transduction of proinflammatory stimuli and dependent cytokine ex-
pression (see also » Sect. 7.3). Lamb and pumpkin seeds are zinc-rich foods. Zinc
deficiency attenuates the development of true Th,-driven inflammation by inhib-
iting the formation of IFNy but not the synthesis of the Th,-helper cytokines IL-
4, 1L-6, and IL-10.

4.1.3 Lymphoid Follicle as an Initiation Site of the Adaptive
Immune Response

To generate an antigen-specific immune response, three functional elements of
the immune system are spatially combined in the follicles of the lymph nodes, the
Peyer's plaques, the tonsils, and other lymphoid tissues: dendritic cells as anti-
gen-loading professional APCs, immune response-mediating T-lymphocytes, and
immunoglobulin-producing B-lymphocytes (8 Fig. 4.6). The spleen, which is in-
volved in the blood circulation, although organically structured differently, also
serves this function in addition to other tasks.

Q How is the adaptive immune response implemented in lymphoid follicles?

Immune cells of the adaptive defense reaction reach the lymph node either via
the finely branched, high-endothelial venules of venous blood vessels or via affer-
ent lymphatic vessels. In a first initiating step, antigen-loaded, chemokine recep-
tor-7-positive (CCR-7*) DCs are chemotactically targeted with the chemokine li-
gand CCL-21, which is expressed by endothelial cells of the afferent lymphatic
vessel and by lymphoid stromal cells, from the peripheral tissues to the lymph
node. These cells secrete CCL-19 (also CCL-18) and attract naive CCR-7*-B-lym-
phocytes, which then, coming from the bone marrow or thymus, migrate from ve-
nous blood into the lymph node. Premature DCs and naive B-lymphocytes can
also immigrate to the lymph node by this route. Naive T-lymphocytes immigrate
into the lymph node from both venous blood vessels and afferent lymphatic ves-
sels. Due to the directional interaction of selectins and integrins between the im-
mune cells and the vascular endothelial cells (see also » Sect. 3.2), the immune
cells are guided from the blood or lymphatic capillaries into the lymph node. The
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O Fig.4.6 Initiation of the adaptive defense response in the lymphoid follicle: An adaptive immune
response is initiated by the spatial assembly of antigen-loaded professional APCs, T-lymphocytes, and
immunoglobulin-producing B-lymphocytes in lymphoid follicles. Immune cells reach the lymph node
either via the high-endothelial venules of venous blood vessels or via afferent lymphatic vessels. The
antigen-specific cellular or humoral functional orientation of the defense response occurs in the fol-
licle through spatially ordered interactions of the immune cells involved. Formed immunoglobulins
and mature immune functionally directed T-lymphocytes are transported from lymph nodes to pe-
ripheral tissues via efferent lymphatic vessels. fdR: follicular dendritic reticulum cell, fDC: follicular
DC, iNKT: invariant NKT-lymphocyte, S1P: sphingosine-1-phosphate, T, : follicular T-lymphocyte

B-lymphocytes accumulate in particular in the cortex of the extrafollicular space
below the marginal sinus of the lymph node, the T-lymphocytes in the paracorti-
cal area.

0 How are antigen-specific immunoglobulins generated in lymphoid follicles?

The immunoglobulins generated within a humoral-adaptive defense reaction can
be directed against both hydrophilic protein and hydrophobic lipid antigen struc-
tures. Production of peptide-specific immunoglobulins begins with B-lympho-
cytes acquiring antigen structural information bound on the cell surface of DCs
through IgM and IgD-BCR and then presenting it on MHC class II molecules.
Subsinusoidal M®s of lymphoid tissue can also initiate such B-lymphocyte dif-
ferentiation. T -lymphocytes, previously activated by antigen-loaded DCs them-
selves, support these B-lymphocytes in their follicular maturation through CD40-
CD40L binding and IL-4 and IL-21 secretion. However, only antigen-compatible
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T-lymphocyte help leads to further differentiation of the B-lymphocyte into the
immunoglobulin-producing plasmablast. Activated B-lymphocytes either form di-
rectly into IgM-producing extrafollicular plasmablast while still in the cortex of
the lymph node or express the chemokine receptor CXCR-5, which recognizes the
chemokine ligand CXCL-13 (also CXCL-12 and -14) produced by DCs in the fol-
licle of the lymph node. CXCR-5%-B- and T, -lymphocytes are thus chemotacti-
cally guided to the germinal center of the secondary follicle. On their way there,
dendritic reticulum cells in the primary follicle also provide the B-lymphocytes
with antigens for further process support. In the secondary follicle, DCs form a
dense cell network and support the proliferation of antigen-compatible B-lym-
phocytes and their differentiation into primary IgG-producing follicular plas-
mablasts or, alternatively, B-lymphocyte memory cells by constant antigen pres-
entation. This cell maintains the option of rapid resynthesis of immunoglobulins
compatible to this antigen structural information in the follicle.

0 Can lipid affinity immunoglobulins also be produced?

B-lymphocytes can also interact with invariant NKT-lymphocytes in the extra-
follicular space, allowing the formation of glycolipid affinity immunoglobulins.
NKT type 2 lymphocytes display a wide variety of their immunocompetence. In
addition to their cytotoxic effector activity, they can also act as regulatory cells
activating or suppressing the immune response. In this context, lipid antigens are
presented by DCs on CDI molecules. CDI-restricted NKT-lymphocytes sup-
port the processing of follicular B-lymphocytes on their way to the plasmablast in
analogy to T -lymphocyte help. Mature plasmablasts generate lipid affinity IgM
and IgG, but are relatively short-lived and do not differentiate into memory cells.
The immunoglobulins generated are transported from the lymph node to periph-
eral tissues via efferent lymphatic vessels. Another possible differentiation support
for B-lymphocytes is mediated by also CD]1-restricted y8-T-lymphocytes. This is
discussed in particular in the context of autoimmune responses to endogenous li-
pid antigens.

0 Are naive T-lymphocytes also activated in the lymph node?

In addition to the activation of B-lymphocytes, the functional orientation of
T-lymphocyte help is also implemented in the lymph node. Depending on the im-
munological signaling situation, naive CD4*-lymphocytes differentiate into either
a Th-helper for a cellular immune response or a Th,-helper mediating a humoral
response. Stromal cells of the “medulla” called lymph node exit and associated
lymphatic vascular endothelial cells secrete sphingosine-1-phosphate (S1P). Ma-
ture, functionally oriented T-lymphocytes recognize this signal molecule with S1P
receptors and emigrate from the lymph node through the efferent lymphatic ves-
sels into the peripheral tissue in a chemotactically guided manner.
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4.2 Food-Induced Pathological Hyperreactions of Adaptive
Immune Defenses

The allergic overreaction to environmental substances and stimuli is mechanisti-
cally separate from incompatibility reactions, such as pseudoallergies and intoler-
ance, even if the symptoms are similar. The characteristic appearance of an aller-
gic reaction varies depending on the body region affected. Allergic skin reactions
are characterized by exanthema, which are rapidly appearing wheals and redness,
as well as IgE-dependent atopic eczema. The digestive system, on the other hand,
responds to allergic stimulation with diarrhea. If several organ systems are af-
fected within an allergic acute reaction, anaphylaxis develops, which can lead to
shock if there is a systemic signal situation in the body.

— Allergic Hypersensitive Reactions

Depending on the immunological reaction mechanisms, allergic hyperreactions are

divided into four types:

= Allergy type 1 or anaphylactic type is triggered by allergen-induced cross-link-
ing of membrane-bound immunoglobulins of class E on eosinophils and ba-
sophils granulocytes and mast cells. This type of allergy is associated with an
overreactive Th2-lymphocyte help and, unlike the other types, is not present af-
ter hours but immediately after stimulation. Food allergy belongs to this type.

= The allergy type 2 or cytotoxic type is determined by immunoglobulins of
classes M and G. These mediate immunoglobulin-dependent cellular cytotox-
icity and activate the complement system (C3a and C5a). This type is not rele-
vant in relation to food allergies.

= Allergy type 3 or immune complex type is characterized by the formation of
cell-bound and free-floating immune complexes with IgM and IgG. The com-
plement system is activated in an immunoglobulin-dependent manner simi-
lar to type 2. In addition, the immune complexes formed trigger release of tis-
sue-damaging granular proteases and lipases by granulocytes. This type is also
not relevant with regard to food allergies.

= Allergy type 4 or delayed type is mediated by allergen-specific Th1-lymphocyte
help and is characterized by local infiltration of the affected tissue with acti-
vated, cytotoxic lymphocytes and M®s. In addition to contact allergy, for ex-
ample, to nickel, celiac disease triggered by gluten components from cereals be-
longs to this type.

4.2.1 Humoral-Driven Pathological Hyperreaction:
Allergy Type 1

= Pathogenesis of a Hypersensitive Type 1 Reaction to Food
IgE-mediated food allergy is divided into two phases (B Fig. 4.7). In the sensiti-
zation phase, allergens are locally phagocytosed by APCs during initial contact,
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processed, and presented on MHC class I molecules, where they are recognized
by compatible, allergen-specific CD4*-T-lymphocytes. The resulting IL-4, IL-
5, and IL-13 imprinted Th,-lymphocyte help in turn stimulates allergen-loaded
B-lymphocytes to produce allergen-affinity IgE. Mast cells as well as basophilic
and eosinophilic granulocytes are activated by I1L-4, IL-5, and TNFa. M®s can
assist this process through TNFa, IL-1, and CXCL-8 signaling. These effector
cells bind IgE with Fc receptors on the cell surface and are thus able to respond
directly with degranulation upon renewed allergen contact. In this context, it is
discussed to what extent flavonoids and saponins can counteract degranulation by
reducing FcR expression and stabilizing the cell membrane. In addition to the ac-
tual Thy-lymphocytes, other lymphocytic subpopulations are involved in allergy
pathogenesis. Allergen-specific Thy-lymphocytes activate mast cells with IL-9.
Th,-lymphocytes can stimulate the proliferation of mast cells by a stem cell fac-
tor triggered by 1L-17.

However, in addition, Th - and Th,,-lymphocytes appear to be more in-
volved in the initiation of neutrophilic granulocyte-based allergic reactions. Ac-
tivated mast cells, in turn, mirror Th,-lymphocyte help by secreting IL-4, IL-13,
and TNFa and amplifying the allergic response. The effector defense response is
triggered by cross-binding of two cell-surface IgEs by an allergen, directly pour-
ing out intracellular granules and releasing histamine and various proinflamma-
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tory lipid mediators and proteases locally. Clinical symptoms of food allergy may
include skin reactions, vomiting, diarrhea, and mucosal swelling.

@ What is the structural nature of allergens from food?

Food allergens that cause oral sensitization are predominantly digestion-sta-
ble proteins or glycoproteins with a molecular mass of 10-80 kDa. On the other
hand, however, allergic structures of globular food proteins may be released only
by digestive proteolysis. Various molecular structural features are known for pro-
tein food allergens. All type 1 allergenic food proteins have in common that their
amino acid sequences contain epitopes with high binding affinity for IgE. Also
important in this context is the presence of leucine and threonine, which are seen
as prominent anchor amino acids for MHC class II binding of an antigen. An-
imal food allergens mostly belong to the so-called EF-hand proteins, which are
structurally characterized by a helix—loop—helix motif with charged amino acids
that bind Ca”* ions. Important plant food allergens belong to the prolamin, cu-
pin, and profilin protein superfamilies, which group together numerous storage
protein types, among others. Birch pollen profilin Bet v1, for example, is a prev-
alently inhalation allergen. Numerous cross-reactions with food components, es-
pecially fruits such as apple, pear, and cherry, are known (B Table 4.1). Here, his-
torical fruit varieties are preferred over modern cultivars because of a postulated
lower Bet-vl allergenicity. However, the progesterone receptor 10-protein fam-
ily to which these fruit allergens are assigned is based on a phylogenetically con-
served gene cluster. Both old and new fruit varieties possess this gene cluster. All
Bet-v1 isomers are admittedly associated with plant stress responses. Possible dif-
ferences in the allergenicity of fruit cultivars are therefore most likely due to the
stress resistance of the plants and the associated expression of these allergenic
proteins.

Lipids may also be involved in the development of a type 1 allergic hyperre-
action. Glyco-, phospholipids and lipoproteins are presented by CDI1*-DCs.
NKT-lymphocytes or other CD1-restricted T-lymphocytes are thus stimulated to
secrete IL-4. On the other hand, these cells also show immunoregulatory poten-
tial by supporting the formation of peripheral tolerance to food allergens through
IL-10 and TGFB secretion.

O Table 4.1  Allergic cross-reaction of birch pollen and food items

Inhalation allergen Food

Betv 1 Apple Hazelnut

ﬁler;l;ap}(j)eliedril?ilergen Pineapple Carrot

Syn. B. Verucosa Apricot Cherry
Banana Celery
Pear Soybean

Peanut Lychee



118 Chapter 4 - The Adaptive Defense Response: Physiological ...

= Nutritive-Therapeutic Options for Food Allergy

The first therapeutic approach to food allergy is allergen avoidance. For this pur-
pose, the immune-provoking food can be determined within the framework of an
allergen search diet. Based on a low-allergen foundation, food components are
successively added and the allergic reaction to them is determined. After allergen
abstinence by not consuming the allergenic component, the symptoms should im-
prove.

Another form of allergen avoidance is the hydrolysate diet, or hypoallergenic
diet, in which potential allergen-provoking proteins are broken down, proteolyti-
cally or thermally, into peptide fragments, causing them to lose their MHC class
IT binding affinity and immunoglobulin epitope properties. In neonatal and in-
fant nutrition, protein-free dietary concepts are also used for the prevention and
therapy of food allergies which contain a mixture of amino acids as protein sur-
rogates.

o Therapeutic options against allergic hyperreactions include allergen avoidance and
resolution or redirection of allergic T-lymphocyte help by immune-functional food
components.

Another nutritive-therapeutic approach is hyposensitization. Here, by slowly in-
creasing the dose and repeated oral administration of the food allergen, an at-
tempt is made, on the one hand, to stimulatively strengthen allergen clarification
by M®s and, on the other hand, to cause a resolution of the dominant allergic
Th,-lymphocyte help by immunological tolerance induction.

Reorientation of the defense response can also be induced by oral ingestion
of prebiotics and probiotics. The natural immunological Th, dominance of new-
borns is broken up by breast milk oligosaccharides and initial environmental bac-
terial stimulation. PRRs of cells of the innate defense phase are crucial in this
process. In particular, TLR-4 and TLR-9 support Th -lymphocyte help imprinted
by IL-12p70 secretion under stimulation. In contrast, the absence of such TLR
stimulation leads to Th,-polarization of the specific defense response. In neona-
tal feeding, targeted PRR stimulation can prevent Th,-lymphocyte help-associ-
ated allergic hyperreactions. Oral administration of probiotic bacteria or bacterial
fragments, such as flagellins, cell wall components, heat shock proteins, and DNA
and RNA, or ingestion of dietary oligosaccharides or polar lipid compounds
with LPS-like structural motifs may help to redirect T-lymphocyte help.

Last, dietary PUFAs are another regulatory element in the polarization of
T-lymphocyte help and are seen as an important functional element of an an-
tiallergenic diet. The immunological lipid mediator PGE,, which results from
AA in the course of the biosynthetic pathway, selectively suppresses cellular-cy-
totoxic Th,-lymphocyte help. PGE; and PGE; counteract this signal in a regula-
tory manner. PGE, is derived from y-linolenic acid (GLA, C18:3n6), PGE, from
eicosapentaenoic acid (EPA, C20:5n3), suggesting the possibility of counteracting
a PGE,-induced Th,-dominant allergic immune alignment by consuming specific
edible oils (see also » Sect. 6.2.2).
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4.2.2 Cellular-Driven Pathological Hyperreaction: Celiac
Disease, Allergy Type 4

= Pathogenesis of Celiac Disease

Celiac disease (B Fig. 4.8) is a gliadin triggered, enteropathic, type 4 allergic hy-
perreaction mediated by a Th -lymphocyte help. Gliadins, which are divided into
a-, B-, and y-subgroups, are glutamine- and proline-rich protein components of
the substance mixture gluten or gluten-protein, which is contained in particular
in wheat grain (8 Table 4.2). The cellular-cytotoxic-driven autoimmune disease
is characterized by tissue damage of the intestinal epithelium, characterized by
villous atrophy and crypt hyperplasia, symptomatic related to malabsorption and
chronic diarrhea. Various genetic predispositions are known in this regard.

The pathogenesis of celiac disease can be divided into three main causal stages:
disrupted intestinal barrier, IL-15 signaling, and non-physiological transglutami-
nase release (B Fig. 4.8). The starting point of this disease is an accumulation of
gliadins in the subepithelial space of the intestinal barrier. The prerequisite for
this is a disturbed function of the intestinal barrier. Therefore, all immunological

- a - Non-digested fragments of gliadin-storage proteins are recognised by the CXCR3

Q'C chemokine receptor of enterocytes.

° "a - This effect leads to a zonulin secretion by enterocytes, a signal-glycoprotein, which can be

] recognised by the epidermal-growth-factor receptor of enterocytes.

.%’ 5 -The zonulin signal also induces a loosening of cohesion of the gut epithelium barrier and
(=2}

a release of tight-junction proteins.

e

- In consequence gliadins pass the gut barrier and accumulate in the subepithelial area.
- Enterocytes secrete IL-15.
- IL-15 actives subepithelial CTL und NKT lymphocytes, which leads to a
cytotoxic immune reaction against the gut epithelium.
- Treg lymphocytes are inhibited by I1L-23 and the peripheral tolerance is blocked.

IL-15-signal

- The cytotoxic damaged tissue releases transglutaminases, which deaminate
and cross-link gliadin.

- The maodificated gliadin can be presented to compatible CD4* T lymphocytes by high affine
MHC class Il molecules (HLA-DQ2/DQ8), which mediate an antigen specific cytotoxic
immune reaction against the enterocytes.

- Furtheron, antibodies are secreted with binding specifities to gluten fragments,
transglutaminase, tight-junction proteins and self tissue.

transglutaminase-
release

autoimmune reaction against the gut mucous membrane,
the epithelium and the lamina propria

O Fig. 4.8 Pathogenesis of celiac disease: the starting point of this enteropathic, allergic type 4 hy-
perreaction is a disrupted intestinal barrier. When gliadins enter the subepithelial space of the intes-
tinal epithelium, an IL-15-mediated cytotoxic immune response develops. Tissue-associated type 2
transglutaminases cross-link gliadins, which can trigger a cellular-cytotoxic autoimmune response that
damages the mucosal epithelium and the lamina propria. CXCR: CXC-chemokine receptor, CTL: cy-
totoxic T-lymphocyte, NKT-lymphocyte: natural killer T-lymphocyte, MHC: major histocompatibility
complex, HLA: human leukocyte antigen
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O Table 4.2 Cereals and pseudocereals containing gluten

Cereals containing gluten
Einkorn (7riticum monocornum) Wheat (Triticum)
Emmer (7riticum dicornum)

Spelt (Triticum aestivum ssp. spelta)
Green spelt (green winter spelt)

Kamut (7Triticum turgidum % Polonicum, Khorasan wheat)

Triticale (Secale % Triticum)

Barley (Hordeum vulgare) Barley (Hordeum)

Rye (Secale cereale) Rye (Secale)
Gluten-free cereals and pseudo cereals

Oats (Avena) Cereals

Millet (Sorgum) Sweet grasses (Poaceae)
Rice (Oryza sativa)

Corn (Zea mays)

Teff (Eragrostis tef, lovegrass)

Amaranth (Amaranthus) Pseudocereals
Buckwheat (Fagopyrum esculentum) 22:; v (Al

Quinoa (Chenopodium quinoa)

constellations that cause a weakening of the epithelial tissue closure are risk fac-
tors for celiac disease. Several sequences of gliadin fragments, 13-33 amino acids
long, are relevant stimulatory epitopes within celiac disease. The gliadin peptide
p261-277 is recognized by the chemokine receptor CXCR-3 and triggers a zonu-
lin peptide signal in the endothelium. The epidermal growth factor receptor is di-
rectly activated by the glycoprotein zonulin. An indirect activation pathway oc-
curs via protease-activating receptor 2. Both initiate enterocyte epidermal prolifer-
ation and lead to an opening of the intestinal epithelial cohesion and the release
of tight junction proteins, ultimately increasing the intestinal barrier permeability.

o To what extent is the pathogenesis of celiac disease determined by genetic predispo-
sitions?

An initial pronounced susceptibility to celiac disease results from genetic over-
expression and misplacement of gliadin-binding receptors on the epithelial cell
membrane. Gliadins are able to cross the intestinal barrier paracellularly through
the open zona occludens and accumulate in the subepithelial space of the intesti-
nal barrier. IgA- and transferrin receptor (CD71)-mediated transcellular gliadin
transport acts in a supportive manner. These processes trigger an initial proin-
flammatory response of enterocytes. In celiac disease patients, CXCR-3 and
CD71 are luminal overexpressed by enterocytes as another genetic predisposition.
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Released IL-15 activates subepithelial CTLs that are cytotoxic to the intestinal
epithelium. This IL-15-initiated cytotoxicity is mediated by non-classical MHC
class I molecules (MHC 1Ib) that interact with the cell surface receptor NKG2/
CDY% of NK cells, y3-T-lymphocytes, and CTLs. For example, the a-gliadin pep-
tide p31-43 is recognized by M®s and DCs in addition to epithelial cells through
TLR-4, which then secrete IL-1, IL-8, IL-15, and TNFa, further driving the cyto-
toxic defense response. In addition, peripheral tolerance at the intestinal barrier is
abrogated by intestinal epithelium-associated APCs secreting 1L-23, blocking the
immunosuppressive effect of Treg-lymphocytes. In this context, other genetic risk
factors are emerging. Certain cytokine gene clusters, which prefer a cellular-cyto-
toxic immune response or influence the development of peripheral tolerance, are
discussed as predispositions for celiac disease.

@ What other risk factors are there?

In general, an autoimmune disease, such as diabetes type I, autoimmune thyroid-
itis or autoimmune hepatitis, is presumed to increase the risk of developing celiac
disease. The cytotoxically damaged terminal tissue of the intestine releases tis-
sue-associated type 2 transglutaminases, which normally catalyze the post-trans-
lational modification of proteins. On the one hand, glutamine residues are deam-
inated from gliadins via transglutaminase catalysis, and on the other hand,
cross-linking occurs by isopeptide binding between gliadin-bound glutamine and
lysine residues. The now negatively charged complexed gliadins are presented to
the immune system by APCs on MHC class II molecules, initiating a cellular-cy-
totoxic autoimmune response characterized by IL-15, IL-18, IFNy, and TNF«a
that damages the mucosal epithelium and the lamina propria. HLA-DQ2/DQ8
shows high binding affinity toward these modified gliadins and promotes the de-
velopment of celiac disease as another genetic predisposition. Th,-lymphocytes
activated by MHC class IT molecules secrete IL-21 and thereby synergistically
amplify the initial IL-15 signal already present. Within this signaling layer, im-
munoglobulins with binding specificities toward gluten components, transglutam-
inase, tight junction proteins, and autologous tissue are formed, which further ad-
vance the celiac-typical autoimmune tissue destruction.

= Nutritive-Therapeutic Options for Celiac Disease

Avoidance of the allergic potential by a gluten-free diet is the most important
therapeutic approach, whereby according to Codex Alimentarius only foods with
less than 20 ppm gluten may be used. Gluten is present in all wheat varieties and
wheat hybrids as well as in barley as hordenine and rye as secaline (B Table 4.2).
Since flours of these grains are used not only for baked goods but also gener-
ally as thickeners and texture stabilizers in food and cosmetic applications, a glu-
ten-free diet represents a significant restriction in diet and impairment of qual-
ity of life. It is also always a deficiency diet, with nutrient deficiencies of calcium,
iron and folic acid, potassium, magnesium, adenosylcobalamin (vitamin B,,), and
zinc in particular having to be made up for by supplementation.
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The manufacture of gluten-free products is technologically problematic. To
compensate for the missing properties of the gluten, gluten-free products are of-
ten high in carbohydrates and fat on the one hand and low in fiber on the other.
For this reason, the trend toward a gluten-restricted diet without indication must
be viewed critically.

o A gluten-free diet only makes sense in connection with a diagnosed celiac disease.
It always carries the risk of low-fiber malnutrition.

Millet, rice, and corn as well as various pseudocereals are considered gluten-free
cereals. The proline-rich avenins of oats also show no gluten-analogous allergic
amino acid sequences. The use of oat proteins to improve baking properties, Lac-
tobacillus-fermented sourdough with reduced gluten content, or the use of genet-
ically modified wheat varieties are possible routes to adequate foods for celiac pa-
tients. In this context, nasal administration of gluten for immunological hypo-
sensitization and gluten tolerance induction is discussed as another therapeutic
option that would allow gluten intake again, albeit in reduced amounts. Similar to
ulcerative colitis and Crohn's disease (see also » Sect. 2.4.2), celiac disease is char-
acterized by a manifest intestinal dysbiosis, especially by a markedly increased
number of Corynebacterium sp., Gemella sp., and Clostridium sensu stricto and a
decreased Bifidobacterium presence. Whether this disease-related, non-physiologic
intestinal flora is causative or symptomatic is unclear. Ultimately, together with a
low-fiber, gluten-free diet, it is a factor that exacerbates the inflammatory situa-
tion. Oral intake of prebiotic oligosaccharides and probiotics, especially Clostri-
dium leptum, Bifidobacterium longum, and B. breve, could therefore be a preven-
tive-therapeutic helpful option. In this context, it is discussed to what extent bac-
terial short-chain fatty acids as intestinal microbiome-associated fermentation
products influence mucus formation and T-lymphocyte help. Whether this will re-
sult in promising therapeutic options for celiac disease remains to be seen.

Possible intestinal intraluminal therapies include, enzymatic digestion of glu-
ten by prolyl oligopeptidases or prolyl endoproteases or the neutralization of glu-
ten by specific egg or cow's milk immunoglobulins or by polyhydroxymethacrylate.

Transepidermal inhibition of transglutaminase, for example, with cystamine,
an organic disulfide, may be considered. Immunologically, the blocking of
HLA-DQ2/8, the administration of anti-IL-15 immunoglobulins or IL-10 admin-
istration would be conceivable.

Excursus IV: Problems of Detection of the Effect of Inmune-Functional Food Compo-

nents from in Vitro Experiments to Clinical Studies

In order to be able to medically praise application. This is often complicated
certain effects of food components on by a smaller effect size of the active
the adaptive defense of the immune sys- components, which often act indirectly
tem, all relevant effects must be pre- through coupled mechanisms, for exam-
sented in a generally valid manner in the  ple, microbial metabolites of an induced
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change in the gut microbiome. Further
obstacles in the functional demonstra-
tion of immune-relevant foods are, on
the one hand, that in comparison to
pharmacological studies, high-dose pure
substances are usually not used for di-
etary applications. On the other hand,
the influence of foods on the adaptive
immune system is often linked to mod-
ulatory effects of the innate defense re-
sponse and thus shows slow kinetics of
action in terms of tangible clinical pa-
rameters. Prebiotic oligosaccharides, for
example, must first alter the gut micro-
biome, which can then act on the func-
tional orientation of the adaptive im-
mune system via altered PPR stimula-
tion patterns of APCs.

In general, any functional rep-
resentation starts with cell culture and
animal studies, which are at best sup-
ported by mathematical simulation
models of relevant biochemical pro-
cesses (Excursus IV @ Fig. 4.9). In vitro
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studies have the advantage that individ-
ual, defined aspects of the mechanism
of action of immune-functional dietary
components can be well represented in
a cellular model. Each cellular system,
with its specific merits, can be tailored
to the specific question at hand. A pri-
mary cell culture based on tissue biop-
sies is less artificial than a cell line con-
sisting of cancer cells or immortalized
cells. However, compared to the cell line,
the primary cell culture has significant
weaknesses in the reproducibility of the
experimental conclusions, since the pri-
mary cell culture, in contrast to the cell
line, must be repeatedly created from
cell material, resulting in a higher de-
gree of heterogeneity of the model. This
is a general problem for functional anal-
ysis of drugs. An unsegregated-unstruc-
tured experimental model is often arti-
ficial, but due to its idealized character
it allows a high conciseness of the state-
ment. The more realistic model systems

A\

in silico studies

/

@ proof of concept

phase |

@ :

U

meta-analysis

B Fig. 4.9 Influence of study model on efficacy demonstration of immune-functional food
components: Preclinical cell culture and animal studies, accompanied by mathematical sim-
ulation models, and clinical trials are performed for a functional demonstration of an active
ingredient. Meta-analyses evaluate different studies of a topic for generality. The conciseness
of a functional representation of an agent by artificially homologous model systems (cellular
models) decreases with increasing heterogeneity of model systems (animal models and clinical
trials) for the same effect size. The general validity of the experimental statements increases
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become in relation to the application of
the active ingredient, the more generally
valid the statement of the experiment
becomes. However, the greater the risk
of losing the actual functional statement
for the given, constant effect size of the
food component. In addition, multifac-
torial or indirect effect mechanisms are
often not representable by homologous
one-component models. For such im-
munological questions, mouse and rat
models are then predominantly used
within in vivo studies. Apodictic state-
ments in cell culture can sometimes not
be reproduced already in such animal
models in the interaction with different
tissues and organs. This does not always
have to be due to insufficient functional
relevance of the food component. A low
total concentration of the active ingredi-
ent in the food or metabolism-depend-
ent, slow active kinetics make adequate
proof of function more difficult. For
these reasons, a direct transfer of cell
and animal models for pharmacologi-
cal questions to the food sector is not al-
ways possible. In particular, the sensitiv-
ity of these models to small effect sizes
of food must be adapted accordingly in
the experimental setup. An expansion of
the experimental groups for a statistical
compensation of the measurement scat-
ter is only partially effective, since this
always increases the heterogeneity of
the model system. Rather, low data scat-
ter through the smallest possible meas-
urement error ranges in the analysis and
the smallest possible test groups within
the experimental context are helpful.
After the mechanisms of action of
the active substance have been demon-
strated in preclinical experiments, the ba-
sic efficacy of the application concept is
tested in humans within an initial, clin-
ical proof-of-concept study. In the best

case, placebo-controlled, double-blind
studies are conducted for this purpose,
in which no one directly involved in the
study implementation is aware of the as-
signment of the placebo or verum group.
Only in the case of active ingredient ap-
provals for drug approvals is this fol-
lowed by a precisely defined sequence of
clinical trials in four phases. In the early
phases 1 and 2 of a clinical trial, phar-
macodynamic characteristics, tolerance
and safety aspects, as well as the efficacy
of the application with increasing dose
are determined with ever larger subject
and patient cohorts. Phase 3 and 4 clini-
cal trials evaluate the long-term effects of
application. In contrast, food approval
procedures do not require these clinical
trials. In order to optimize the concise-
ness of the effect representation of im-
mune-relevant food components, cohorts
that are as small as possible, clearly de-
fined and homogeneous with respect to
anthropometric parameters, as well as a
monocausal symptomatology of the dis-
ease under consideration are helpful.

In meta-analyses, such as Cochrane
Reviews for efficiency-based medicine,
statistical methods are used to systemat-
ically analyze data from different stud-
ies on a topic and to evaluate the gen-
eral validity of the experimental state-
ments. The high heterogeneity of the
data situation given here usually weak-
ens the conciseness of the effect rep-
resentation. Due to the different study
concepts, the efficacy of functional food
applications is often lost. Ultimately, it
is always necessary to weigh the gen-
eral validity of the effect presentation
against the given effect size, so that on
the one hand irrelevant effects can be
discarded and on the other hand possi-
ble therapeutic approaches in the food
sector can be worked out.
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Trailer
In the clonal defense phase of the adaptive immune response, the defense reaction is imple-
mented by the so-called clonal selection and expansion of lymphocytes. The efficiency of this
defense phase depends directly on the supply status of the body with micro- and macronutri-
ents. The cell division cycle passes through a synthesis phase, during which the chromosome
set of the cell is duplicated, an interphase divided into three gap phases, preparing the cell for
division, and the mitotic cell division phase. The G1 and G2 cell growth phases are character-
ized by high carbohydrate, lipid, and protein synthesis activity. B-group vitamins and zinc are
indispensable cofactors of key enzymes of carbohydrate, lipid, protein, and DNA synthesis.
The para- and autocrine signaling effects of cholecalciferol are relevant for the regula-
tion of immune functions. In principle, the active 1, 25-dihydroxy-cholecalciferol acts in
the adaptive defense phase as a counter-regulatory restriction of cell proliferation. It pro-
motes Thy-lymphocyte help while suppressing lymphocyte proliferation. In general, the
prevalence of autoimmune or allergic diseases correlates with cholecalciferol deficiency.
The nutritive supply status of the organism with macronutrients also influences immune
function. Carbohydrates, lipids, and proteins provide biochemical energy within catabolic
metabolic processes on the one hand, and anabolically preformed structural molecules for cell
composition on the other. Protein and energy deficiencies, which manifest themselves in vari-
ous clinical pictures, always cause a weakening of immune competence. In Kwashiorkor, there
is predominantly an undersupply of dietary proteins. In the case of marasmus, the carbohy-
drate supply from food, which is necessary for energy production, is predominantly lacking.
Nutritional status is transmitted and adjusted by endocrine-active adipocytes of adi-
pose tissue to immune cell function. Immunoregulatory important adipokines are lep-
tin and adiponectin. Blood serum leptin concentration correlates proportionally, and ad-
iponectin concentration correlates antiproportionally to visceral adipose tissue mass.
Leptin stimulates T-lymphocyte proliferation and supports cellular-cytotoxic defense re-
sponses. Adiponectin downregulates immunological defense potential. Both energy over-
supply and undersupply limit the efficiency of an adaptive defense response.

antigen presentation
antigen presenting cells:
dendritic cells, macrophages
B lymphocytes

mediation of stimulation
CD4* T helper lymphocytes:
Thy ,Thy , Thg , Thy7, Thy, ,
Thy |, Treg cells

antibody secretion
B lymphocytes/ plasmablastic cells

cytotoxic reaction
cytotoxic T lymphocytes

tolerance induction
regulatory T lymphocytes

defence response or immune tolerance

immunological memory
B lymphocyte memory cells
T lymphocyte memory cells
cytotoxic memory cells

I
antigen recognition and activation of the specific
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== What are the central mechanisms of clonal selection and expansion of lymphocytes
in the antigen-specific defense response?

== What micro- and macronutrients drive the implementation of the adaptive defense
response?

== To what extent is cholecalciferol relevant for the expression of immunological hy-
perreactions?

== To what extent does protein and energy supply status alter adaptive defense func-
tion?

5.1 Influence of Micronutrients on Cell Proliferation in the
Clonal Defense Phase

After antigen-specific stimulation of lymphocytes by APCs in the lymphoid fol-
licles, the defense reaction is implemented in the so-called clonal phase of the
adaptive immune response. An explosive proliferation of T-helper lymphocytes,
B-lymphocytes, or even CTLs and other lymphocytic cytotoxic effectors occurs.
This cellular proliferative output is driven by a high level of cata- and anabolic
metabolic activity. Metabolically coupled oxidative and substrate chain phospho-
rylation of carbohydrates and lipids yields the biochemical energy required for bi-
osynthesis of polynucleotide, lipid, and protein structures for cell replication.

The efficiency of this defense phase depends directly on the supply status of
the body with various micronutrients. Minerals, mostly metal ions present in inor-
ganic form, and vitamins, mostly small organic compounds, are generally stored
inadequately in the organism and must be taken in continuously with food. They
are essential cofactors for the enzymatic metabolic processes of cell proliferation.
Covalently bound to an enzyme, as a prosthetic group they are indispensable for
the catalytic activity of the enzyme, as a dissociable coenzyme they absorb or re-
lease chemical groups, protons or electrons within the enzyme reactions, or as
metal ions they are enzyme-bound and necessary for catalysis.

5.1.1 Clonal Selection and Expansion of Antigen-Activated
Lymphocytes

The clonal selection and expansion of lymphocytes is a crucial step in the effi-
cient implementation of an antigen-specific defense response. Naive progeni-
tor cells, that specifically recognize a particular antigen epitope, differentiate af-
ter stimulation by APCs into distinct helper or effector phenotypes and prolifer-
ate. In clonal selection, a specific T-lymphocyte is activated by selective binding
of the compatible TCR to the MHC-antigen complex of an APC in a precise fit.
TCR signaling, CD28 costimulation signaling, and secretion of 1L-2, IL-7, and
other growth factors initiate the clonal expansion phase with high cellular repro-
ductive output and maximally enhance the efficiency of the adaptive defense re-
sponse. T-lymphocyte clones are formed, each with identical antigen receptors.
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CD4*-T-lymphocytes then mature into antigen-specific T-helper lymphocytes.
This principle of clonal selection and expansion also applies in principle to MHC
class I-restricted CD8*-CTLs and CDI-restricted y3-T- and NKT lymphocytes.
B-lymphocytes are also clonally selected and activated by antigen-specific BCR
binding. Activated B-lymphocytes, mediated by antigen-compatible Th,-lympho-
cyte help, proliferate and subsequently mature into immunoglobulin-producing
plasma cells (B Fig. 5.1). Lymphocyte proliferation begins approximately 1 day
after infection.

In the clonal expansion phase, metabolic activation and reprogramming are
triggered in lymphocytes, with energy-producing catabolic glycolysis and lipolysis
as well as anabolic metabolism for amino acid, lipid, nucleotide, and sugar syn-
thesis are upregulated to implement cell replication.
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B Fig. 5.1 Influence of micro- and macronutrients on clonal expansion of antigen-activated lympho-
cytes: Clonal selection involves specific activation of a T-lymphocyte by selective binding of the com-
patible TCR to the MHC-antigen complex of an APC. TCR signaling, CD28 costimulation signa-
ling, and secretion of IL-2, IL-7, and other growth factors initiate the clonal expansion phase with
high cellular reproductive output and maximally enhance the efficiency of the adaptive defense re-
sponse. CD4*-T-lymphocytes then mature into antigen-specific T-helper lymphocytes. The principle
of clonal selection and expansion applies to MHC class I and MHC class II-restricted T-lymphocytes
as well as CDI-restricted y3-T- and NKT lymphocytes. B-lymphocytes are also clonally selected and
activated by antigen-specific BCR binding. They can then proliferate, mediated by antigen-compatible
Th,-lymphocyte help, and subsequently mature into immunoglobulin-producing plasmablasts. APC
antigen-presenting cell, BCR B-cell receptor, 1L interleukin, MHC major histocompatibility complex,
NKT lymphocyte natural killer T-lymphocyte, TCR T-cell receptor
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5.1.2 The Vitamin B Group and Zinc Drive Lymphocytic Cell
Proliferation as Essential Metabolic Cofactors

Micronutrient homeostasis of the body is a key factor in maintaining a healthy
immune system. In the clonal phase of adaptive defense, various micronutrients
are essential cofactors for key enzymes involved in the cell division processes of
doubling lymphocytes. In orthomolecular medicine, a deficiency of vitamins of
the B group in particular and zinc is causally linked to a limitation of immu-
nocompetence. Blood serum normal values for the vitamins of the B group are
given in @ Table 5.1. According to the Vitamin and Mineral Nutrition Information
System of the World Health Organization (WHO), zinc deficiency is present at a
blood serum concentration of less than 9 nmol/L.

0 In which phases does the cell division of lymphocytes take place?

The cell division cycle is dissociated into a synthesis phase (S), in which the
chromosome set of the cell is duplicated, an interphase divided into three gap
phases (GO, G1, and G2), and the mitotic cell division phase, in which the dupli-
cated chromosome set is divided equally among the nascent daughter cells. Af-
ter initiation of cell division, the cell first leaves the GO resting phase and enters
the intermitotic G1 phase of the cell division cycle. This first cell growth phase
is characterized by high carbohydrate, lipid, and protein synthesis activity. Cell
membranes are enlarged, and additional organelles are formed as cell volume in-
creases.

A good supply situation with nutrients decides at this point whether the cell
enters the S phase in the cell division cycle or, in the case of undersupply, re-
mains in the G1 phase or is led back into the GO phase. The sequence of phases
within the cell division cycle is regulated by A-, B-, D-, and E-cyclins. These sig-

B Table 5.1 Blood serum normal values in adults for the vitamins of the B group

Name Active form Blood serum normal value
B, Thiamine Thiamine pyrophosphate 75-375 nmol/L
B, Riboflavin Flavin adenine dinucleotide 106-638 nmol/L
Flavin mononucleotide
B, Nicotinic acid Nicotinamide adenine dinucleo- -
tide
By Pantothenic acid 1.57-2.66 pmol/L
B, Pyridoxine Pyridoxal phosphate 20-30 nmol/L
Pyridoxal
Pyridoxamine
B, Biotin D-(+)-biotin 100-250 nmol/L
Folate 2.2-6.6 nmol/L

B, Cobalamin 158-638 pmol/L
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naling proteins activate various cyclin-dependent kinases, thereby initiating a de-
fined signaling sequence through substrate phosphorylations. Cyclin D initiates
G1 phase, cyclin E initiates S phase, cyclin A initiates G2 phase, and cyclin B fi-
nally initiates mitosis. In S phase, the chromosome set is replicated at a high rate
of DNA and histone protein synthesis. In the subsequent G2 phase, further cell
growth occurs with a high protein synthesis output. The enlarged initial cell then
divides into two new cells during mitotic phase in a highly regulated cytokinesis
process.

o Clonal expansion translates a single antigen-specific stimulation event into multiple
defense responses against a fixed target and maximizes its efficiency.

In proliferating cells, both catabolic, biochemical energy-producing, and anabolic
structure-generating metabolic processes are active. Here, B vitamins are involved
in many ways as enzyme cofactors in glycolysis and the fatty acid-p-oxidation as
well as in amino acid, fatty acid, and nucleotide synthesis and in gluconeogenesis
(B Fig. 5.2). Vitamins of the B group are well established on the market both as
individual or as group supplements.
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B Fig.5.2 Influence of B vitamins and zinc on the phases of mitotic cell division: The cell divi-
sion cycle passes through a synthesis phase (S), in which the chromosome set of the cell is duplicated,
an interphase divided into three gap phases (G0, G1, and G2), and the mitotic cell division phase, in
which the duplicated chromosome set is divided equally between the two nascent cells. The metabolic
processes of cell proliferation are directly coupled to the supply situation of the body with vitamins of
the B group and with zinc. DNA: deoxyribonucleic acid, RNA: ribonucleic acid, tRNA: transfer-ribo-
nucleic acid
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= B-Group Vitamins

Thiamine pyrophosphate, as the active form of thiamine (vitamin B,), partici-
pates in the transfer of hydroxyalkyl residues, for example in nucleotide synthe-
sis as a prosthetic group of transketolase within the pentose phosphate pathway.
Riboflavin (vitamin B,), as the precursor of the flavin coenzymes flavin adenine
dinucleotide and flavin mononucleotide, as well as nicotinic acid (vitamin B,),
which is the precursor of the coenzyme nicotinamide adenine dinucleotide, is cen-
trally involved in oxido-reductase reactions, for example, through dehydrogenases,
in metabolic processes of cell assembly (B Fig. 5.3). Pantothenic acid (vitamin
By) is active as part of coenzyme A at the transition point from cata- to anabo-
lism, which catalyzes the transfer of acetyl groups. Pyridoxal phosphate, the ac-
tive compound of pyridoxine (vitamin By), is an important coenzyme of amino
acid metabolism and is involved in enzymatic transamination, decarboxylation,
and dehydration reactions. For the formation and degradation of carbohydrates,
lipids, and proteins, biotin (vitamin B.) is crucial as a cofactor of various carbox-
ylases, such as within fatty acid synthesis in the acetyl-CoA carboxylase reaction.
In gluconeogenesis and in cholesterol synthesis, carboxylase reactions are depend-
ent on biotin. Catabolically, biotin is involved in the degradation of odd-num-
bered fatty acids and branched amino acids. Of the 8 sterecoisomers, D-(+)-bio-
tin is enzymatic. Folate (vitamin By,,), together with riboflavin (vitamin B,), pyr-
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B Fig. 5.3 Dependence of cata- and anabolic metabolic processes on the vitamin B group: B vita-
mins are involved as cofactors of enzymes of cata- and anabolic metabolic processes. FAD: flavin ad-
enine dinucleotide, FMN: flavin mononucleotide, NAD: nicotinamide adenine dinucleotide, NADP:
nicotinamide adenine dinucleotide phosphate
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idoxine (vitamin B), and cobalamin (vitamin B,,), is involved in methylation
reactions within RNA and DNA nucleotide synthesis (see also » Sect. 7.2.1) and
is essential in cell division and growth processes of lymphocytes in the clonal de-
fense phase. In addition to methylation reactions, folate also participates as a co-
factor in methylmalonyl-CoA mutase-catalyzed reactions in the synthesis of fatty
acids and amino acids.

= Zinc

Another essential nutritive factor of cell division is zinc. Zinc is the most impor-
tant micronutrient after iron with a content of 20-30 mg/kg body weight. It is
indispensable for cell growth in the G1 and G2 phases as a catalytic cofactor of
key enzymes of protein and DNA synthesis (B Fig. 5.2). The divalent zinc ion
is predominantly absorbed in the diet through the consumption of meat. Pump-
kin seeds, beans, and various nuts also contain relevant amounts of zinc. How-
ever, plant phytic acid, a storage molecule for phosphate from legumes and ce-
reals, binds zinc ions and reduces its bioavailability. But the phytic acid content
of such raw materials can be reduced. Fermentation with phytase-active bacteria,
such as L. acidophilus or L. casei, or germination of cereal grains, which activates
the plant's own phytases, leads to phytic acid degradation. Phytases belong to the
phosphatases and catalyze the stepwise dephosphorylation of phytic acid.

In animal and plant foods, zinc is bound to amino acids, such as methionine,
cysteine, or histidine, or to short-chain peptides. In milk, zinc is present as a che-
lated complex with picolinic acid or bound to casein oligopeptides. In nutritional
supplements, zinc is often formulated as zinc sulfate or zinc gluconate, less com-
monly as zinc orotate, zinc pantothenate, or as zinc aspartate. Newer zinc hista-
mine or zinc methionine formulations show significantly higher bioavailability
compared to zinc sulfate.

In the G1 and G2 cell growth phases, zinc is an essential cofactor, especially
for protein biosynthesis. As part of the zinc finger domain of RNA polymerase,
a DNA-binding protein structure folded tetrahedrally around a zinc ion, it is rel-
evant for transcription. In addition, the metal ion stabilizes the overall structure
of the holoenzyme. Zinc-dependent transcription factors also possess a defined
DNA-binding domain and regulate gene expression. Another zinc dependency is
suspected for aminoacyl-tRINA synthetase, which is important for translation (see
also » Sect. 7.1). In amino acid synthesis, zinc supports the transamination reac-
tion as an enzymatic cofactor, for example, by glutamate dehydrogenase. Various
dehydrogenases, peptidases, and phosphatases of catabolic and intermediate me-
tabolism are zinc metalloenzymes.

Cells that remain in the GO phase and do not divide can die by apoptosis. This
programmed cell death is regulated in the early apoptosis phase by cysteinyl-as-
partate-specific proteases called “caspases”. Zinc is a potent concentration-de-
pendent regulator of the key apoptotic enzyme caspase-3. Zinc also reduces the
activity of endonucleases in the late apoptosis phase and prevents cell loss in the
clonal phase of adaptive defense.
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0 Only when all limiting micronutritive factors are sufficiently present can lympho-
cyte proliferation be adequately implemented in the clonal phase of the defense re-
sponse.

Thymic function is another zinc-dependent factor in lymphocyte maturation
and proliferation. A tissue-depleted, atrophic thymus caused by zinc deficiency
impairs the maturation of T-lymphocytes. The hormone thymulin is produced by
thymic epithelial cells and activated with zinc as a cofactor. It induces the expres-
sion of IL-2 receptors in T-lymphocytes, allowing the IL-2 proliferation signal to
be recognized and converted by the cells. In addition, outside the thymus, zinc it-
self is a signaling molecule in the intercellular communication of T-lymphocytes,
DCs, and other immune cells. Zinc-mediated signals can modify the expression of
various cell-surface receptors and various cytokines and directly affect lympho-
cyte proliferation.

5.2 Cholecalciferol Counteracts Clonal Lymphocyte Expansion
in the Adaptive Inmune Response

The cholecalciferol (vitamin D) belongs to the vitamin D family, which is closely
related to calcium and phosphate homeostasis in the body. Cholecalciferol is a
key vitamin in the regulation of adaptive defense responses. All lymphocytes, en-
terocytes, granulocytes, mast cells, M®s, and DCs recognize the activated form of
cholecalciferol by a vitamin D, receptor. In addition, immune cells express chole-
calciferol-activating enzymes to self-generate dependent regulatory signaling lay-
ers within a defense response. Thus, cholecalciferol exhibits both endocrine hor-
mone signaling directed to different organs and para- and autocrine hormone
signaling that can act within a cell or between different cells. Cholecalciferol defi-
ciency is discussed in relation to various immune system dysfunctions.

5.2.1 The Cholecalciferol Metabolism

Cholecalciferol (vitamin D,) is a secosteroid hormone derived from cholesterol
metabolism. Structurally, it is characterized by a broken steroid ring system with
three interconnected 6-carbon atom rings and one 5-carbon atom ring linked by
a single branched aliphatic chain 8 carbon atoms long. It is formed by keratino-
cytes of the skin. Photoisomerization by UVB light (A 290-329 nm) first opens
a ring (carbon number 5-10) of provitamin 7-dehydrocholesterol. Subsequent
thermal isomerization, in which three conjugated double bonds form from the
opened ring, produces cholecalciferol. This fat-soluble vitamin can also be taken
in with food by eating avocado pears (Persea americana), eggs, milk, and sea fish,
as well as sunlit edible mushrooms. The ergocalciferol (vitamin D,) contained in
mushrooms (Agaricus bisporus), for example, is the fungal counterpart of human
cholecalciferol. It is derived from ergosterol and differs structurally from chole-
calciferol only in a further third branching of the aliphatic residue. Ergocalcif-
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erol, like cholecalciferol, is converted into its active hormone form in the further
course of metabolism. Cholecalciferol can be stored in fat and muscle tissue with
great capacity.

o The active form of cholecalciferol shows both an endocrine signaling potential,
acting systemically in the body, and a para- and autocrine signaling potential, act-
ing cellularly.

The degree of hydroxylation of the steroid structure determines the hormonal
activity of cholecalciferol. After the synthesis of cholecalciferol in the skin, the
steroid is bound to the vitamin D-binding protein and transported through the
blood system to the liver (B Fig. 5.4). There, it is hydroxylated at the 25-carbon
atom position of the steroid ring system by 25-hydroxylase to 25-hydroxy-chole-
calciferol. Ultimately, this structure is converted in the kidney by la-hydroxylase
to the 1, 25 -dihydroxy-cholecalciferol. That 1, 25-dihydroxy-cholecalciferol re-
sulting from this reaction is the active form of vitamin D,. Further hydroxyla-
tion of the 25-hydroxy- or the 1, 25-dihydroxy-cholecalciferol by 24-hydroxylase
inactivates both steroid structures and thus regulates the concentration of the ac-
tive hormone form in the kidney. In the target cell, the 1, 25-dihydroxy-cholecal-
ciferol is bound to an intracellular receptor protein and transported to the nu-
cleus. There it acts as an inductive ligand for transcription factors for a variety
of different hormone-sensitive genes of innate and adaptive defense. Parathyroid
hormone, secreted by the parathyroid glands, and fibroblast growth factor 23, pro-
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duced by osteocytes of the bone marrow, reciprocally regulate within calcium and
phosphate homeostasis the formation of active 1, 25-dihydroxy-cholecalciferol. In
general, parathyroid hormone increases the activity of the la-hydroxylase reac-
tion, resulting in strengthened signaling through 1, 25-dihydroxy-cholecalciferol.
Secretion of parathyroid hormone is induced by low serum calcium concentra-
tion. In contrast, a high 1, 25-dihydroxy-cholecalciferol concentration in blood
serum inhibits parathyroid hormone secretion. The counter-regulator of para-
thyroid hormone is calcitonin, a thyroid-derived peptide hormone that lowers
blood serum calcium concentrations. Interestingly, both the parathyroid hormone
and the calcitonin are present in relevant amounts in milk, especially in colos-
tral milk. Further hydroxylation of either 25-hydroxy- or 1, 25-dihydroxy-chole-
calciferol by 24-hydroxylase inactivates both steroid structures. High concentra-
tions of 1, 25-dihydroxy-cholecalciferol and a low phosphate serum concentration
lead to an increase in activity of the 24-hydroxylase reaction responsible for this
via fibroblast growth factor 23 and thus cause a reduction of the active 1, 25-dihy-
droxy-cholecalciferol in the blood serum. Since these hormones codetermine the
expression of the vitamin D, signal, this feedback regulation is involved in the
control of vitamin D,-mediated functions of immune cells.

5.2.2 Effect of Cholecalciferol on Cellular Functions in Innate
and Adaptive Immune Defenses

The para- and autocrine signaling effects of cholecalciferol are relevant for the
regulation of immune functions. The 1, 25-dihydroxy-cholecalciferol as the active
form of cholecalciferol acts as an inducing ligand of a cell nuclear transcription
factor called vitamin D,-receptor. Activated T and B-lymphocytes, granulocytes,
Mas, and DCs express this steroid receptor, which binds 1, 25-dihydroxy-chole-
calciferol in a highly specific manner and subsequently dimerizes with itself. The
ligand homodimer thus formed subsequently enhances the expression of various
genes responsible for cell proliferation and cell differentiation as well as for im-
mune regulation (see also » Sect. 7.3). In particular, immature cells and cells in
the early phase of maturation are sensitive to cholecalciferol signaling, due to a
generally high vitamin D,-receptor- and 1a-hydroxylase expression.

In principle, 1, 25-dihydroxy-cholecalciferol is to be regarded as a predomi-
nantly anti-inflammatory regulator of the adaptive immune response. This is al-
ready evident in the early defense phase (B Fig. 5.5).

In the early phase, it initially promotes antimicrobial functions of M®s, such
as chemotaxis and TLR expression, as well as AMP secretion and phagocytosis
activity. Ultimately, however, as defense responses progress, the differentiation of
Ms is directed by this vitamin into a tolerance-inducing M2 phenotype. A cy-
totoxic defense reaction, supported by IL-1-, IL-6-, and TNFa-secreting M ®s,
is blocked. In the adaptive defense phase, this functional alignment is continued.
DCs undergoing maturation become tolerogenic DCs under vitamin D, influence,
directed into the same immunological functional alignment. Basically, under 1,
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O Fig.5.5 Immunomodulatory effect of cholecalciferol: In the early immunological defense phase,
1, 25 dihydroxy-cholecalciferol promotes antimicrobial functions of M®. In the further course of de-
fense reactions, it acts predominantly as an anti-inflammatory regulator. AMP: antimicrobial peptide,
CCL: chemokine ligand, DC: dendritic cell, IL: interleukin, INF: interferon, MHC: major histocom-
patibility complex, TGF: transforming growth factor, TLR, Toll-like receptor, TNF: tumor necrosis fac-
tor

25-dihydroxy-cholecalciferol influence, the potential of APCs to stimulate T-lym-
phocytes decreases. Maturation-induced costimulators, such as CD40, CD80, and
CDS86, as well as antigen presentation molecules, such as CD1 and MHC class 11
molecules, are lowly expressed by DCs under the regulatory influence of 1, 25-di-
hydroxy-cholecalciferol. This conditions a tolerogenic, Th,-phenotyping of DCs,
leading to a tolerance-inducing T, _,-lymphocyte help (see also » Sect. 6.1). Differ-
entiated DCs secrete 1, 25-dihydroxy-cholecalciferol themselves, which then para-
crine modifies the maturation of lymphocytes accordingly.

o 1, 25-dihydroxy-cholecalciferol acts on both innate and adaptive defenses. Early
antimicrobial immune responses are supported, whereas a cytotoxic defense is
blocked. The formation of peripheral tolerance is induced.

The tissue- and cell-specific secretion of 1, 25-dihydroxy-cholecalciferol is essen-
tial for the regulation of the adaptive immune response. It influences the prolifer-
ation, differentiation, and function of lymphocytes. Vitamin D, receptor expres-
sion increases after stimulation during cell proliferation. 1, 25-Dihydroxy-chole-
calciferol promotes IL-4 secretion mediated Th, help by T-lymphocytes, but at
the same time reduces the expression of T-lymphocyte growth factor IL-2 and
thus suppresses lymphocyte proliferation. Thus, by 1, 25-dihydroxy-cholecalcif-
erol a counter-regulatory limitation of cell proliferation is given. Th, and Th,, re-
sponses are prevented by this functional orientation by inhibiting 1L.-6, IL-12, IL-
23, and TNFa expression by DCs. At the regulatory level of T-lymphocyte help
then manifests Th,-lymphocyte help-associated Threg help. T-lymphocytes express
increased IL-4, IL-5, IL-10, IL-13, and TGFp under 1, 25-dihydroxy-cholecalcif-
erol influence. In Th,,-lymphocytes, on the other hand, 1, 25-dihydroxy-cholecal-
ciferol suppresses the secretion of the proinflammatory cytokines IL-17 and IL-
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22, thereby inhibiting further maturation of these cells. This effect is also seen in
y8-T-lymphocytes. In response to 1, 25-dihydroxy-cholecalciferol, INFy synthe-
sis and proliferation of these cells are suppressed. Overall, therefore, the expres-
sion of a proinflammatory cellular-cytotoxic defense response at various regula-
tory levels is suppressed. 1, 25-dihydroxy-cholecalciferol has an immunosuppres-
sive effect and promotes immune tolerance.

0 Does 1, 25-dihydroxy-cholecalciferol also have a regulatory effect on B-lymphocyte
maturation and proliferation?

Also in immature B-lymphocytes, 1, 25-dihydroxy-cholecalciferol inhibits cell
proliferation and maturation into IgM- and IgG-synthesizing plasma and mem-
ory B-lymphocyte cells. In contrast, the secretion of IL-10 by B-lymphocytes is
induced. In addition, apoptosis of such cells can be induced by this vitamin sig-
nal. Immunoglobulin secretion is thus largely suppressed. Interestingly, in already
terminally differentiating B-lymphocytes, the development into plasma cells is
promoted by 1, 25-dihydroxy-cholecalciferol. Overall, a tolerance-inducing, an-
ti-inflammatory regulatory direction of 1, 25-dihydroxy-cholecalciferol on the
adaptive immune response is also evident at the lymphocyte level. Inflammatory
hyperreactions are thus counteracted.

5.2.3 Pathophysiological Effects of Cholecalciferol Insufficiency
on Adaptive Immune Defenses

In general, the prevalence of autoimmune or allergic diseases correlates with
cholecalciferol deficiency. The most important risk groups for cholecalciferol de-
ficiency include pregnant women, exclusively breast-fed infants, children, and the
elderly, and people with dark skin pigmentation. Relevant behavioral factors in-
clude avoidance of sun exposure to the skin and a diet low in cholecalciferol and
malabsorption. According to the WHO, a vitamin D, deficiency is present when
the blood serum concentration of cholecalciferol is below 50 nmol/L.

The immunomodulatory effects of cholecalciferol are pathologically expressed
both in autoimmune hyperreactions driven by a Th,-lymphocyte help and in al-
lergic hyperreactions driven by a Th,-lymphocyte help. Basically, cholecalciferol
insufficiency is more likely to promote a proinflammatory Th,- and Th,,-immune
response, whereas an adequate cholecalciferol supplies a Th,- and Treg-immune
response.

@ To what extent is vitamin D, insufficiency relevant in allergic diseases?

Allergic IgE-mediated hyperreactions are characterized by a cytokine pattern of
Th,-lymphocyte help (IL-4, IL-5, IL-13), by secretion of IgE, IgG, and 1gM by
B-lymphocytes, and by intense tissue infiltration with eosinophilic granulocytes
and high mast cell activity (see also » Sect. 4.2.1). 1, 25-Dihydroxy-cholecalcif-
erol induces tolerogenic DCs and Treg-lymphocytes within an allergic sensitiza-
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tion phase, thus reducing hyperreactive immune effects. In allergic asthma, for
example, it has been shown that vitamin D, deficiency already in the fetal and
early postnatal period may favor the development of this chronic lung disease.
In contrast, vitamin D, supplementation appears to decrease the number of
IgE-producing B-lymphocytes and circulating granulocytes and to increase that
of IL-10-secreting cells (see also » Sect. 6.3). Also, the health deterioration of
asthma patients during the course of the disease, called “exacerbation”, seems to
be attenuated by vitamin D, supplementation. In relation to asthma, vitamin D,
supplementation is intensively discussed in sufferers to reduce inflammation and
improve lung function. These medical supplementation strategies target a serum
cholecalciferol level of 2030 ng/mL throughout the year.

@ To what extent is vitamin D, insufficiency relevant in autoimmune diseases?

A causal relationship between autoimmune hyperreaction, mediated by Th -lym-
phocyte help via INFy and TNFa, and cholecalciferol deficiency is also dis-
cussed. Basically, an insufficiency of cholecalciferol causes a cellular-cytotoxic
functional orientation of the immune system through a decreased number of
IL-10-secreting cells and an M1 phenotyping of M®s that express increased IL-
23 and TNFa. Autoimmune tissue injury originates from autoreactive cytotoxic
effector cells of the adaptive defense response. The autoreactivity of CTLs, cy-
totoxic Th,; and y8-T-lymphocytes, and NKT cells appears to be dependent on
auto- and paracrine vitamin D, signaling, which depend on cellular expression
of la-hydroxylase and the vitamin D, receptor. Decreased cellular expression of
the vitamin D, receptor is thought to increase the autoimmune cytotoxicity of
these cells and become hyperreactive due to too weak or absent immunosuppres-
sive counter-regulation.

In chronic, autoimmune intestinal inflammations, cholecalciferol is also a reg-
ulatory factor of the intestinal epithelial barrier. Here, cholecalciferol signaling
influences both the function of the mucosal immune system and the microbial
composition of the gut microbiome. In chronic intestinal inflammation, it is sus-
pected that epithelial reduced expression of la-hydroxylase and the vitamin D,
receptor, on the one hand, disrupts the tight junction structure between intesti-
nal epithelial cells, which is important for the intestinal barrier, reduces the ex-
pression of cell adhesion molecules, such as the calcium-dependent glycoprotein
E-cadherin and, on the other hand, may cause intestinal colonization failure. On
the other hand, probiotic intestinal bacteria seem to enhance the expression of
the vitamin D, receptor in enterocytes, resulting in a reciprocal complex effect be-
tween the intestinal epithelium and the intestinal microbiome.

o In both allergic and autoimmune hyperreactions of the immunological defense,
cholecalciferol is considered to be an anti-inflammatory vitamin and to balance
dysregulations.

Oral application of high-dose vitamin D, (up to 50,000 x 0.025 g or 65.0 pmol
vitamin D, per day) significantly increases cholecalciferol blood serum concen-
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trations. Appropriate supplementation strategies to maintain or restore vitamin
D,-dependent immune functions are currently being investigated in numerous
studies. Cholecalciferol supplementation must always be considered in the con-
text of body calcium homeostasis. In general, the supplementation of calcium in
the form of chloride or gluconate compounds to reduce the release of adrenalin
in allergic reactions has been controversially discussed for decades. With regard
to a desired immune tolerance induction by cholecalciferol, calcium supplementa-
tion is rather critical, since parathyroid hormone regulation may reduce the vita-
min D, signal (8 Fig. 5.4).

5.3 Influence of Macronutrients on Adaptive Imnmune Defenses

The supply status of the organism with macronutrients influences the function of
the immune system in the clonal defense phase. Carbohydrates, lipids, and pro-
teins provide biochemical energy within catabolic metabolic processes on the one
hand, and anabolic structural molecules for cell construction on the other. Al-
ready preformed molecules from the diet are also used for the synthesis of cellular
structures. Branched-chain amino acids or amino acids with aliphatic side chains
flow directly into protein biosynthesis as essential and semi-essential structural el-
ements from the diet. Sphingolipids, ceramides, gangliosides, and other complex
polar lipids, for example from egg, milk, or meat, are also used directly for the
construction of cell membranes. In addition, the energy status of the body, which
is dependent on the supply of fats and carbohydrates, is closely linked in regula-
tory terms to the functional orientation of the immune system. When there is an
energy surplus, fats are stored in adipocytes of the adipose tissue, and in case of
energy deficiency, the adipose tissue mass is reduced. Adipose tissue as a mirror
of energy status is the linking element here. The endocrine highly active adipo-
cytes mediate a proinflammatory immune regulation in case of energy surplus or
an immunosuppressive one in case of deficiency.

5.3.1 Influence of Protein and Energy Deficiency Diseases
on Immunocompetence

Once activated, lymphocytes proliferate to implement defense responses. Protein
and energy deficiencies cause a weakening of this proliferation capacity, which
leads to a significant reduction of lymphocytic immune cells. In addition to the
energy status, which depends on the fat and carbohydrate supply, the providing of
the organism with high-quality proteins and amino acids is essential for adequate
formation of lymphoid tissues and for proliferation of lymphocytes and other
immune cells. Thus, protein deficiency is always determined by a tissue-depleted
atrophic spleen. In children, protein deficiency almost always causes atrophy of
primary lymphoid organs associated with a leukopenic blood count, character-
ized by reduced numbers of B-lymphocytes and CD4*- and CD8*-T-lymphocytes
compared with healthy individuals.
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© Malnutrition and undernutrition are always associated with a weakening of the
competence of the adaptive immune defense, and immunodeficiency and nutrient
deficiency are mutually dependent.

An insufficient supply of nutrients can basically be due to a reduced nutrient in-
take, an increased nutrient requirement or impaired nutrient uptake and metabo-
lism. Immunodeficiency and nutrient deficiency are mutually dependent. The cor-
relation between increased susceptibility to infection due to immunodeficiency
can lead to a damage of the intestinal epithelium, which is often followed by di-
arrhea with associated dysbiosis and malabsorption. In addition, in this context,
disease-related anorexia is often contrasted with an increased need for nutrients,
so that the nutrient deficiency is destructively exacerbated (8 Fig. 5.6).

In severe PED courses, such amplification effects increasingly worsen the
health status of affected individuals. In PED, the glycogen stores of the muscle
tissue and the lipid stores of the adipose tissue are initially depleted in starvation
metabolism for energy production. Fatty acids are increasingly subjected to ke-
togenesis and gluconeogenesis (B Fig. 5.3).

The protein turnover of the metabolism is reduced, and muscle mass is lost.
In addition to hypoglycemia and amino acid deficiency, PED is characterized by
an undersupply of iron and copper as well as pyridoxine (vitamin By), folate (vi-
tamin By, ,), and cobalamin (vitamin B,,). This supply state limits the metabolic
performance of the body with consequences for immune function. The number
of erythrocytes in the blood is anemically reduced compared to healthy individ-
uals. The immunological defense potential is weakened by a reduced number of
leukocytes and an immunosuppressive functional orientation mediated by IL-4
and IL-10.

immune deficiency

gut infection

disruption of increased need
the gut epithelium of nutrients

diarrhea

malabsorption anorexia

b

nutrient undersupply

¥

nutrient
deficiency

B Fig. 5.6 Causal relationship between nutrient deficiency and immunodeficiency: From the interre-
lationships between increased susceptibility to infection caused by immunodeficiency and the develop-
ment of anorexia, diarrhea, dysbiosis and malabsorption and a disease-related increased need for nu-
trients, the situation of nutrient deficiency can be destructively reinforced
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@ What are the different manifestations of PED?

Anthropometrically, malnutrition is characterized by general emaciation with
weight loss and manifests itself in two generally different clinical pictures, kwash-
iorkor and marasmus.

Kwashiorkor is predominantly due to an undersupply of dietary proteins,
which leads to a rapid loss of muscle mass. Affected individuals are usually lack-
ing in appetite and apathetic. Typical symptoms of kwashiorkor are an accumu-
lation of fluid in the free abdominal cavity called “ascites”, and edema. Nutri-
ent absorption is impaired by small intestinal villous tissue atrophy, which further
worsens nutritional status. This tissue destruction results in particular from exces-
sive oxidative cell stress, with oxidative degradation of lipids (lipid peroxidation)
destroying the membranes of tissues and cells. The glutathione formed from the
three amino acids glutamic acid, cysteine, and glycine is an important oxidation
protector of the body (see also » Sect. 3.3). The rate of glutathione synthesis is
directly dependent on external dietary cysteine intake. Kwashiorkor-affected indi-
viduals show a relevant cysteine deficiency and consequently low glutathione ex-
pression within the general protein deficiency. Thus, oxidant protection is subop-
timal in kwashiorkor. In addition to its antioxidant function, glutathione is also
an essential factor in lipid mediator synthesis. LTC, is synthesized from LTA, by
glutathione cleavage catalyzed by glutathione S-transferase and cysteinyl-glycine
group transfer. This cysteinyl leukotriene is a potent proinflammatory signal (see
also » Sect. 6.2.2). The synthesis of PGD, and PGE, is also glutathione depend-
ent. An absence of these proinflammatory lipid mediator signals could explain
the suppressed function of the immune defense in PEM.

Q Which amino acids are particularly relevant in kwashiorkor pathogenesis?

A deficiency of glutamine and the structurally related arginine limit lympho-
cytic cell proliferation and thus reduce the immunological defense potential. Glu-
tamine and arginine serve as amino group donors in anabolism. For example, glu-
tamine is essential for nucleotide synthesis for RNA and DNA polymer strands.
Although both are not essential amino acids for humans, a lack of glutamine and
arginine intake with the diet can relevantly restrict proliferation metabolism.
Marasmus predominantly lacks the carbohydrate supply from food that is
necessary for energy production. As a result, subcutaneous adipose tissue is suc-
cessively degraded. In marasmus sufferers, ascites does not occur, but a gas-filled
distended abdomen is seen, especially in children. Nutrient absorption in the in-
testinal tract is disturbed in a similar way as in kwashiorkor. In case of insuffi-
cient supply of carbohydrates to the organism, the orientation of catabolic, en-
ergy-gaining metabolic processes changes. The body then increasingly generates
the required metabolic energy through the p-oxidation of fatty acids as well as
through the conversion of glucoplastic amino acids from the muscles and metab-
olizes these into energy-rich ketone bodies, such as acetoacetate, f-hydroxybuty-
rate, and acetone. This ketogenic metabolic state is also seen in diabetes and in
unilateral diets low in carbohydrates but high in protein and fat, such as the At-
kins diet. Various animal studies have shown a close correlation between a keto-
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genic metabolism and immunodeficiency. In ruminants, for example, it has been
recognized that ketogenesis reduced the expression of early defense factors, such
as CCL-2, APPs, and elements of the complement system. The proinflamma-
tory functional orientation of adaptive defenses was IL-10-mediated suppressed.
Transferred to humans, a ketogenic metabolic situation could be a cause of the
reduced proinflammatory functional alignment of the immune defense in maras-
mus.

5.3.2 Fatty Tissue Links Energy Metabolism with the Immune
System

Signaling by hormones and cytokines in response to energy excess or deficiency
is directly linked to changes in immune functionality. The nexus in this regula-
tion is the adipose tissue. If the nutritive supply situation is good, excess meta-
bolic energy is accumulated as fat reserve in storage vacuoles of adipocytes en-
closed in a loose mesenchymal connective tissue. Adipose tissue is histologically
differentiated into white and brown and functionally into subcutaneous and vis-
ceral-intra-abdominal adipose tissue. Compared to the subcutaneous, the visceral
adipose tissue, which is freely present in the abdominal cavity, has a particularly
high endocrine activity and connects energy metabolism regulatively with the im-
mune system. Structurally, visceral adipose tissue is also closely linked to the lym-
phatic system of immune defense. In addition to convective tissue fibers, nerves,
and blood vessels, the functional adipocyte network is also traversed by lymphatic
vessels and lymph nodes referred to as milky spots. Especially in children, these
globular fibrous structures filled with M®s and other immune cells are concisely
formed. Adipocytes of visceral adipose tissue secrete various cytokines, chemok-
ines, and adipokines, which have auto- and paracrine regulatory effects on im-
mune cells (B Fig. 5.7).

@ How do adipokines affect the immune response?

Immunoregulatory important adipokines are the leptin and the adiponectin.
Leptin concentration in blood serum correlates proportionally with visceral ad-
ipose tissue mass. If the energy supply situation is good, fat reserves are built up
and the leptin serum concentration increases accordingly. Immunogenic stimula-
tion, for example by LPS, can also induce leptin expression in adipose tissue. Ad-
iponectin concentration in blood serum correlates antiproportionally with vis-
ceral adipose tissue mass. Both regulate fat and sugar metabolic energy homeo-
stasis in the body. Immunologically, both signaling molecules affect the functional
orientation of M®s and lymphocytes. Thus, nutritional status is transmitted and
adjusted from adipocytes to immune cell functions. Leptin is a proteohormone
structurally similar to the T-lymphocyte growth factor IL-2. It stimulates T-lym-
phocyte proliferation and supports cellular-cytotoxic defense responses imprinted
by IL-12 and INFy. Neutrophil granulocytes, monocytes, and lymphocytes ex-
press a leptin receptor. In general, leptin signaling increases the phagocytosis
activity of M®s and the secretion of IL-6 and TNFa. Adipocytes also secrete
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B Fig. 5.7 Immunoregulatory signaling by adipocytes: Nutritional status is transmitted and ad-
justed by endocrine-active adipocytes of adipose tissue to immune cell function. Immunoregulatory
important adipokines are leptin and adiponectin. Blood serum leptin concentration correlates propor-
tionally, and adiponectin concentration correlates antiproportionally to visceral adipose tissue mass.
Leptin stimulates T-lymphocyte proliferation and supports cellular-cytotoxic defense responses. Adi-
ponectin downregulates immunological defense potential. CCL: chemokine ligand, CXCL: chemokine
ligand, IL: interleukin, M®: macrophage, TNF: tumor necrosis factor

these cytokines and induce a proinflammatory immune status driven by Th,- and
Th,,-lymphocyte help. Within this signaling layer, adipocytes also express various
chemokines that guide M®s and lymphocytes into adipose tissue. Under the in-
fluence of INFy, M®s differentiate into an M1 phenotype, which manifests im-
mune-functional polarization in the tissue through IL-18, IL-6, and IL-12 secre-
tion. Consequently, neutrophil granulocytes and mast cells are activated by lym-
phocytic IL-17. Pathophysiologically, this immunological signaling situation is
discussed as a cause of autoimmune-like diseases, such as type 1 diabetes mellitus
and multiple sclerosis (see also » Sect. 3.5). On the other hand, a reduced sensi-
tivity of leptin receptors to the signal molecule, as can occur in obesity, is associ-
ated with a higher susceptibility to infections.

o Both energy oversupply and undersupply influence the efficiency of an adaptive de-
fense response. In the case of immunological dysfunctions, appropriate counter-
measures must be taken by means of a targeted diet.

If the energy supply situation is poor, fat reserves are depleted and the hormonal
signal situation changes accordingly. The leptin serum concentration decreases,
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and the adiponectin serum concentration increases. Adiponectin is an immuno-
suppressive regulatory signal. Monocytes, granulocytes, and lymphocytes express
two subtypes of adiponectin receptors. Adiponectin is a peptide hormone that
downregulates defense potential and thus reflects the body's energy deficiency on
the functionality of the immune system. In this process, the proliferation of M®s
and lymphocytes is blocked. Adiponectin prevents differentiation of M®s to an
M1 phenotype by downregulating the secretion of IL-6, TNFa, and CCL-3 by
adipocytes. On the other hand, adiponectin promotes differentiation of M®s to
the M2 phenotype. Furthermore, adiponectin, mediated by adiponectin receptor
2, blocks activation of DCs, eosinophils, neutrophil granulocytes, and cytotoxic
y8-T-lymphocytes and NK cells.

Excursus V: Sociocultural Influences on Nutritional Status and Immunocompetence

The eating culture with certain food
preparation practices and the use or re-
striction of food are determined in par-
ticular by social guidelines and reli-
gious-ethnic motives. These are learned
strategies of personal nutrition, which
correspond to their own inner logic and
can affect the functionality of the immune
system. Basically, the nutrients consumed
daily must ensure the generation and
functions of immune-relevant cells and
tissues, so that the necessary defense of
the immune system is given to the body.

Almost all religiously motivated di-
etary motifs in the world include peri-
odic fasting, the abstention from eating
certain types of meat, poultry, and fish,
or the general renunciation of food of
animal origin. While the original moti-
vation for these rules may have been the
healthy use of food in times of poorly
hygienic slaughter practices and limited
preservation possibilities, these eating
cultures are also an expression of reli-
gious identity. Eating habits are thus al-
ways also a communication tool and are
used for social integration or for delim-
iting self-expression of one's own per-
son. Modern eating behavior can also
be characterized by ideological convic-
tions, such as a strict vegan diet, but
can also be pleasure oriented.

Malnutrition and nutritional defi-
ciencies caused by sociocultural con-
ditioning can also influence the func-
tion of the immune system. For exam-
ple, abstaining from animal proteins can
change the blood count of affected indi-
viduals. Vegetarians tend to have lower
red blood cell and leukocyte counts, al-
though mostly within physiological lim-
its. Functional differences between veg-
etarians and non-vegetarians seem to
become more pronounced with age. In
elderly vegetarians, decreased phagocy-
tosis and respiratory-burst performance
of macrophages and neutrophil granu-
locytes as well as a reduced proliferative
capacity of T-lymphocytes after stim-
ulation are discussed. An unbalanced,
strictly vegetarian diet may lead to an
undersupply of immune-relevant food
components such as adenosylcobalamin
(vitamin B,,) and pyridoxine (vitamin
B), PUFAs as well as zinc deficiency,
which can be seen as a cause of limited
immunocompetence.

Another nutritional motive is the
body-shaping restriction of energy in-
take through food in order to conform
to social ideals. In this context, ano-
rexia nervosa is an eating disorder in
which the pathological need to reduce
weight leads to relevant malnutrition.
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Voluntary food deprivation, or ano-
rexia nervosa, particularly affects young
women and may be guided, among
other things, by society's desire to con-
form to body shapes that are far from
reality. Binge eating disorder, or bulimia
nervosa, should also be seen in the same
context which manifests itself in suf-
ferers through binge eating and subse-
quent vomiting. The cause of anorexia
athletica on the other hand is caused in
athletes by the desire to improve physi-
cal performance. All these eating disor-
ders can have a suppressive effect on the
immune system's defense function.
Fasting is an integral part of dietary
instructions in many societies around
the world. But fasting is also increas-
ingly used as a behavioral element of
the modern lifestyle. It is believed that
short-term fasting for 3-4 days can im-
prove the functionality of the immune
system. Due to the short-term lack of
protein and energy in the system, leu-
koblasts are generally removed from
the blood and depleted during fasting.
When the fast ends, these are quickly
replaced and rejuvenate the immune
cell portfolio. Intermittent fasting, in
which food is deliberately abstained
from for 16 h during the course of the
day, is also thought to have a regenera-
tive effect on the immune defense sys-
tem. Long-term fasting over several
weeks, on the other hand, is consid-
ered to be more detrimental to immune
function. Overacidification of the diges-
tive system, dysbiosis, and nutrient de-
ficiency-induced = immunosuppressive
effects are discussed as main risk fac-
tors. On the other hand, prolonged fast-
ing induces hypoleptinemia, which may
reduce cellular-cytotoxic defense re-
sponses mediated by IL-1, IL-17, and
INFy and thus attenuate effects of au-

toimmune dysregulations of the im-
mune system.

The level of education and the soci-
oeconomic status of people also deter-
mine to a large extent their nutritional
behavior as well as their consumption
of stimulants and addictive substances
and thus their immune status. Learned
nutritional patterns are often passed on
from parents to their offspring through
their upbringing.

Another factor is the age of peo-
ple. The clinical picture of malnutrition
in old age is sarcopenia, which is mani-
fested by a significant reduction in mus-
cle mass. Age-related anorexia, which
is associated with a decreasing sense
of hunger and a decreased sense of
taste and smell, or swallowing difficul-
ties, which may be caused by polymed-
ication or dementia, is the main cause
of this. In the case of underweight in
old age due to malnutrition and under-
nourishment, the susceptibility to in-
fections increases. In order to be able
to counteract a lack of energy in the el-
derly in a dietary manner in this con-
text, the administration of L-carnitine
is being discussed. As part of the carni-
tine acyltransferase system, this peptide
is responsible for the transport of fatty
acids into the membrane system of mi-
tochondria within the energy-generat-
ing oxidation processes. In old age, this
function seems to limit the formation of
immune cells.

No human being is ever free from
the influences of his or her circum-
stances. To maintain a healthy immune
defense, it is therefore essential to rec-
ognize the sociocultural background
of each person, to critically question
it and, if necessary, to compensate for
any resulting malnutrition or deficiency
with suitable nutritional concepts.
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Trailer
Immune reactions must occur in a spatially and temporally limited manner within the
framework of physiological homeostasis. Specific functional food components can
support the suppression of chronic and pathological destructive immune reactions.
Basically, elimination of the immunological cause of stimulation terminates a
defense response. Cellular-driven suppression of the adaptive immune response
originates from CD4", CD25", and FOXP™, natural nT,_-, and induced iTreg-lym-
phocytes. The determinant regulatory signals are mediated by immature iDCs
through retinol, IL-10, and TGFp. 1,25-dihydroxy-cholecalciferol-, carotenoid-,
and retinol-rich foods may be supportive in this regard. Reduction of essential
growth factors and activating cell stimulation are the rationale for this regulation.
Granulocytes, mast cells, and M®s are also involved in immunosuppressive reg-
ulation through inflammation-resolving lipid mediators, lipoxins, maresins, protec-
tins, and resolvins. These mediators limit the established defense response and pre-
vent uncontrolled spatial expansion and pathological destructive overreactions of
the acute defense. Long-chain polyunsaturated fatty acids of the n3 and n6 groups,
as nutritive, preformed precursor metabolites of these lipid mediators, can influ-
ence the regulatory mechanism and open interesting dietary intervention possibil-
ities to manipulate incipient and already established immune responses. The for-
mation of the lipid mediator profile within the eicosanoid biosynthetic pathway
depends on the availability of fatty acids as substrate and on the activity of the rel-
evant enzymes. With a concerted administration of PUFA species, the metabolic
pathway can be directed in the desired direction. The metabolic performance of the
individual desaturases, elongases, phospholipases, and oxygenases involved in the
production of lipid mediators is also dependent on nutritive factors, such as pyri-
doxine, magnesium, and zinc, and can be influenced by various polyphenols. Con-
sideration of all metabolic-regulatory factors for immunosuppressive manipulation
of eicosanoid biosynthesis in dictary treatment strategies against acute and chronic
diseases, such as allergic bronchial asthma, may help to improve their efficiency.

| restriction, resolution and termination of the immune reaction |
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== Which functional elements of the immune system are involved in the active
downregulation of the immunological defense response?

== How is downregulation of an adaptive immune response initiated and coordi-

nated?

What dietary factors influence the downregulation of the immune response?

How can food components influence the limitation of pathological-immuno-

logical hyperreactions?

= To what extent can food components influence the pathogenesis of allergic
asthma?

6.1 Cell-Mediated Limitation and Termination of an Immune
Response

The aim of every immunological defense reaction is to neutralize microbial, cellu-
lar, or material dangers to the health of the body as efficiently as possible. How-
ever, immune reactions, in particular cytotoxic defense, can also have a destruc-
tive effect on the body and must take place within the framework of physiologi-
cal homeostasis in a spatially and temporally limited manner. Therapeutically, it
is interesting in this context to support the suppression of chronic and patholog-
ically destructive immune reactions by a coordinated administration of specific
functional food components.

0 How does the downregulation of an adaptive defense response proceed and which
food components influence this?

In limiting or terminating defense responses, elimination of the cause of stimu-
lation is crucial because immune cell recruitment and activation and prolifera-
tion of T-helper lymphocytes and effector cells directly depend on it. Cellularly
controlled suppression of the adaptive immune response originates from CD4%-,
CD25*-, and FOXP3+-Treg-lymphocytes which occur in two subspecies, natu-
ral nTreg- and induced iTreg-lymphocytes (8 Fig. 6.1). Like all T-lymphocytes, the
nTreg-lymphocytes mature in the thymus and migrate to the site of inflammation
after cell maturation mediated by P-selectin. In contrast, iTreg-lymphocytes in pe-
ripheral tissues arise directly from naive CD4*-T-lymphocytes or from memory
T-lymphocyte cells. Tolerance-mediating immature iDCs generate a local signal-
ing milieu containing retinoic acid, IL-10, and TGFp. In addition, differentiated
nTreg- and iTreg-lymphocytes secrete IL-10 themselves. Together, both Treg-lym-
phocyte subspecies with their highly variable af-TCRs complementing each other
in binding specificity offer far-reaching response possibilities for immunosuppres-
sion against APC-present antigens.

Inducing iTreg-lymphocytes can be supported by various foods. Nourishments
rich in carotenoids and retinol, such as sweet potato, carrot, and kale, are of in-
terest for supporting retinoid synthesis by iDCs. Another dietary factor for this
purpose is 1,25-dihydroxy-cholecalciferol (vitamin D,). APCs, such as DCs, M®s,
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B Fig.6.1 Downregulation of an adaptive defense response: Lack of immunogenic stimulation and
limited growth factors for immune cells are significant factors in limiting an immunological defense
response. Treg—lymphocytes have a central immunosuppressive effect. They reduce the availability of
growth factors, decrease the proinflammatory stimulatory power of APCs, and enable active cytotoxic
reduction of immune cells at the site of inflammation. CTL: cytotoxic T-lymphocyte, CTLA-4: cy-
totoxic T-lymphocyte-associated protein-4, FOXP3: forkhead box protein 3, iDC: immature dendritic
cell, IL: interleukin, iT . : initiated regulatory T-lymphocyte, nTreg: naturally regulatory T-lympho-
cyte, SPI-6: serine protease inhibitor protein-6

and B-lymphocytes express the vitamin D-converting enzyme la-hydroxylase,
which forms 1,25-dihydroxy-cholecalciferol from 25-hydroxy-cholecalciferol
(see also » Sect. 5.2.1). As a transcription factor ligand, it influences the expres-
sion of various immune-relevant genes for immune tolerance induction (see also
» Sect. 7.3). In this way, 1,25-dihydroxy-cholecalciferol is involved in the differen-
tiation of iDCs and promotes the formation of Treg-lymphocytes. Hypovitamino-
sis in this regard has been causally linked to autoimmune reactions, such as dia-
betes mellitus type 1, multiple sclerosis, tissue rejection, and chronic vascular in-
flammation, such as atherosclerosis and angina pectoris, discussed. Good food
sources for the vitamin D group are eggs, sea fish, and various edible mushrooms
(see also » Sect. 5.2.2).

o Why is lymphocyte growth factor IL-2 critical in downregulation of adaptive de-
fenses?

Treg-lymphocytes bind IL-2 with a high-affinity interleukin-2 receptor (alL-2R,
CD25) with a large capacity. In contrast, the self-synthesis of IL-2 of these cells is
blocked by the specific transcription factor FOXP3. The presence of Treg-lympho-
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cytes thus competitively limits this essential growth factor relative to other T-lym-
phocytes, thereby weakening the overall mediating potential of the established im-
mune response. The resulting reduction of T-helper lymphocytes is referred to as
“clonal contraction”. The expression of FOXP3 is regulated by epigenetic factors,
i.e., it is subject to regulation by targeted gene silencing, which can also be influ-
enced by various food components (see also » Sect. 7.2.2). In addition, Treg-lym-
phocytes with another high-affinity interleukin-7 receptor (a-IL-7-R, CD127)
can competitively bind DC- or epithelial cell-associated IL-7 as another exclusive
growth-promoting signal and influence T-lymphocyte homeostasis.

0 Which immunosuppressive regulatory mechanisms are relevant in the downregula-
tion of defense beyond that?

A next immunosuppressive regulatory mechanism is the tethering competition be-
tween Treg- and T-helper lymphocytes for APC-associated stimulatory receptors.
Naive T-lymphocytes require costimulation of CD28 by CD80/86 for activation in
addition to interaction of TCR with antigen-loaded MHC class II molecule, which
can be efficiently blocked by cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4, CD152) as a surface marker of T_,-lymphocytes. CTLA-4 binds antagonistic to
CDS80/CDS86 of DCs, so that T—lympﬁocytes can no longer be adequately costimu-
lated via CD28. In addition, TGF, IL-35, and adenosine secreted by Treg-lympho-
cytes inhibit the differentiation of naive T-lymphocytes into active helper cells and
their clonal proliferation (see also » Sect. 5.1.1). The replenishment of functional
T-helper lymphocytes is thus prevented. The stimulation efficiency of APCs them-
selves is also reduced by these signaling substances. IL-10 secreted by Treg-lympho-
cytes decreases surface expression of MHC class II molecules on DCs and reduces
secretion of proinflammatory cytokines. Other regulatory T-lymphocytes, such as
NKT lymphocytes, also secrete IL-10 and can be immunosuppressive.

Motives of Downregulation of Inmunological Defense Response

The three main motives of downregulation of the adaptive defense response are re-
duction of lymphocyte growth factors and APC stimulation, and cytotoxicity to
APCs and effectors.

Another immunosuppressive regulatory factor is the active cytotoxic reduction of
immune cells. In addition to the reduction of T-lymphocyte help, the number of
APCs at the site of inflammation is also actively reduced. An important aspect
here is that mature DCs appear to lose their protection against cytotoxic attack in
the late phase of an immune response. Immunological cellular cytotoxicity is con-
veyed, among others, by cell membrane-perforating perforin and the DNA-frag-
menting granzyme B. While CTLs themselves are protected from perforin by
the proteolytically active cathepsin B, DCs can block the activity of granzyme B
through a serine protease inhibitor protein-6 (SIP-6). However, the expression of
SIP-6 decreases in mature DCs. CTLs can then lyse these APCs, thereby reduc-
ing the central immunostimulatory competence of acute inflammatory responses
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at the site. If an excess of CTLs occurs in the course of downregulation of the
defense response, they destroy each other by CD178-CD?95 interaction in the ab-
sence of other targets.

Finally, effectors involved in the inflammatory response, such as granulo-
cytes, mast cells, and M®s, are also involved in immunosuppressive regulation.
The change in the lipid mediator portfolio characteristic of these cells, away from
proinflammatory signaling to active resolution of inflammation, supports, among
other things, cellular-mediated immunosuppression and limits or terminates the
late-phase defense response. Dietary fatty acids, as preformed precursor metabo-
lites of these lipid mediators, may influence this regulatory mechanism.

6.2 Limitation and Termination of an Immune Response
by Lipid Mediators

The formation of lipid mediators is dependent on lipid metabolism and thus of-
fers the possibility of directly influencing the functionality of the immune system
by dietary fatty acids. Preformed PUFAs from the diet are absorbed by the organ-
ism and incorporated as essential components into the cell membranes of tissues
and blood cells. If membrane-bound PUFAs are then enzymatically activated,
they can act as ligands for transcription factors for immune-relevant genes (see
also » Sect. 7.3) or as biosynthetic precursors of immunoregulatory lipid media-
tors to influence the immune response in a variety of ways (B Fig. 6.2).

6.2.1 Biosynthesis of Eicosanoids

PUFAs are characterized by an acyl chain of at least 18 carbon atoms in length
and at least 2 double bonds (B Table 6.1). PUFAs with an 18-carbon atom long
acyl chain belong to the short-chain (SC)-PUFAs, and PUFAs with an acyl chain
length of 20 and more carbon atoms are assigned to the long-chain (LC)-PUFAs.
The nomenclature of PUFAs is derived from the number of carbons up to the

diet with oils from algae, fish,
krill and oil plants:
long-chain
polyunsaturated fatty acids

3y

essential
cell membrane

component

regulation of the immune response |<:| regulation of gene expression

B Fig.6.2 Fatty acids as a direct link between diet and immune system: Preformed PUFAs are ab-
sorbed by the organism from the diet and incorporated into cell membranes as essential components.
As transcription factors for immune-relevant genes and as biosynthetic precursors of immunoregula-
tory lipid mediators, they influence the functional orientation of the immune response
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B Table 6.1 Nomenclature of polyunsaturated fatty acids

Abbreviation Formula Name

LA C18:2n6 Linoleic acid

ALA C18:3n3 Alpha-linolenic acid
GLA C18:3n6 Gamma-linolenic acid
SDA C18:4n3 Stearidonic acid
DHGLA C20:3n6 Dihomo-gamma-linolenic acid
ETA C20:4n3 Eicosatetraenoic acid
AA C20:4n6 Arachidonic acid

EPA C20:5n3 Eicosapentaenoic acid
DPA-n3 C22:5n3 Docosapentaenoic acid
DHA C22:6n3 Docosahexaenoic acid

first double bond, counted from the methyl end of the acyl chain. The n6-PUFA
group biosynthetically derives from LA, whereas the n3-PUFA group derives
from a-linolenic acid (ALA, C18:3 n3) (B Fig. 6.3). Both of the fatty acids men-
tioned are essential for humans and must be taken in with food. Only plants can
synthesize these fatty acids, starting from oleic acid, with the help of Al2- and
A9-desaturase. Alternately, in the course of biosynthesis, further double bonds
are introduced into the acyl chain by a cascade of different desaturases (A4-, AS5-,
and A6-desaturase), in order to subsequently extend these by one acetyl unit each
by an elongase function. The A6-desaturase is the rate-determining enzyme here.
Many different algae and fungi follow this metabolic pathway.

Humans synthesize about 8% of the PUFA requirement themselves, and
the rest must be ingested with food. In the PUFA biosynthetic pathway in hu-
mans, starting from LA or ALA, the elongation of the acyl chain precedes de-
saturation (B Fig. 6.3). Later in the synthesis pathway, starting from adrenic acid
(ADA, C22:4 n6) and docosapentaenoic acid (DPA-n3, C22:5 n3), respectively,
fatty acid intermediates with an acyl chain length of 24 carbons are formed first,
which are transformed into DPA-n6 (C22:5 n6) and DHA, respectively, by A6-de-
saturase conversion and subsequent f-oxidation. Interestingly, docosahexaenoic
acid (DHA, C22:5 n3) is the only one that can be retro-converted to its metabolic
precursor EPA. A DHA storage function for EPA is assumed to be the reason be-
hind this metabolic pathway reversal possibility.

o The formation of lipid mediators can be directly influenced by dietary administra-
tion of animal and plant PUFAs-containing oils.

Importantly, both n6- and n3-PUFAs utilize the same enzyme functions in the bi-
osynthetic pathway and thus compete as substrates for biosynthetic enzyme activ-
ities. This offers the possibility to directly influence the product portfolio of im-
munoregulatory lipid mediators via a defined administration of specific PUFAs
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B Fig. 6.3 Metabolic pathways of n-3 and n-6 fatty acids: In humans, the biosynthesis of the n6 and
n3 PUFA groups starts from essential fatty acids. Within a cascade of desaturases, which introduce
further double bonds into the acyl chain of the fatty acids, and an elongase function extending the
acyl chain by one acetyl unit each, the individual PUFA species are formed. In the further course of
the synthesis pathway, long-chain polyunsaturated fatty acids are formed by A6-desaturase conversion
followed by B-oxidation. Retroconversion of the synthesis pathway is also possible. B-Ox: B-oxidation,
E: elongase function

by weighted substrate pressure. The link of this fatty acid pathway to the immune
system is provided by so-called eicosanoids, hormone-like acting, multihydroxy-
lated, 18-22 carbon atoms long lipid mediators. Key fatty acids here are, on the
one hand, dihomo-gamma-linolenic acid (DHGLA, C20:3 n6) and AA from the
n6 PUFA group, and, on the other hand, eicosapentaenoic acid (EPA, C20:5 n3),
DPA-n3, and DHA from the n3 PUFA group.

How do PUFAs give rise to immunologically relevant lipid mediators? Free
PUFAs not bound to glycerol structures are bound to albumin in the blood. They
either diffuse directly across the cell membrane or are transported by a trans-
port system consisting of the cell membrane-crossing plasma membrane fatty
acid-binding protein (pmFABP), which moves along the fatty acid translocase
(FAT, CD36) across the cell membrane, into the cytoplasm of the cell. In addi-
tion, free PUFAs can enter the cytoplasm by means of a cell membrane-span-
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ning fatty acid-transporter protein (FATP). There, they are taken up by a cytoplas-
mic fatty acid-binding protein (cFABP). Triacylglycerol- or phospholipid-bound
PUFAs are attached to low-density lipoproteins in the blood. Mediated by the li-
poprotein receptor (LPR), they are then entrapped in a vesicle at the cell mem-
brane and transported through the cytoplasm to the ER. Free PUFAs and tria-
cylglycerol PUFAs can also be bound to phospholipids within cell membrane bi-
osynthesis in the ER and be involved in eicosanoid synthesis. On the other hand,
cFABP-bound PUFAs can also enter the nucleus directly and act as transcription
factors (see also » Sect. 7.3). Cytoplasmic phospholipases of type A-2 (cPLA-2)
release PUFAs bound at the middle 2 position of the glycerol basic structure of
the phospholipid from the cell membrane as a substrate for the eicosanoid-form-
ing oxygenases (B Fig. 6.8). The activity of cPLA-2 is dependent on calcium ions.
Calcium channel-opening niacin (vitamin B,) is a limiting factor in this regard
and should be considered in nutritive PUFA supplementation strategies. Turkey
and chicken meat and peanuts are rich in this water-soluble vitamin. PUFAs re-
leased from the membrane are subsequently converted by oxygenases to eicosa-
noids which either enter the nucleus as ligands for transcription factors or are se-
creted from the cell as immunoregulatory signaling molecules via intracellular ve-
sicular and transfer protein transport. Eicosanoids are formed in the ER and at
the nuclear membrane by membrane-bound cyclooxygenases (COX), lipoxygen-
ases (LOX), and cytochrome 450 from PUFAs (B Fig. 6.4). In contrast to COX-
1, COX-2 is not constitutively but inductively expressed and is therefore consid-
ered an inflammation marker.

The remaining lysophospholipids can be precursor structures for further li-
pid mediators on the one hand, and on the other hand, they can be completed
again with a fatty acid by a lysophospholipid acyltransferase reaction. This mem-
brane-associated phospholipid regulatory cycle is also referred to as Land's cycle.

Interestingly, inflammatory events alter the PUFA composition of cell mem-
branes. Proinflammatory IL-1 and IFNy signals of the early defense phase lead
to an increased incorporation of PUFAs into cellular membrane lipids due to the
onset of lipid mediator synthesis. If the PUFA requirement cannot be adequately
served in this situation, chronic inflammatory events can increasingly deprive the
membranes of these immune-functional fatty acids in the further course, which
then negatively codetermines the immune situation and disease progression. To
compensate for this disease-related limitation of PUFAs, a dietary administration
of specific PUFA species adapted to the respective deficiency can be helpful.

6.2.2 The Lipid Mediators Regulating and Resolving
Inflammatory Responses

The key PUFAs directly linking fatty acid metabolism to immune regulation
are DHGLA and AA belonging to the n6 PUFA group and EPA, DPA-n3, and
DHA from the n3 PUFA group. Inflammatory events originate from AA-depend-
ent prostaglandins (PGs) and thromboxanes (TXs) of the 2-series as well as leu-
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B Fig.6.4 Synthesis of eicosanoids from PUFAs: PUFAs enter the cell through various transporter
systems and are transformed by phospholipases and membrane oxygenases and cytochromes 450 into
immunoregulatory eicosanoids. These immunoregulators either act as ligands for transcription factors
in the nucleus or are transported out of the cell as signaling substances. COX: cyclooxygenase, cPLA-
2: cytosolic phospolipase-2, ER: endoplasmic reticulum, FABP: fatty acid-binding protein (pm: plasma
membrane associated, c: cytoplasm associated), FAT: fatty acid translocase, LPR: lipoprotein recep-
tor, NM: nuclear membrane, PIP-2: phosphatidylcholine-sn2-PUFA, PL: phospholipid, TAG: tria-
cylglycerol, CM: cell membrane

kotrienes (LTs) of the 4-series and 12-hydroxyeicosatetraenoic acid (12-HETE)
secreted by various immune, epithelial, and endothelial cells (8 Table 6.2). Differ-
ent G protein-coupled receptors of lipid mediator target cells recognize these sig-
naling molecules, whereupon various proinflammatory mechanisms are activated.

The LT-4 series has prominent proinflammatory signaling potential in this re-
gard. The cysteinyl-free LTB4 is a key inflammatory signal and has a chemotac-
tic effect on granulocytes and other immune cells. The peptido-(cysteinyl) leukot-
rienes LTC4, LTD4, and LTE4 dilate blood vessels and increase their permeabil-
ity. Effectors can thus efficiently migrate from the vessels into the inflamed tissue
and initiate the inflammatory response. The PG-2 series also has a vasodilatory
effect, promoting blood flow and thus supporting this reaction orientation.

o What other regulatory motifs are implemented by lipid mediators?
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B Table 6.2

LTB,

LTC,
LTD,

LTE,

12-Hete

PAF

PGD,

PGE,

PGF,

PGI,

TXA,

TXB,

Within the eicosanoid series, many opposing regulatory motifs are found. The
PGs and TXs of the DHGLA-dependent 1 series counteract those of the AA-de-
pendent 2 series. Whereas TXs of the 2 series (A- and B-type) stimulate platelet
aggregation and wound healing, TXs of the 1 series block these responses. Also,
the polarization of T-lymphocyte help within a defense response is diametrically
regulated by the different PG series. PGE, promotes allergen-associated Th,-lym-
phocyte help, whereas PGE, propagates Th, help. The PGs and TXs of the 3-se-
ries and the LTs and TXs of the EPA-derived S-series generally induce inflamma-

Proinflammatory AA-dependent lipid mediators

Synthesis cell

M®, mast cells, monocytes, epithelial
cells, granulocytes

Basophilic granulocytes, mast cells

M®, mast cells, monocytes, epithelial
cells, granulocytes

M®, mast cells, monocytes, epithelial
cells, granulocytes, platelets

M®, mast cells, monocytes, epithelial
cells, granulocytes

Endothelial cells of the blood vessels
and the heart

Platelets

Effect

— Strongly proinflammatory: chemo-
tactic and

adhesion-promoting toward immune

cells and vascular cells

— Promotes T-lymphocyte prolifera-
tion

— Vasodilator, increases permeability
of blood vessels

— Smooth muscle contracting
(bronchoconstrictor)

Chemotactic toward M® and granu-
locytes

— Vasodilator, increases permeability
of vessels,

— Chemotactic

— Smooth muscle contracting
(bronchoconstrictor)

— Vasodilatory

— Inhibits platelet aggregation

— Decreases T-lymphocyte migration
and proliferation

— Vasodilatory
— Induces platelet aggregation

Smooth muscle contracting
(bronchoconstrictor)

— Vasodilatory

— Inhibits platelet aggregation

— Decreases T-lymphocyte migration
and proliferation

— Blood vessel constricting (vasocon-
strictive)
— Induces platelet aggregation

Vasoconstrictive

tory responses to a lesser extent and can sometimes even inhibit them.
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Regulatory Functions of Lipid Mediators

Lipid mediators have different regulatory functions: Either they initiate, promote,
and maintain inflammatory reactions or they weaken and actively resolve them.

In order to limit or terminate an immune response, a so-called lipid class switch
takes place. This leads to the increased formation of inflammation-resolving im-
mune mediators. These inflammation-resolving eicosanoids flank, so to speak, the
established defense reaction and prevent an uncontrolled spatial expansion of the
defense and pathological destructive overreactions. They are formed from PUFAs
by stereoselective enzymatic oxidation, epoxylation, and hydrolysis. In addition to
the defined major structures of each series, numerous structural epimers that are
also active are produced predominantly by neutrophil granulocytes, M®s, mast
cells, and other cells of the innate immune defense.

On the one hand, the inflammation-resolving lipid mediators, like proinflam-
matory eicosanoids, are sensed by target cells through G protein-coupled recep-
tors. Antagonistically, they block the receptor binding of proinflammatory ei-
cosanoids, so that the production of proinflammatory cytokines, such as IL-1p,
TNFa, chemotaxis-mediating CXCL-8, and other signaling substances, by the
activated immune cells is reduced. On the other hand, the secretion of TGFB is
stimulated, which contributes to the induction of iTreg-lymphocytes and further
limits the inflammatory responses even at the cell regulatory level. Moreover, this
anti-inflammatory signaling stimulates M®s to take up apoptotic cells, microor-
ganisms, and cell debris within a process called “efferocytosis”, thus further re-
ducing overall immune stimulation in the affected tissue. These types of media-
tors are divided into four different classes: lipoxins, maresins, protectins, and re-
solvins. All these inflammation-resolving lipid mediators are synthesized from
PUFAs and introduced into the respective biosynthetic pathways by different
COX or LOX isoforms. In the course of these syntheses, they undergo multiple
structural modifications and are transformed into further potent mediators to
form together a regulatory network with its own tuned kinetics of action.

o How does active resolution of the defense response occur after lipid class
switching?

The lipid mediator class switch is initiated by distinct PGD, and PGE, signal-
ing. This signal situation probably marks a just tolerable limit of a physiologi-
cally effective defense. A further escalation of the inflammatory situation would
have pathological destructive effects and must be limited by active counter-regu-
lation. Hereby, LOX-5 forms immunosuppressive lipoxin A, and B, from AA in-
stead of the proinflammatory LTB,. In addition, the expression of LOX-15 type
1 is initiated, which then also forms lipoxins. Here, the 15-HETE is a short-lived
metabolic intermediate. Since AA-dependent eicosanoids actually represent in-
flammation-inducing signaling substances, the lipid mediator class switch is par-
ticularly salient at this point. Lipoxins promote the immigration of non-inflam-
matory M®s. In particular, lipoxin A, is a potent antagonist to LT-4 series recep-
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tors. Similarly, these mediators cause downregulation of proinflammatory IL-5,
CXCL-8, IL-12, IL-13, and TNFua signaling. Further infiltration of neutrophil
and eosinophil granulocytes into the inflamed tissue is thus suppressed. The pro-
duction of IgM and IgG is also inhibited. Finally, the cytotoxicity of NK cells is
blocked, thus limiting excessive tissue damage. In contrast, lipoxins improve tis-
sue perfusion by dilating blood vessels and counteracting blood clotting by plate-
let activation. The free flow of blood and lymph fluid is thus maintained at the
site of inflammation.

0 What other immunosuppressive lipid mediators are there?

Maresin-1 is one of the first inflammation-resolving mediators secreted by M ®s,
along with lipoxins. It is formed by LOX-15 as the initiating oxygenase from
DHA and undergoes further structural modifications during synthesis. LOX-12
forms other active maresin derivatives, such as the wound healing process-sup-
porting maresin conjugates and maresin conjugates in tissue regeneration. Ma-
resin-1, like lipoxins, acts antagonistically toward LTB,, by blocking its specific
cell receptor. The chemotactic signal of LTB, to recruit granulocytes and other
active immune cells is thus inhibited.

Maresin-1 and lipoxin A, can also directly address cell-mediated limitation or
termination of a defense response by acting as potent induction signals to gen-
erate immunoregulatory T-lymphocytes. Both lipid mediators produce strong
TGFB signaling, promoting the maturation of iTreg-lymphocytes in peripheral tis-
sues.

Protectin D, (CD359) results from a lymphocytic Th, help and is predomi-
nantly produced by monocytic immune cells initially by LOX-15 from DHA. In
particular, protectin D, mediates cell-protective activity by blocking the apopto-
sis-inducing caspase signaling cascade. In addition, protectin D1 is thought to
possess antiviral properties.

Resolvins are another heterogeneous signaling group metabolically derived
from various LC-PUFA of the n3 group. They have anti-inflammatory and tis-
sue-protective effects and support wound healing processes. D-series resolvins are
formed by the initial remodeling of DHA by LOX-15 and LOX-5. E-series re-
solvins are formed by COX-2 from EPA and by cytochrome P450, respectively.
Additional active forms are presented by further conversion of the structures by
LOX-5. Resolvins of the 13-series and the Dy, - series are highly potent in their
inflammation-resolving activity. They are formed from DPA-n3 by initial conver-
sion by COX-2, and by LOX-5, respectively.

The dependence on PUFAs as eicosanoid precursor structures of this li-
pid-mediated functional alignment of defense responses opens up interesting die-
tary intervention possibilities to manipulate incipient and established immune re-
sponses.
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6.2.3 Influence of Dietary Fatty Acids on the Lipid Mediator
Profile

The formation of the product profile of the eicosanoid biosynthetic pathway is
determined by the PUFA substrates and the enzymes. The potential of the en-
zymes involved to catalytically convert substrate within the pathway is influenced
by the availability of substrate and necessary cofactors for the catalytic reaction
(8 Fig. 6.5). In addition, molecules blocking the catalytic center of the enzyme
and delayed dissociation of the product from the enzyme, due to a high external
product concentration, can reduce substrate binding to the enzyme. Numerous ef-
forts are underway to use oral administration of preformed PUFAs and other nu-
tritive factors, to counteract pathological misreactions of the immune defense by
manipulating eicosanoid biosynthesis. In humans, the synthesis of lipid mediators
depends primarily on the availability of essential LA and ALA (8 Fig. 6.6).

The A6-desaturase converts these substrates to GLA, respectively, stearidonic
acid (SDA, C18:4 n3), and is thus the rate-determining enzyme for all subsequent
acyl chain elongation and desaturation reactions of the PUFA synthesis pathway.
Both n6- and n3-PUFA groups are equally converted by the same enzyme sys-
tem in the PUFA synthesis pathway, with a slight biosynthetic preference in favor
of n6-PUFAs. LA thus competes with ALA for the same active site binding site
of A6-desaturase and competitively influences the formation of SDA from ALA
and vice versa. EPA also inhibits SDA synthesis via product inhibition. SDA it-
self has an inhibitory effect on LOX-5. ALA and SDA together increase the sub-
strate pressure for elongase and promote the formation of the EPA precursor
ETA. EPA, in turn, is in direct substrate competition with AA for AS-desaturase.
Also, the enzymes involved in the lipid mediator synthesis pathway are also influ-
enced in their activity by PUFA species. Both EPA and DHA decrease the effi-
ciency of substrate turnover of COX.

cofactors
restrict
increasing increasing
substrate product
concentration concentration
supports inhibits

8
7 5]
6\%@“&0

competitive binding of
substrate mimic
inhibits

B Fig. 6.5 External factors influencing enzymatic catalysis: The ability to bind substrate to the cata-
lytic center determines the catalytic potential of an enzyme. External influencing factors include sub-
strate availability (substrate pressure) up to saturation concentration, cofactor availability for the cat-
alytic reaction, and product release (product pressure) from the catalytic center of the enzyme against
the external product concentration. E: enzyme, P: product, S: substrate
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O Fig.6.6 Manipulation of n-3 and n-6 fatty acid synthesis: Both PUFA groups are converted in
the synthesis pathway by the same enzyme system. With a concerted administration of specific PUFA
species, the metabolic pathway can be directed in the desired direction by substrate pressure or prod-
uct inhibition effects. The metabolic performance of the individual desaturases, elongases, phospholi-
pases, and oxygenases to produce lipid mediators is also dependent on other nutritive factors that can
also be used to direct metabolism. COX: cyclooxygenase, HETE: hydroxyeicosatetraenoic acid, LOX:
lipoxygenase, LT: leukotriene, PLA: phospholipase, PG: prostaglandin, RV: resolvin, TX: thrombox-
ane

o The formation dependence of lipid mediators on PUFAs within a competitive en-
zyme synthesis system opens up interesting possibilities for intervention to influ-
ence immune responses by dietary means.

For example, to shift the synthesis balance in favor of inflammation-regulating li-
pid mediators formed from DHGLA, EPA, DPA-n3, and DHA over AA-depend-
ent proinflammatory mediators, the desaturation of DHGLA to AA by AS-de-
saturase must be blocked on the one hand, and sufficient preformed PUFA pre-
cursors for the desired lipid mediators must be present on the other. With a
coordinated administration of specific PUFA species, the metabolic pathway can
be directed in the desired direction.

The substrate turnover of the individual desaturases, elongases, phospholi-
pases, and oxygenases to produce lipid mediators is also dependent on other nu-
tritive factors that can also be used to direct metabolism. The expression and ac-
tivity of key enzymes of eicosanoid biosynthesis are influenced by various micro-
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nutrients as essential transcription factors for gene expression and as cofactors
for the enzyme reaction itself. For example, the AS5- and A6-desaturase functions
require pyridoxine (vitamin B), magnesium, and zinc as cofactors. On the one
hand, support by such essential micronutrients of PUFA and eicosanoid synthe-
sis can enhance the efficiency of PUFA supplementation. On the other hand, in-
hibition leads to suppression of the inflammatory situation and may be helpful in
nutritional strategies against immunological hyperreactions.

0 How is the activity of oxygenases within lipid mediator synthesis affected by food
components?

COX and LOX functions are also influenced by food components (B Table 6.3).
Several plant polyphenols inhibit the enzyme activity of COX-1 and -2 as well as
LOX-5, which may lead to reduced AA-dependent inflammatory signaling in the
acute inflammatory setting. Various stilbenes, flavonoids, and catechins bind as
substrate analogs, mediated by ionic interactions and hydrogen bonding, to cen-
tral amino acid residues and metal ions of the active sites of these key enzymes of
the eicosanoid synthesis pathways and directly influence the expression of inflam-
matory responses. The luteolin from carrots or broccoli places itself with its three
aromatic phenol rings in the binding pocket of the active site of LOX-5, binds
there to a histidine and threonine residue, and covers the central iron atom. The
enzyme is thus competitively inhibited. Similarly, quercetin from oranges, grapes,
and pepper and myricetin from various berries, grapes, and nuts interact with the
enzyme. The flavonoid quercetin and various quercetin derivatives decrease both
gene expression and enzyme activity of COX. Also, 1,25-dihydroxy-cholecalcif-
erol decreases COX-2 gene expression even under immunogenic stimulation. In-
terestingly, the traditional poultice with crushed cabbage leaves for joint pain and
muscle strains from kitchen medicine also has its ratio in the inhibition of oxy-
genases by kaempferol. The onion poultice or onion infusion for earache also de-
rives its analgesic effect from the oxygenase-inhibiting allicin.

To specifically enhance the generation of certain lipid mediators over others,
the individual PUFA species within the metabolic pathway can also be exploited.
Overall, however, only the consideration of all metabolic-regulatory factors leads
to an efficient manipulation of eicosanoid synthesis, from which modern immu-
nosuppressive treatment strategies against acute and chronic diseases can then be
derived.

6.3 Therapeutic Options for Allergic Bronchial Asthma Using
Dietary Fatty Acids

Bronchial asthma is characterized by a chronic inflammatory situation of the air-
ways, due to bronchial hyperreactivity. Basically, bronchial asthma can develop
as extrinsic, allergic asthma or as intrinsic, cellular-inflammatory, allergen-inde-
pendent asthma, for example, triggered by a cold stimulus or physical exertion.
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B Table 6.3 Plant oxygenase inhibitors

Active ingredient Substance class Origin Enzyme

Allicin Diallyl disulfide Leek plants (Allium sp.)  LOX-5

Curcumin Flavonoid Turmeric rhizome COX-2, LOX-5
(Curcuma longa)

Epicatechin Catechin Green tea (Camellia si-  LOX-5
nensis)

Kaempferol Flavonoid White cabbage leaves COX-1
(Brassica oleracea)

Calffeic acid Dihydroxycinnamic Coffee berry (Coffea LOX-5

acid arabica)

Ginger (Zingiber offi-
cinale)

Luteolin Flavonoid Artichoke leaves (Cy- LOX-5

nara scolymus)
Parsley (Petroselinum
crispum)

Myricetin Flavonoid Various berries, nuts, LOX-5
and grapes

Oleanolic acid Triterpene Sugar beet (Beta vul- COX-2
garis)

Piceatannol Stilbenoid Palm seed (Elaeis LOX-5
guineensis)

Quercetin Flavonoid Apple, onion, broccoli, COX-2, LOX-5
green beans

Resveratrol Flavonoid Red grape (Vitis vini- COX-1, COX-2
Jfera)

Theaflavin digallate Flavonoid Green tea (Camellia si- LOX-5
nensis)

Ursolic acid Triterpene Apple (Malus, sp.) COX-2, LOX-5
Thyme (Thymus vul-
gare)

Symptoms of both forms are shortness of breath, caused by constriction of the
bronchioles in the acute asthmatic situation. This is often accompanied by hum-
ming or whistling breath sounds, the so-called wheezing, a feeling of tightness in
the chest, and coughing fits. As in all IgE-dependent allergic immune reactions,
the granular effector cells within an allergen-specific Th,-lymphocyte help are ini-
tially sensitized (see also » Sect. 4.2.1). In the lymphatic germinal centers, B-lym-
phocytes differentiate to allergen-specific IgE-producing plasma cells for this pur-
pose. Secreted IgE molecules are then first bound by FceRI- or FceRII-positive
mast cells and later also by basophil, eosinophil, and neutrophil granulocytes to
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their cell surface. After this initial cell sensitization, the allergic immune reaction
is determined by a so-called immediate reaction in the early phase and by late re-
actions about four hours later (B Fig. 6.7) Wood dust, flour, mite secretions, pol-
len, mold spores, animal dander, and many more can be triggers of an extrinsic
asthma reaction.

0 What exactly is the pathogenesis of bronchial asthma?

In the early phase of the asthmatic reaction, there is acute swelling of the lung
mucosa and bronchoconstriction with shortness of breath. Th,-lymphocytes se-
crete numerous interleukins. Lymphocytic IL-4 and IL-5 lead to bronchial
smooth muscle contraction. In addition, IL-4, together with IL-9 and IL-13, trig-
gers goblet cell hyperplasia of the lung epithelium with excessive formation of dif-
ficult-to-clean, viscous mucus. Mast cells located in the connective tissue of the
lung are activated by IL-4 and IL-13, and granulocytes and other effectors are re-
cruited to the site of inflammation. Cross-binding of the allergen to mast cell-as-
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B Fig. 6.7 Lipid mediators in the pathogenesis of allergic asthma: In the early phase of pathogene-
sis, prostaglandins and thromboxanes of the 2 series as well as leukotrienes of the 4 series work chem-
otactic-inflammatory (LTB,, LTC,, LTD,), vasodilatory, edema-forming (PGE,, PGD,, PGI,), and
bronchoconstrictive (PGF,, TXA,), and promote proallergic Th,-T-lymphocyte help (PGE,). 3-Se-
ries prostaglandins and S-series leukotrienes have less inflammatory effects and counteract allergic
Th,-lymphocyte help (PGE,). In the late phase, the asthmatic response is actively resolved. A class
switch of lipid mediators is triggered at the peak of inflammation by PGD, and PGE,. Granulo-
cytes, mast cells, and epithelial cells switch from proinflammatory mediators to inflammation-resolv-
ing lipoxins. Subsequent resolvins, maresins, and protectins actively resolve existing inflammation and
counteract lung epithelial damage. ECP: eosinophilic cationic protein, 1L: interleukin, LT: leukotriene,
PAF: platelet-activating factor, PG: prostaglandin, TX: thromboxane
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sociated IgEs then results in release of histamine, platelet-activating factor (PAF),
and other proinflammatory AA-associated lipid mediators such as 2- and 4-series
PGs, 4-series LTs, and TXA,. Histamine, which can be derived from the amino
acid histidine by decarboxylation, is produced by mast cells as well as epider-
mal and neuronal cells and triggers dilation of small blood vessels after vesicular
granule release, causes contraction of bronchial smooth muscle, and directs eo-
sinophilic granulocytes to the site of inflammation. Pharmaceutical H1 antihis-
tamines, which are used therapeutically in mild forms of asthma, block structur-
ally antagonistically target cell signaling receptors and suppress acute symptoms.
PAF is located in lipid corpuscles of the mast cell and, like histamine, is a key sig-
naling molecule of the immediate allergic response. Its secretion from mast cells
also leads to local vasodilatation, accumulation of eosinophilic granulocytes, and
bronchial hyperresponsiveness to allergenic stimulation. Swelling of the affected
tissue and edema as well as pain sensation and dyspnea are the resulting symp-
toms for the concerned person. Platelets are also important reinforcing factors in
asthma pathogenesis. They are activated by IgE binding to specific receptors and
support tissue infiltration by eosinophilic granulocytes into the lungs, mediated
by chemotactic messengers, such as platelet factor 4. PAF produced by platelets
then leads to increased histamine secretion by eosinophilic granulocytes.

Pathogenesis of Allergic Asthma

The pathogenesis of allergic asthma is determined by an early phase with an acute
immune reaction originating from mast cells, followed by a late phase characterized
by massive tissue infiltration by eosinophilic granulocytes. If the allergic immune
reaction is not resolved, it manifests and becomes chronic.

In the late phase of the asthmatic reaction, the lung tissue is infiltrated by eosin-
ophils, neutrophils, and M®s due to chemotactic signaling. This again releases
asthma-promoting inflammatory mediators, causing further edema and bronchi-
olar constriction. Cytotoxic proteins of activated granulocytes, such as eosino-
philic cationic protein and proteases, damage the epithelial lung barrier, so that
bronchial hyperreactivity to allergic stimulation may become chronically manifest
after the late reaction subsides. In addition, the weakening of the barrier favors
bacterial infections of the bronchi.

o What therapeutic approaches are possible with PUFAs in bronchial asthma?

In clinical therapy, bronchodilator -2-antagonists, anti-inflammatory glucocor-
ticoids, and leukotriene receptor antagonists are usually used. However, these
drugs, which are well effective in the acute situation, can often lose their efficacy
in long-term use due to receptor desensitization. In this context, specific PUFA
supplementation, which competitively contrasts eicosanoids with antiallergic, in-
flammation-resolving properties with lipid mediators with proinflammatory, and
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asthma symptom-causing properties, may provide dietary support for therapeu-
tic and preventive concepts toward bronchial asthma. AA-dependent lipid medi-
ators are critical in asthma pathogenesis. The COX-generated AA-dependent 2
series PGs and TXs have chemotactic-inflammatory, vasodilatory, and thus ede-
ma-forming (PGE,, PGD,, PGI,) and bronchoconstrictive (PGF,, TXA,,) effects.
PGE, initially also supports the extrinisic asthma given proallergic Th,-T-lym-
phocyte help. The 4-series LTs formed by lipoxygenases also have potent chemo-
tactic-inflammatory and bronchoconstrictor effects (LTB4, LTC4, LTD4). Inter-
estingly, the syntheses of the asthma symptom-inducing PAF- and AA-dependent
lipid mediators appear to be mutually reinforcing (B Fig. 6.6). Lyso-PAF released
by PLA-2, which is converted to PAF (PAF . 1-O-hexadecyl-2-acetyl-sn-gly-
cero-3-phosphocholine) by PAF acyl transferase, originates predominantly from
phospholipids carrying AA in position 2 of the glycerol structure. This PAF for-
mation thus promotes AA-dependent PLA-2 metabolism by product removal
from the equilibrium of this enzymatic reaction. Reduction of the AA metabolic
pool would decrease the metabolic basis for the development of asthma. Unfor-
tunately, this fatty acid pool is very stable and can hardly be changed by dietary
means.

In contrast, DHGLA- and EPA-dependent PGs of the 3-series and LTs of the
S-series have a less potent inflammatory effect. In particular, the DHGLA-de-
pendent PGE, counteracts Th,-lymphocyte help. Shifting eicosanoid synthesis
toward DHGLA- and EPA-dependent eicosanoids by targeted dietary fatty acid
administration may therefore support reduction of an allergic-asthmatic response.

At the end of the late phase, the asthmatic response is actively resolved. The
class change of lipid mediators is triggered at the peak of inflammation by PGD,
and PGE,. Within the lipid class switch, the AA-dependent eicosanoid synthe-
sis of the involved cells, granulocytes, and also epithelial cells changes the syn-
thesis portfolio from proinflammatory to anti-inflammatory, immune response-re-
solving lipoxins in order to prevent tissue damage and the associated extended in-
flammatory situation. Failure of this resolution results in chronic manifestation
of asthma. Targeted dietary PUFA supplementation can also be supportive here.
EPA-, DPA-n3-, and DHA-dependent resolvins, maresins, and protectins actively
break up existing inflammation and may thus counteract damage to the lung ep-
ithelium. Thus, an antiasthmatic PUFA diet must first reduce the AA-dependent
synthesis of proinflammatory eicosanoids and, in turn, promote lipid mediator
synthesis, starting from DHGLA, EPA, DPA-n3, and EPA, to actively terminate
the chronic inflammatory situation. A balanced combination of vitamins, miner-
als, polyphenols, and distinct PUFA species targeting the activity of key enzymes
of lipid mediator metabolic pathways, such as A5- and A6-desaturase, PLA-2,
and COX-1 and -2 as well as LOX-5 and -15, is certainly helpful in this regard.
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Excursus VI: Raw Material Developments for Inmune-Functional Dietary Fatty Acid

Applications

As an essential component of cell mem-
branes, all higher plants and animals,
but also many bacteria, fungi, and al-
gae, show a differently pronounced
PUFA profile. Modern dietary applica-
tion concepts for PUFAs attempt to use
these different organisms as raw mate-
rials as sustainably and cost-effectively
as possible (B Table 6.4). Based on dif-
ferent oil qualities of sea fish and oil
plants, oil extracts of biotechnologi-
cally representable microalgae, diatoms,
bacteria, and fungi are increasingly in-
cluded in the utilization Basically, plant
oils can contain SC-PUFAs with 18
carbon long alkyl chains. While classi-
cal oil plants, such as sunflower (Heli-
anthus annuus) or olive tree (Olea euro-

paea), have rather low amounts of PU-
FAs, borage (Borago officinalis), evening
primrose (Oenothera biennis), and cur-
rant (Ribes nigrum) oil can boast high
LA contents. The oil of viper's bugloss
(Echium sp.), for example, is known for
its high GLA values.

Various marine mollusks, crusta-
ceans, and high-value fish species such
as white fish (Rutilus kutum) have high
LC-PUFA contents with an alkyl chain
of 20 or more carbons in length. How-
ever, these raw materials are costly to
produce in large quantities. Pure fish oil
supplements are therefore mainly gen-
erated from salmon oil (Salmo salar)
from aquaculture. Heavy metal con-
tamination in marine fish or antibiotic

D Table 6.4 Raw materials for polyunsaturated fatty acids

Organism

Borage (Borago officinalis)

Linseed oil (flax Linum usitatissimum)
Evening primrose (Oenothera biennis)
Viper's bugloss (Echium sp.)
Blackcurrant (Ribes nigrum)

Atlantic salmon (Salmo salar)

Golden mullet (Chelon aurata)
Caspian whitefish (Rutilus kutum)
Mackerel (Scomber scombrus)

Sardine (Sardina pilchardus)

Haddock (Melanogrammus aeglefinus)
Tuna (Thunnus sp.)

Crypthecodinium cohnii (dinoflagellate)
Mortierella alpina (Phycomycete)
Schizotrichium aggregatum (dinoflagellate)

Shewanella putrefaciens (bacterium)

PUFA contents [g/100 g total oil]
LA 40; ALA 1; GLA 21; SDA 0.1
LA 12-15; ALA 56-71

LA 65-80; ALA 0-1; GLA 10

LA 20; ALA 30; GLA 10; SDA 13
LA 45; ALA 11; GLA 16; SDA 3
EPA 0.7, DHA 1.5

EPA 7.5; DHA 3.8

EPA4.5; DHA 7.1

EPA 0.5; DHA 0.7

EPA 0.5; DHA 0.5

EPA 0.1; DHA 0.2

EPA 1.0, DHA 1.4

DHA representation

AA and EPA representation
DHA representation

EPA representation



contamination in farmed fish from aq-
uaculture is an important quality fac-
tor here. Basically, these oils have a
typically strict sensory character with
a tendency to off-flavors, which can,
however, be masked well in the prod-
uct application with banana, coffee, or
chocolate flavors. In comparison, oils
from marine krill (zooplankton, FEu-
phausiaceae) are less problematic from a
sensory point of view.

Alternative PUFA feedstocks in-
clude oils from marine algae (phyto-
plankton), such as Crypthecodinium
cohnii, and bacteria, such as Shewanella
putrefaciens, as well as oils from fungi,
such as Mortierella alpina, all of which
go by the term single cell oils. These or-
ganisms can be cultivated in well-con-
trolled processes in large bioreactors.
The market tolerance for these oils is
often lower compared to classic plant
and fish oils, as consumers often deny
them their naturalness. On the other
hand, with algae oils a product concep-
tion with LC-PUFAs for the vegan con-
sumer market is possible.

The sensory quality of PUFA oils
depends not only on the raw material
origin but also strongly on the type of
extraction processes. PUFAs from fish
and oil plants are consistently obtained
by hexane extraction from the raw ma-
terial dry mass and subsequent vac-
uum drying of the hexane-oil mixture.
The triacylglycerols are often further
saponified with caustic soda and eth-
anol for better extraction. In contrast,
the oils of biotechnologically presented
PUFA producers are mostly obtained
from the growth medium via proteo-
lytic cell disruption followed by iso-
propanol extraction. Alternatively, the
oil can be extracted from the matrix by
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urea-methanol treatment and purified
via crystallization. Thereafter, the ex-
tracted oil is often degummed (removal
of phospholipids), deodorized, and
bleached (off-odors and colors are re-
moved). The unsaturated PUFA acyl
chains generally have a high tendency to
oxidation and epoxylation, which must
be countered in the extraction process
by inert gas atmospheres (CO, or N,)
and in products by antioxidants, such as
ascorbyl palmitate or tocopherol.

Various formulation types are used
for application in foods. As dietary sup-
plements, PUFA-containing oils are of-
ten incorporated into protective gelatin
or alginate gel casings. For formulations
as chocolate bars or for incorporation
into dairy products or into juices, the
oils can also be granulated into powder
with starch or other hydrocolloids using
fluid bed or spray drying processes.

To increase the efficacy of fatty
acid supplements, it may be interest-
ing to combine different PUFA spe-
cies with defined and concise quantity
ratios. For this purpose, raw materi-
als are required that have high contents
of only one PUFA species, if possible.
Such focused enrichments of, for exam-
ple, EPA, DHA, or AA are achieved by
liquid chromatographic separation pro-
cesses or by melting point fractionation.
In this way, oil qualities of up to 45
wt% total oil per fatty acid species can
be represented.

The further development of inno-
vative raw material concepts is another
important aspect. An interesting goal
could be, for example, the resource-sav-
ing presentation of fish oil qualities in
oil plants. However, in order to repre-
sent LC-PUFAs in plant expression sys-
tems, for example in oilseed rape (Bras-
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sica napus) or linseed (Linum usitatissi-
mum), at least the A4-, the AS- and the
Ab6-desaturase functions as well as an
elongase function have to be introduced
into the plant biosynthetic sequence
of the seed oil by genetic engineering.
However, cloning multiple gene infor-
mation into plants remains a techno-
logical challenge. Another goal could be
the generation of immune-active fatty
acids, such as DHGLA and ADA, in
genetically modified organisms, which
cannot yet be directly presented. How-
ever, it remains to be seen whether the

production efficiency can be adequately
represented in such expression systems
and whether the market tolerance to-
ward these oils for commercial imple-
mentation will eventually be given.

The physiological efficacy of PUFA
supplementation depends not only
on the quantity of fatty acids intro-
duced but also on the molecular struc-
ture of the fatty acid carrier molecule
(B Fig. 6.8). In principle, PUFAs can
be bound to triacylglycerols or to phos-
pholipids. In addition, PUFAs can also
be formulated as free fatty acids or as
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O Fig. 6.8 Resorption and incorporation of PUFAs: In triacylglycerols, there are 3 esterifi-
cation positions for fatty acids, in phospholipids 2. During the intestinal digestive reaction,
only the fatty acid bound to the middle position 2 of the glycerol carrier molecule remains.
After fat resorption in the intestine, only the fatty acids bound at position 2 of the glycerol do
not change their glycerol binding site in resynthesis in the enterocytes. Triacylglycerol-bound
and free fatty acids are predominantly catabolically metabolized, but may also be involved
in the synthesis of phospholipids. Ultimately, only PUFAs bound to position 2 of phospho-
lipid glycerol are enzymatically released for eicosanoid synthesis. FFA: free fatty acids, FAE:
fatty acid esters, MAG: monoacylglycerol, MAPL: monoacylphospholipid, PL: phospholip-
ids, PUFA: polyunsaturated fatty acids, TAG: triacylglycerol
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methyl, ethyl, or propyl esters. Sphin-
golipid-associated PUFAs or PUFA
cholesteryl esters, which are present in
traces in milk and egg, are negligible in
this context, since corresponding raw
material sources for product formula-
tion are currently lacking. For triacylg-
lycerols, there are 3 esterification posi-
tions (snl, 2, and 3) for fatty acids, for
phospholipids 2 (snl and 2). To repre-
sent immune functions with PUFA-rich
lipids, note that cell membrane-asso-
ciated PUFAs bound to position 2 of
a phospholipid glycerol are preferred
for eicosanoid synthesis. During fat di-
gestion in the duodenum, pancreatic li-
pase cleaves fatty acids at positions 1
and 3 from glycerol, whereas the fatty
acid at position 2 remains on the car-
rier molecule. The resulting monoacylg-
lycerols, monoacylphospholipids, and
free fatty acids are absorbed by entero-
cytes. Here, although recombination of
the fatty acid-binding positions within
the lipid structures may occur within
the resynthesis, the fatty acids bound
to position 2 of the glycerol remain in
the same structural constellation. Sub-
sequently, the lipids are transported in
the form of chylomicrons via the lym-
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phatic and blood vessel systems to the
liver and from there, bound to further
lipoproteins, distributed throughout the
body. Fatty acids bound to triacylglyc-
erol and free fatty acids are mainly sup-
plied to the catabolic energy metabo-
lism, but can also be used in the liver
for the synthesis of phospholipids. Ulti-
mately, only PUFAs bound to position
2 of phospholipid glycerol are released
by PLA-2 in the ER for eicosanoid syn-
thesis and consequently show the high-
est immunological efficacy. The molec-
ular structure of PUFA lipids from hu-
man milk and various animal milks, as
well as from egg, corresponds exactly
to this logic. Both raw materials show
high LA and ALA contents. The PU-
FAs here are predominantly bound to
positions 2 and 3 of the phospholipid
glycerol. To achieve that immune-func-
tional foods contain PUFAs with high
bioavailability for eicosanoid synthesis,
new raw material concepts have to be
found. The use of milk and egg lipids
as naturally occurring raw materials or
biotechnological enzymatic transester-
ification, whereby fatty acid-glycerol
constellations can be specifically repre-
sented, may be helpful in this regard.
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Trailer

The immune response is in its basis a highly regulated expression of relevant gene in-
formation encoded within a heterochromatin composed of DNA and histone proteins.
Protein biosynthesis is divided into mRNA-forming transcription, mRNA process-
ing, and protein-forming translation. Relevant expression regulations include epige-
netic mechanisms for active gene silencing as well as regulations by transcription fac-
tors, regulatory mechanisms of post-transcriptional alternative splicing, and pretrans-
lational RNA interference. As relevant environmental factors, nutritional status and
various food components influence these regulatory mechanisms and play a decisive
role in determining the expression of immune-relevant genes.

Structural modifications of genomic DNA and associated histones are a superordi-
nate, so-called epigenetic level of regulation for gene expression. Epigenetics comprises
three successive gene silencing mechanisms that reinforce each other in their stringency
of action: DNA methylation, histone deacetylation, and methylation. Various food
components act as epigenetic factors influencing the activity of the enzymes involved.

Another regulator of gene expression is transcription factors, each with its own rec-
ognition sequences, which bind to the promoter or to other control sequences of a tar-
get gene and initiate the transcription process of target genes. Different immune-re-
lated transcription factors can transrepress each other's gene activation function. Food
components interact as regulatory ligands with different transcription factors and co-
modify the expression profile of pro- or anti-inflammatory genes.

Further regulatory mechanisms of gene expression are located within post-tran-
scriptional mRNA processing. Alternative splicing of mRNA allows limited, highly
regulated recombination of gene information-encoding mRNA fragments (exons). For
many immune-relevant genes for cell membrane receptors and immunoglobulins, di-
verse isomeric protein structures can thus be derived from the same gene information.
Nutritional status may be reflected in this process of mRNA maturation.

Pretranslationally, a tightly woven network of interfering RNA regulates gene ex-
pression by specifically blocking ribosomal translation of gene information. Cell dif-
ferentiation of immune cells is codetermined by this regulatory process. Although food
components do not directly influence this process, a diet-induced inhibition of epige-
netic gene silencing, an overexpression of interfering RNA can lead to pathophysiolog-
ical consequences within cell differentiation and alter immune competence.

genome

== How is the expression of immune-related genes regulated?

== To what extent are epigenetic gene silences relevant to immunological defense?

== Can food components influence the expression regulation of immune-related
genes?

== To what extent are nutritional epigenetic expression regulations of immune-related
genes relevant for the development and treatment of diseases?
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7.1 Basic Principles of Gene Expression

The immune response is in its basis the highly regulated expression of relevant
gene information encoded within a specific nucleotide sequence. The structure of
genomic DNA is the basis for various regulatory mechanisms for gene expression.
The nucleotides form a helically coiled DNA-macromolecule. It consists of two
antiparallel aligned strands with a sequence of phosphoric acid diester-linked de-
oxyriboses, which are p-N-glycosidically linked to either the purine bases adenine
(A) and guanine (G) or the pyrimidine bases cytosine (C) and thymine (T) at the
C1 atom of the respective pentose carbon ring of the deoxyribose. These nucleic
bases are linked to their specific binding partner of the opposite strand. Adenine
links to thymine via two hydrogen bonds, and cytosine links to guanine via three
hydrogen bonds. The DNA wraps around a histone carrier protein structure. This
DNA-histone complex is called the “nucleosome” (B Fig. 7.1). A histone consists
of the dimers H2A, H2B, H3, and H4, with the clip protein H1 firmly attaching
the DNA loop to the histone. Numerous oligopeptides protrude from the histone
into free space and interact with the wrapped DNA. They carry N-terminally the
positively charged amino acids arginine or lysine and fix the DNA, which is nega-
tively charged due to phosphoric anhydride bonds, to the histone. This condensed
DNA structure also protects against enzymatic degradation.

0 How is a gene defined and how is it involved in protein biosynthesis?

In general, a gene is a nucleotide sequence-based unit of information for produc-
ing a biologically active RNA. All gene information of an organism is summa-
rized as genome (B Fig. 7.2). Since gene expression is regulated in many ways, the
genome can only ever be one information option for the phenotypic expression of
structures and functions. Structurally, a gene consists at least of a promoter re-
gion initiating gene expression and the actual information unit.

Protein biosynthesis is divided into messenger RNA-forming transcription,
mRNA processing, and protein-forming translation. In the initial step of gene ex-
pression in humans, the RNA polymerase II holoenzyme in the nucleus creates a
transcript of the DNA gene information in the form of a single-stranded mRNA.
To do this, the polymerase partially opens the double helix structure of the DNA
and binds to the promoter region of the gene. The expression intensity of a gene
is based on the binding affinity of the RNA polymerase to this promoter region.

0 What are the basic mechanisms for regulating gene expression?

Structural modifications of genomic DNA and of associated histones are super-
ordinated, so-called epigenetic levels of regulation for gene expression. Enzymatic
methylations of the promoter region and the first exons of a gene, as well as en-
hanced mutual DNA-histone attachment through histone acetylations and meth-
ylations can block the binding of RNA polymerase to the promoter region of a
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B Fig.7.1 DNA structure and nucleosome: The purine bases adenine and guanine and the pyrimi-
dine bases cytosine and thymine form two antiparallel aligned, helically wound deoxyribonucleic acid
macromolecular strands under a sequence of phosphoric acid diester-linked riboses. Adenine links to
thymine of the opposite strand by means of two hydrogen bonds, and cytosine links to guanine by
means of three hydrogen bonds. The histone, which carries the DNA structure, consists of the di-
mers H2A, H2B, H3, and H4. This structure is called the nucleosome. The H1 clip protein firmly at-
taches the DNA to the support structure. Histone-associated oligopeptides carry N-terminal posi-
tively charged arginine or lysine residues and bind the negatively charged DNA. A: adenine, C: cyto-
sine, G: guanine, H: histone, p: phosphoric acid diester, R: ribose, T: thymine

gene and inhibit its expression. Various food components act as epigenetic factors
influencing the activity of the enzymes involved in this process.

Transcription factors are another regulator of gene expression. They bind to
the promoter or to other control sequences of a target gene, each with its own
recognition sequence, and accompany the binding of RNA polymerase in the
initial phase of the transcription process. Transcription factors can have both
gene-activating and gene suppressing effects. Food components also interact here
as regulatory ligands with many different transcription factors and thus directly
modify the expression profile of immune-relevant genes.
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B Fig. 7.2 Genetic information flow of protein biosynthesis: The genome comprises all gene infor-
mation of an organism and is a highly regulated option pool of protein expression. Nutritional status
and specific food components influence the activity of genes as important environmental factors. Rel-
evant regulatory mechanisms are active gene silencing, transcription factors, regulatory factors of al-
ternative splicing, and RNAI interference. During protein synthesis, an mRNA is initially transcribed
from DNA as a sequence equivalent. This matures in the nucleus by a splicing process that separates
structural information-coding exons from non-coding introns. The mature RNA serves as a template
for a sequence-analogous amino acid chain that is synthesized in the ribosomes of the ER within
translation. All expressed proteins of an organism are summarized as “proteome”. DNA: deoxyribo-
nucleic acid, mRNA: messenger ribonucleic acid, RNAI: interfering ribonucleic acid

o Nutritional status and specific food components influence the regulatory mecha-
nisms of gene expression and play a key role in determining the expression of im-
mune-related genes.

When the RNA polymerase transcribes the relevant gene segment, the result-
ing mRNA is further processed in the cell nucleus. Non-coding sequence regions,
so-called introns, are separated from the premature mRNA. At the same time,
the coding exons are assembled within an RNA enzyme complex called “splice-
osome”. For many immune-relevant genes for cell membrane receptors or immu-
noglobulins, the sequence of the exons can also be combined alternatively, result-
ing in several isomeric protein structures from the same gene information. Introns
can contain sequence segments for interfering RNA fragments (RNAi), which
can later prevent ribosomal translation processes in protein biosynthesis. Nutri-
tional status may be reflected both in these alternative splicing processes within
mRNA maturation as well as in RNAIi regulation of gene expression. In the ter-
minal phase of a gene transcription, the mRNA is polyadenylated and provided
with a terminal guanosine cap. Both elements are a protection against exonucle-
ase degradation and contain transport addresses for intracellular transport from
the nucleus to the ER. When the mRNA reaches catalytically active ER-associ-
ated ribosomes, an mRNA nucleotide sequence-equivalent amino acid chain is
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synthesized during translation. All the resulting cell structure-determining, meta-
bolically active, and immune-relevant proteins of an organism are summarized as
the proteome.

7.2 Food Components Influence Immune Function as an
Epigenetic Factor

7.2.1 Basic Principles of Epigenetic Gene Expression Regulation

Epigenetics encompasses three successive gene silencing mechanisms that rein-
force each other in their stringency of action. They all represent a superordinate,
DNA sequence-independent level of regulation of gene activity. Relevant influ-
ences by environmental factors, living conditions, and nutritional habits can ex-
press themselves phenotypically through this. Epigenetic gene silencing is mani-
fested by DNA methylations, histone deacetylations, and histone methylations. In
principle, this epigenetic silencing information is reversible, but it is also transmit-
ted mitotically to somatic cells as well as meiotically to germ cells.

e What are the epigenetic mechanisms for gene silencing?

RNA polymerase binding to the promoter region is the starting point of all
gene expression. The promoter recognition of the RNA polymerase is mediated
by —10 and —35 consensus sequences within the promoter with multiple cyto-
sine-guanosine nucleotide motifs, also known as “CpG motifs”. In humans, RNA
polymerase binds to the TATA consensus sequence of the Goldberg-Hogness
box. Together with regulatory transcription factors and enzymes that accom-
pany this expression initiation, RNA polymerase forms a so-called transcription
complex on the promoter region of the gene. If these segments are enzymatically
methylated in a first silencing step, the binding of the RNA polymerase and the
formation of the transcription complex on the promoter is blocked. DNA me-
thyl transferases (DNMTs) here methylate the cytosine of CpG motifs of the
promoter region and the first exon to 5-methylcytosine. Due to the lack of res-
toration of lost DNA methylations and by active enzymatic removal of methyl
groups by DNA demethylases (DNDMs), this form of gene silencing is revers-
ible. It manifests itself only when methyl group-binding proteins (MBPs) addi-
tionally seal the promoter region and the DNA methyl groups can no longer be
captured by the DNDMSs. Subsequent silencing mechanisms by histone modifi-
cations can then follow. In active genes, the N-terminal histone lysines are basi-
cally acetylated and are catalyzed by histone acetylases (HATs). The HAT is part
of the transcription complex. The otherwise cationic-anionic interactions be-
tween DNA and histone are abolished, and this creates space for the RNA pol-
ymerase to bind unhindered to the promoter region of the gene. MBP-affine his-
tone deacetylases (HDACSs) can now cause strong binding of DNA to histone by
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removing the histone-bound acetyl groups and preventing gene expression. Genes
with already methylated DNA segments are thus increasingly silenced. Low or
absent binding of transcription factors to the promoter may precede DNA meth-
ylation or histone deacetylation. In a final step, deacetylated N-terminal lysine
and arginine residues of the histone can be methylated by histone methyl trans-
ferases (HMTSs). This reaction is also reversible and can be reversed by histone
demethylases (HDMs). MBPs can also address histone methylation in a support-
ive manner. The histone methylations can then be decorated with heterochroma-
tin proteins (HPs) and further manifest the stringency of gene silencing.

All gene silencing mechanisms described here are implemented via enzymatic
catalyzes. This is where the influence of food components on epigenetic mecha-
nisms comes into play. Decisive influencing factors here are, on the one hand, the

O Table 7.1 Food components influencing mechanisms of gene silencing

Active ingredient Effect Occurrence
Choline DNA and histone methylation: Egg yolk
R — Methyl group donors Legumes
Fol B,, B f .
olate (vitamin By, B,,) — Metabolic cofactors Liver
Pyridoxine (vitamin By) Nuts

Riboflavin (vitamin B,)

Calcium DNA methylation: essential co- Broccoli (Brassica oleracea var.
factor italica)
Kale (Brassica oleracea var.
sabellica)
Milk
Manganese DNA methylation: essential co- Cereals
factor
Catechins DNA methyl transferase (MT) Apple (Malus spec.)
inhibitor Tea (Camellia sinensis)
Curcumin DNA MT, HAT, HDAC inhib- Turmeric (Curcuma longa)
itor
Caffeic acid DNA MT, HDAC inhibitor Honey
Coffee (Coffea spec.)
Quercetin DNA MT, HDAC inhibitor Apple (Malus spec.)

Diallyl sulfides

HDAC Inhibitor

Allium species
Microbial metabolite

Butyrat

utyrate Soybean (Glycine max)
Genistein Asparagus species
M Broccoli (Brassica oleracea var.

ercaptans Lo

italica)

Sulforaphane
Theophylline Allosteric activator of HDAC Tea (Camellia sinensis)
Resveratrol Peanuts (Arachis hypogaea)

Grapes (Vitis vinifera)
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availability of food components as substrates and as essential cofactors for the
catalytic reaction. On the other hand, the more or less specific blocking of cata-
lytic centers of relevant enzymes by certain food components alters the regulatory
potential of epigenetic gene silencing. 8 Table 7.1 shows an overview of all food
components with an influence on gene silencing.

7.2.2 The Influence of Food Components on DNA Methylation
and Histone Modification as Epigenetic Factors in Immune
Regulation

= DNA Methylation

If promoters are not occupied by a transcription complex, this can lead to gene
silencing by DNA methylation. In this form of gene silencing, various DNA(-
cytosine-5)-methyl transferases convert the cytosines of CpG motifs within the
promoter region of a gene into S-methylcytosine (B Fig. 7.3). This methylation
causes transcription complexes to no longer form at this site. Here, DNMT 1
catalyzes the maintenance of DNA methylation profiles, and DNMT-3a/b also
sets new DNA methylations. In humans, DNMT-3a and DNMT-3b catalyze new
methylations of DNA and simultaneously restore lost methylations, for exam-
ple, through cell division processes. DNMT3a is recruited to the target DNA by
MBPs for this purpose and interacts with HP-1 in the nucleus, which contributes
to genome stability, among other things. Losses of DNA methylation patterns are
also replaced in this way by a DNMT-1. These methyl transferases are function-
ally closely linked to the activity of HDACs and other epigenetically acting en-
zymes.

This type of gene silencing is reversible. Demethylations can be catalyzed by
DNDM type A. Methyl group-bearing nucleotide excision repairs, i.e., targeted
removal of methylated cysteines from a DNA segment, and oxidative and hydro-
lytic eliminations of the methyl group from DNA are also possible mechanisms
that can lead to loss of DNA methylation patterns. The DNA and histone meth-

RNA polymerase WBP WBP

i CH inactive
mmm) gene active @ s gene inac
9 |
DNA CpG CpGCpG Exon | % CpG CpGCpG Exon |
promoter I information of structure [ DNDM promoter I information of structure |

RNA polymerase recognition sequence
TATA Goldberg-Hogness box

B Fig. 7.3 Gene silencing by DNA methylation: In humans, RNA polymerase binds to the TATA
consensus sequence of the Goldberg-Hogness box of the promoter of a gene. When cytosine-phos-
phate-guanosine nucleotide motifs are enzymatically methylated by DNA methyl transferase, RNA
polymerase binding to the promoter region is blocked and gene expression is prevented. This gene si-
lencing is reversible, but can be manifested by the binding of methyl group-binding proteins to the cy-
tosine methyl groups. DNDM: DNA demethylase, DNMT: DNA methyl transferase, MBP: methyl
group-binding protein



186 Chapter 7 - Immunogenetics: Influences of Food Components ...

ylation reactions depend on S-adenosylmethionine (SAM) as a methyl group do-
nor (B Fig. 7.4). The metabolic folate and methionine cycles are involved in the
biosynthetic formation of SAM. The methyl group either flows from choline via
betaine, an oxidation product of choline, into the methylation metabolism and is
transferred to homocysteine by betaine-homocysteine methyl transferase. Alter-
natively, starting from folate, which is transformed into reduced and transmeth-
ylated 5-methyl tetrahydrofolate (methyl-THF) within the C1 pathway, the me-
thyl group is transferred to homocysteine by methionine synthase. The methio-
nine formed is converted to SAM by methionine adenosyl transferase with ATP.
The methyl group is attached to a reactive sulfur atom on SAM and can be trans-
ferred to DNA-by-DNA methyl transferase. The remaining S-adenosyl homo-
cysteine is then cleaved into homocysteine and adenosine. Homocysteine is availa-

- o 2

CH3-S-CH,-R  methionine s 2

ATP 20

CH3-donor o o)

folate -+ DHF » THF methionine- = S

. /_ adenosyl- 8 o

magnesium transferase § S

manganese serine o 2

methyltransferase B6 3P, \E/

B-vitamines glycine H,

¥

betaine-homocysteine! b4, methionine 5,10-methylen- DNA

methyltransferase synthase THF

choline — betaine reductase

SAH
-donor B2
CH3-dono 5-methyl-
THF
H,O
adenosine

HS-CH,-R homocysteine

CH3-acceptor

O Fig. 7.4 Metabolic pathway for DNA and histone methylation: A methyl group derived from cho-
line or from folate is transferred to homocysteine. The methyl group of choline enters the methylation
reaction of methyl transferase via betaine. Folate is transformed within the C1 pathway by various de-
hydrogenase and methyl transferase reactions into 5-methyl tetrahydrofolate, which then contributes
a methyl group to the methylation reaction of methionine synthase. Vitamins B,, B, and B,, are es-
sential for these metabolic processes. The methionine formed is converted to S-adenosylmethionine by
methionine adenosyl transferase. Magnesium and manganese are essential cofactors for this. The me-
thyl group is reactively bonded to a sulfur atom and can be transferred to an acceptor substrate by a
transferase. This methylation reaction is a direct addition—elimination reaction. The remaining S-ade-
nosyl homocysteine is then cleaved into homocysteine and adenosine. Alternatively, homocysteine can
also be degraded to cysteine. DHF: dihydrofolate, DMG: dimethylglycine, SAH: S-adenosly-homocy-
steine, SAM: S-adenosylmethionine, THF: tetrahydrofolate
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ble for cyclic methylation metabolism as a methyl group acceptor substrate. Alter-
natively, homocysteine can also be degraded to cysteine.

0 Which food components are essentially involved in DNA methylation?

Any food component that influences the enzymes and substrate situation of these
metabolic pathways affects the capacity of DNA methylation. Initial substrates
of the methylation reactions are folate (vitamin B, or B,,) or choline, both of
which are present in high amounts in milk and bovine liver. Various B vitamins
are essential cofactors of this metabolic function and are found in legumes, ani-
mal products, and cereals. The function of 5,10-methylene-tetrahydrofolate reduc-
tase is dependent on riboflavin (vitamin B,), which converts 5,10-methylene-THF
to 5-methyl-THF. Serine hydroxymethyl transferase requires pyridoxine (vita-
min B,) and methionine synthase requires adenosylcobalamin (vitamin B,,) for
its reactions. Methionine adenosyl transferase, which adenylates methionine in
an ATP-dependent manner later in the metabolic pathway, requires divalent ions
such as magnesium or manganese for this reaction. Deficiency of these nutrients
may directly reduce methylation capacity. Dietary intake of ethanol, on the other
hand, can reduce C1 metabolic turnover and therefore negatively affects epige-
netic methylation processes.

o A major motive in influencing gene silencing processes by food components is the
competitive blocking of the catalytic active site of the enzymes involved.

The catalytic domain into which SAM and DNA cytosine are joined for me-
thyl group transfer is mainly characterized by five functional amino acid residues
(Ser 5y9, Arg* 509, Glu™ (o, Pro,,,,, Cys,,,s) that can form binding interactions
with hydroxy and carbonyl functions of substrates. Phenolic agents can thus bind
to the catalytic active site of DNMTs and competitively inhibit enzyme function.
The flavonoid genistein from soybean and various catechins, particularly epigal-
locatechin gallate from green tea, are known competitive methyltransferase in-
hibitors. These inhibitory properties are sometimes structure specific. For ex-
ample, only curcumin from turmeric root (Curcuma longa) with terminal methyl
groups binds to the active site of DNMTs, but demethoxycurcumin or hexahy-
drocurcumin do not. Furthermore, in addition to enzyme inhibition, there may
be true substrate competition between different methyl transferases for SAM. If
catechins are present, they can be methylated by catechol-O-methyl transferase,
which is particularly highly active in lymphocytes, with SAM, which is then lack-
ing in DNA methylation as a methyl group donor. A resulting hypomethylation
with a lack of gene silencing has relevant immunological effects, which can mani-
fest themselves in particular in autoimmune diseases. For example, T- and B-lym-
phocytes in lupus erythematosus, nerve cells in multiple sclerosis, and joint-asso-
ciated synoviocytes, which form the synovial membrane, in rheumatoid arthritis
show unphysiological hypomethylation patterns. In the absence of gene silencing
and the associated undirected overexpression of genes, this generally impairs the
functional differentiation and maturation of immune cells. In the development of
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autoimmunity, characteristic genes of the cytotoxic defense response are overex-
pressed in this context, such as IL-4, IL-6, and perforin genes as well as genes
coding for costimulatory cell receptors.

If MBPs bind to the methylated promoter region, such as MeCP-1 with mul-
tiple methyl group-binding sites or MeCP-2 binds with only one binding site, this
can lead to recruitment of HDACSs and deacetylation of promoter-associated his-
tone regions and further manifestation of gene silencing.

= Histone Deacetylation

Histones can be modified in various ways and are phosphorylated, ubiquitinated,
biotinylated, acetylated, or methylated. Within the regulation for gene activity,
these structural modifications are summarized as histone code. The idea behind
this is that the interaction of different histone modifications and regulatory pro-
teins leads to specific biological processes. Specifically positioned N-terminal ly-
sine residues of histone dimers H3 and H4 are acetylated in activated gene pro-
moter regions. Acetylation neutralizes the intrinsically positive charge of the ly-
sine residues and allows histones to decondense with each other and loosens the
binding of negatively charged DNA to histones to make room for gene transcrip-
tion by RNA polymerase (8 Fig. 7.5).

When these histone regions are enzymatically deacetylated by HDACsS, this
leads to histone DNA complexation and gene silencing. Humans express 12
HDAC isoforms (HDAC 1-9a, 9b, 10, and 11) that are expressed by different cell
and tissue types and are focused on different gene regulations. Gut epithelial cells
predominantly express HDAC-3 to regulate immune-related genes. Re-acetyla-
tion catalyzed by HATs makes this form of gene silencing reversible. HATs are
divided into a nucleus-associated A class and a cytosolic B class. A-class HATs
are relevant for the expression regulation of genes. Histone acetylations are strin-
gently linked to inflammatory responses due to required gene activities. For exam-
ple, HDACS regulate the genes for the interleukins IL-1, IL-5, IL-10, and IL-12
and for the chemokine CXCL-8. Deacetylations of inflammatory genes indicate
downregulation of defense responses. The COX-2 gene, which is inducible by in-
flammatory events, can be suppressed by deacetylation.

0 What is the influence of food components and nutritional status on gene silencing
histone deacetylation?

Various food components, such as the sulforaphane of broccoli or diallyl
sulfides and mercaptans of garlic, can competitively inhibit the catalytic center of
HDAC. This isothiocyanate is efficiently released by plant myrosinase in the in-
testine by cleavage of the thioglucosidic bond from inactive storage form sulfora-
phane glucosinolate. The sulfur group of these molecular structures interacts with
the catalytic zinc ion of HDAC, preventing the conversion of the DNA acetyl
group. The size of the molecule determines the efficiency of these inhibitors. The
short-chain fatty acid butyrate, a fiber-associated fermentation product of intes-
tinal bacteria, also blocks the active site of this enzyme. Food components thus
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B Fig. 7.5 Gene silencing by histone deacetylation and histone methylation: In activated gene pro-
moter regions, N-terminal lysines of histone dimers H3 and H4 are present acetylated. The acetylated
lysine residues are charge neutral and allow decondensation of histones among themselves and loosen
DNA-histone linkage. The gene is freely accessible to RNA polymerase and can be expressed. Enzy-
matic deacetylation induces histone DNA complexation and gene silencing. This gene silencing is re-
versible by re-acetylation of the lysine residues, but can manifest itself by protein binding to the cyto-
sine methyl groups. In gene silencing by histone methylation, N-terminal deacetylated lysine and ar-
ginine residues of different histone dimers are trimethylated, or dimethylated, by HMT, respectively.
This form of gene silencing is reversible by demethylation of amino acid residues catalyzed by the
HDM reaction. Ultimately, the methyl marks recruit heterochromatin methyl group-binding pro-
teins, cover the methyl groups of histones, and consolidate gene silencing. DNA: deoxyribonucleic
acid, DNDM: DNA demethylase, DNMT: DNA methyl transferase, HAT: histone acetyl transferase,
HDAC: histone deacetylase, H-MBP: heterochromatin methyl group-binding protein, RNA: ribo-
nucleic acid

show an interesting regulatory potential to counteract a weakened, immunosup-
pressive defense situation.

Histone deacetylating capacities are also shown by regulators of gene silenc-
ing called “sirtuins”. The sirtuin enzyme family includes 7 histone deacetylases/
deacylases, also known as class III deacetylases. Their deacetylation reaction is
NAD™" dependent and thus links the mitochondrial energy metabolism of the cell
with the functionality of the immune system. This makes nutritional status a rel-
evant regulator of immune status (see also » Sect. 5.2). On the one hand, sirtu-
ins regulate the switch from glycolysis to B-oxidative fat catabolism within cata-
bolic energy production; on the other hand, sirtuins influence the energy-depend-
ent activities of immune functions. They modulate the activation, proliferation,
and differentiation of T-lymphocytes as well as the activity of phagocytosing im-
mune cells such as M®s and DCs. In low nutritional status, immunosuppression
occurs in this context. Many proinflammatory genes can be suppressed by histone



190 Chapter 7 - Immunogenetics: Influences of Food Components ...

deacetylation mediated by silencing information regulator 1 (Sirt-1). In addition,
gene-activating histone acetylation depends on the activated acetic acid acetyl-
CoA of catabolic metabolism. Thus, starvation periods have a direct suppressive
effect on proinflammatory gene expression and may weaken immune status.

Sirtuins

Sirtuins regulate gene silencing by histone deacetylation depending on metabolic
energy status. Their activity can be influenced by food components.

Interestingly, sirtuins can be allosterically regulatory addressed with the stilbe-
noid resveratrol. This binds to the allosteric center of Sirt-1 and opens its cata-
lytically active site for the deacetylation reaction. Resveratrol is found in the form
of various cis- and trans-isomers in the skin of dark grapes (Vitis vinifera). Proin-
flammatory immune responses can thus be suppressed via sirtuin-mediated gene
silencing by histone deacetylations, mediated by resveratrol. Affected individuals
with chronic destructive immunological hyperreactions often show reduced sir-
tuin status. Applications for Sirt-1 and other sirtuins as therapeutic tools, as well
as improved activation of the sirtuin enzyme group by resveratrol and other al-
losteric sirtuin activators, are therefore seen particularly in the context of auto-
immune diseases. For a long time, the ratio of the so-called French paradox to-
gether with quercetin and catechin was based on this stilbenoid: “A long healthy
life by drinking red wine”. A Sirt diet relying on it propagates still today to be
able to achieve a life prolongation with chocolate and red wine. In addition to the
deacetylation of histones, Sirt-1 also regulates histone methylation and thereby
manifests the gene silencing of already inactivated genes.

= Histone Methylation

Histone methylation is another epigenetic histone modification. Specifically po-
sitioned deacetylated N-terminal lysine and arginine residues of histones, espe-
cially of H3 and H4, can be trimethylated, respectively, dimethylated, via HMTs
(8 Fig. 7.5). HMTSs are divided into lysine-specific, which contain one or no
Su(var)3-9, emhancer-of-zeste, trithorax domains, and arginine-specific enzyme
groups. Each HMT group methylates different regions of the histone structure.
In principle, histone methylations can both activate and repress gene transcrip-
tion processes. The direction of regulation is achieved on the one hand by the his-
tone dimers involved (H2, H3 or H4) and on the other hand by the degree of
acetylation and methylation of the histones. Basically, histone methylation is con-
sidered to be the most stable epigenetic mark, whereas lysine methylations seem
to be more long-lived present than arginine methylations. Due to the demethyla-
tion of amino acid residues catalyzed by the HDM reaction, this form of histone
modification is also reversible.
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o How does gene silencing by histone methylation work and which nutritive factors
are relevant here?

In terms of gene silencing, histone methylation increases the radius of action of
the positive charge of lysine residues and generates high binding of histones to
negatively charged DNA. In addition, a trimethylated N-terminal lysine can no
longer be acetylated, which increases the stringency of inactivation of the affected
gene promoter. Ultimately, histone methyl marks recruit heterochromatin me-
thyl group-binding proteins, such as HP-1, which shield the methyl groups from
demethylation reactions, further solidifying gene silencing. Interestingly, HP-1
interacts with histone deacetylases and induces silencing of additional gene seg-
ments in this region.

This methylation reaction, like DNA methylation, depends on the methionine
metabolic pathway and SAM formation (8 Fig. 7.4). Thus, deficiency of folate
and other methyl group donors and essential cofactors may limit histone modi-
fication with methyl groups and modify the expression of immune-related genes.
Histone methylations appear to be a key mechanism in the generation of lympho-
cytic memory cells within adaptive immune defenses. Future vaccination strate-
gies could thus gain efficiency with dietary supplementation that specifically sup-
ports histone methylation processes.

7.3 Food Components as Transcription Factor Ligands
of Inmune-Relevant Genes

Immune cells recognize relevant stimuli in the environment and react accordingly,
for example with cell proliferation, differentiation, and cell death or with the se-
cretion of messenger substances. For this purpose, signals from cell membrane re-
ceptors transmit a stimulus signal transmembranally to an associated phosphoki-
nase cascade system by conformational changes of their structure, the reactions
of which extend to the cell nucleus. Transcription factors are part of the tran-
scription complex and mediate signal-specific transcriptional regulation of tar-
get genes. With at least one DNA-binding domain, transcription factors can spe-
cifically bind to nucleotide sequences in the promoter region or to other control
sequences of a target gene. Alternatively, they may interact instantly with RNA
polymerase or with other protein factors of the transcription complex during the
initial phase of gene expression. Transcription factors can directly regulate gene
expression and, as repressors, inhibit the transcription process by binding to the
promoter region of the target gene in a manner that blocks the RNA polymerase
or, as activators, support the binding of the RNA polymerase to the promoter re-
gion and thus the expression of the target gene (8 Fig. 7.6). Many of them inter-
act with regulatory ligands. Various structures, such as steroids and fatty acids,
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B Fig. 7.6 Ligands regulate the activity of transcription factors: As repressors, transcription factors
inhibit the transcription process by binding to the promoter region of the target gene in a manner that
blocks RNA polymerase. As activators, they support the binding of RNA polymerase to the promoter
region and thus the expression of the target gene. When a ligand binds as an inducer to a transcrip-
tion factor, the target gene is transcribed, either by a repressor leaving the promoter region of a target
gene after ligand binding or by an activator binding to the RNA polymerase. When a ligand binds as
an inhibitor to a transcription factor, transcription is inhibited, either by a repressor blocking the pro-
moter region of a target gene for RNA polymerase after ligand binding or by an activator detaching
from RNA polymerase. DNA: deoxyribonucleic acid, TF: transcription factor

can act as transcriptional ligands. When a ligand binds as an inducer to a tran-
scription factor, the target gene is transcribed, either by an activator binding to
the RNA polymerase after ligand binding or by a repressor leaving the promoter
region of a target gene. When a ligand binds to a transcription factor as an inhib-
itor, transcription is inhibited—either by an activator detaching from the RNA
polymerase or a repressor blocking the promoter region of a target gene for the
RNA polymerase. Along with cofactors, many activators, to support gene tran-
scription, have a HAT function to release the promoter region of the target gene
from histone binding and open it spatially to RNA polymerase. Repressors, on
the other hand, often possess an HDAC function for gene silencing.

Specific transcription factors can also bind to control sequences located on
this side in the transcription direction to the promoter region of many proinflam-
matory genes of the immune defense and thus activate, amplify, or also inhibit
the transcription process. This directly influences the activation of immune-rele-
vant genes by various immune-functional food components.

= NF-«B

Sugar polymers, glycolipids, peptidoglycans, polyphenols, and food-associated
bacteria and yeasts as well as their cell components are specifically recognized
structurally by receptors on the cell surface of endothelial and immune cells (see
also » Sect. 2.2.1). The resulting cell-internal signals are translated, among oth-
ers, by a central transcription factor of the immune system into an expression of
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B Table 7.2  Stimulatory molecules for the transcription factor NF-kB
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proinflammatory target genes (B Table 7.2). This factor is referred to as the nuc-
lear factor kappa-light-chain-enhancer of activated B cells (NF-kB). It is ubiqui-
tously found in all cell types and tissues of higher eukaryotic systems and is in-
volved in the basic signaling pathways of cell proliferation and apoptosis.

Within the immune response, it is addressed from B- and T-cell receptors as
well as various cytokine receptors and, together with other cell nuclear factors,
is the target of intracellular phosphokinase signaling cascades. Many genes of
acute-phase proteins, chemokines, cytokines, and their receptors as well as genes
encoding cell adhesion molecules that play a significant role in the regulation of
the immune system are regulated by NF-kB. NF-kB, like many other transcrip-
tion factors, shapes a dimer structure as a DNA-binding form. In the cytoplasm,
different homo- or heterodimers can be built from different NF-kB superfamily
proteins with a common binding domain. Various intracellular signaling path-
ways lead to activation of this transcription factor. The key of regular activation
is an inhibitor of nuclear factor-kappa-B-kinases complex (IKK complex), which
consists of IKKa and IKKp, many other IKK-like kinases, and the regulatory
subunit NF-k B-essential-modulator (NEMO or also IKKY).

Q What food components may affect intracellular NF-kB signaling?

Several food components can disrupt this signaling cascade for NFkB activation
and inhibit the expression of proinflammatory gene information. The phenolic al-
kaloids avenanthramide of oats (Avena sativa), capsaicin of peppers (Capsicum
spec.), and the polyphenol curcumin of turmeric root (Curcuma longa) inhibit
IKK activation and thus, for example, reduce the formation of proinflammatory
adhesion molecules that are important for the migration of immune cells to the
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site of inflammation. Allicin from the allium also inhibits the development of in-
flammation in this context. The electrophilic thiol group of this structure binds
to the nucleophilic cysteine of the catalytic active site of the respective kinases in-
volved in NF-kB activation and blocks their reactivity. Most pharmaceutical ki-
nase inhibitors also function according to this principle. The NF-kB heterodimer
is initially present inactive, bound in the cytoplasm to the inhibitory I-kB protein
(8 Figs. 7.7 and 7.13).

When a receptor signal leads to phosphorylation of this I-kB protein by the
IKK complex, the binding is released and the NF-kB dimer is set free. The I-kB
protein is then degraded by being addressed with a ubiquitin peptide sequence
and submitted to proteasomal degradation. The NF-«B thus activated then
moves from the cytoplasm to the nucleus and binds specifically to an approxi-
mately 10 base pair long DNA-binding motif in the promoter region of the target
gene. The common p50/RelA(p65) heterodimer-NF-kB constellation activates tar-
get gene expression. In addition, other NF-«kB constellations with the p50 or 105,
p52 or pl00, RelB, and c-Rel subunits are known. In contrast, homodimers are
generally thought to inhibit gene expression.

Transcription Factor NF-kB
NF-kB is a key transcription factor for activating proinflammatory gene expres-
sions. Pathophysiologically, it is associated with various immunological hyperreac-
tions and is a target of immunosuppressive therapeutic approaches with food com-

ponents.
PUFA
ER‘NM/
retinol — retinoic acid retinoic acid ligand eicosanoids
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nuclear corepressors — § E § E <«—nuclear coactivators
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B Fig.7.7 The transcription factor PPAR: PPARs form a heterodimer together with RXR, which
is initially inactivated by nuclear corepressors. RXR is activated by the binding of retinoic acid. PU-
FAs or eicosanoids formed from PUFAs by oxygenases are inductive PPAR ligands. After binding of
a ligand to PPAR, the corepressors are exchanged by coactivators and the active heterodimer binds to
specific recognition sequences in the promoter region of the target gene. COX: cyclooxygenase, cPLA-
2: cytosolic phospolipase-2, ER: endoplasmic reticulum, NM: nuclear membrane, PPAR: peroxisome
proliferation-activating receptor, RXR: retinoid X receptor
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NF-«B signaling is also epigenetically regulated. To make the gene promoter rec-
ognition sequences accessible to RNA polymerase, gene-activating cofactors of
the respective NF-kB constellation acetylate N-terminal lysines of the relevant
histones. The DNA-histone interaction opens and the RNA polymerase, sup-
ported by NF-«B, can attack the promoter region of the target gene. For NF-kB,
among others, the cofactor p300 with a histone acetylase activity is important for
this gene activation.

= PPARs

Fatty acids are some of the few food components that, as preformed precur-
sor metabolites of immunoregulatory, hormone-like eicosanoids can directly in-
fluence the immune status by dietary means (see also » Sect. 6.2.2). In addition,
they can directly influence the expression of various immune-relevant genes via
specific transcription factors. For the peroxisome proliferation-activating receptor
(PPAR), PUFAs are ligand inducers. This receptor group belongs to the nuclear
steroid receptor superfamily and is expressed by many tissues and cell types, in-
cluding adipocytes, hepatocytes, muscle, kidney, and endothelial cells. All three
transcription factors of this group, PPARa, 8, and vy, regulate key genes of glu-
cose and lipid metabolism and thermogenesis. Their regulatory potential is very
evident in malnutrition and various metabolic diseases such as obesity and diabe-
tes within syndrome-X. PPARs can bind different types of fatty acids in an iso-
form-specific manner. With respect to immune regulation, PUFAs from fish oil,
egg and soy lecithin, and various vegetable oils and PUFA-dependent eicosanoids
as lipid mediators are particularly important. Both show multiple immunomodu-
latory properties. Dietary PUFAs are either carried from the cytoplasm into the
nucleus and can then be bound directly by PPARs or they are incorporated into
the membrane system of the ER (8 Fig. 7.8).

Cell membrane-incorporated PUFAs are released via phospholipases and con-
verted via the oxygenases LOX and COX to eicosanoids. These lipid mediators
can also bind to PPARs as inducers. Together with the retinoid receptor (RXR),
PPARs form a heterodimer. Three factors are relevant for their activation: nuclear
coactivators and repressors, retinoic acid, and the PPAR ligand itself. In the in-
active state, PPARs are initially linked to nuclear corepressors. RXR is activated
by the binding of retinoic acid, which is derived from retinol. Therefore, vitamin
A, is an important nutritive element of PPAR transcriptional regulation. Ligand
coupling to PPAR detaches repressors from the heterodimer, which can then bind
to specific recognition sequences in the promoter region of the target gene. Sev-
eral activating nuclear cofactors accompany this process. PPAR target genes en-
code various chemo- as well as cytokines and codetermine the immune cellular
signaling molecule profile. The recruitment of immune cells to the site of inflam-
mation is also codetermined by PPAR target genes. Last, PPARs are involved in
self-amplifying feedback regulation of eicosanoid lipid mediator synthesis genes,
such as the COX-2 gene and the CD36 lipid transporter gene.
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O Fig. 7.8 Transrepression of PPAR and NF-kB: Receptor signals are transduced intracellularly
from the cell surface to the nucleus by a cascade of phosphokinases. The activity of NF-kB and
PPARs is oppositely regulated by JNK. Phosphorylation of JNK within MAP kinase signaling path-
ways leads to transcription of NF-kB-regulated target genes and concomitant phosphorylation of
PPARSs, which are subsequently degraded. On the other hand, ligand-bearing PPARs inhibit phos-
phorylation of JNK and allow transcription of PPAR-regulated target genes. This transrepression of
both transcription factors is influenced by a variety of food components. JNK: cJun N-terminal ki-
nase, MAP: mitogen-activated protein kinase, NF-kB: nuclear factor kappa-light-chain-enhancer of ac-
tivated B-cells, NM: nuclear membrane, PPAR: peroxisome proliferation-activating receptor, CM: cell
membrane

Transcription Factor PPAR

PPARs link fatty acid metabolism to immune regulation. They are competitive
counter-regulators to NF-kB and are targets of various immunosuppressive thera-
peutic approaches with fatty acids in the context of different immunological hyper-
reactions.

PPARa and -y are particularly involved in the regulation of immunological de-
fense responses, whereas PPARS-dependent gene regulations are functionally as-
signed predominantly to barrier maintenance and wound healing. They are ex-
pressed by T- and B-lymphocytes, M®s and DCs, and epithelial cells. Activated
PPARa and -y can have both anti-inflammatory and -promoting effects. Immu-
nosuppressive effects of PPARs generally arise from the fact that defense-acti-
vating transcription factors, nuclear cofactors, and activation proteins are com-
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petitively displaced from promoter binding sites by a process called “transre-
pression”. Ligand-activated PPARYy, for example, transrepressively suppresses
lymphocyte NF-kB-dependent IL-2 synthesis, thereby preventing proliferation
of T-lymphocytes. The lack of proliferation factor leads these cells into apopto-
sis. Another immunosuppressive effect discussed is PPAR-dependent apoptosis
induction in effector cells, which then weakens acute immunocompetence. Intra-
cellular phosphokinase signaling cascades are also affected. NF-«B, for example,
may also lose potency here because activating phosphorylations of specific signa-
ling pathways are affected by PPARs (B Fig. 7.8). Signaling from receptors, such
as TGFp, TNFa, or even TLRs, is mediated by a network of mutually phospho-
rylating so-called mitogen-activated protein kinases (MAP kinases) from the cell
surface to the nucleus. The activity of NF-kB and the PPARs are both regulated
by cJun N-terminal kinase (JNK). Phosphorylation of JNK within MAP kinase
signaling pathways leads to the expression of NF-kB-regulated target genes and
phosphorylation of PPARs, which are subsequently addressed with a ubiquitin
peptide sequence for proteasomal degradation. On the other hand, ligand-bearing
PPARSs prevent the phosphorylation of JNK and thus promote the expression of
PPAR-regulated target genes. This reciprocal regulatory mechanism is influenced
by a variety of food components.

0 Which food components affect intracellular PPAR signaling regulations?

CLA, which is produced by bacterial metabolism in the rumen of ruminants and
occurs in milk, dairy products such as butter, sour cream, and cheese, as well as
in the meat of ruminants predominantly as the cis-9, trans-11 isomer structure of
LA, inhibits, for example, JNK phosphorylation as a PPAR ligand. In addition,
direct inhibition of JNK by CLA is discussed. Phytanic acid, a bacterial degra-
dation product of chlorophyll in ruminants, is another natural ligand of beef
and dairy products for PPARYy in addition to CLA. Many secondary plant com-
pounds, such as flavonoids, tannins, and tocotrienols in fruits and oils, are also
PPAR ligands. The cinnamaldehyde of the cinnamon tree (Cinnamomum verum)
is an activating ligand for PPARa and PPARY. All these natural products show
great potential to downregulate the expression of NF-kB-associated proinflam-
matory target genes to the advantage of PPAR-associated immunosuppressive
target genes. Therapeutically, the use of dietary PPAR ligands against patholog-
ically hyperreactive and autoimmune defenses, such as in multiple sclerosis and
osteoarthritis, is thus conceivable. PPAR«a ligands, such as PUFAs and associ-
ated eicosanoids as well as for cholesterol-derivable dehydroepiandrosterone, are
also known to have predominantly anti-inflammatory effects. In addition, fatty
acid amides, such as palmitoylethanolamide and oleoylethanolamide, both natu-
rally occurring plant and animal lipid components, interact as ligands with this
transcription factor. With respect to inflammatory diseases within metabolic syn-
drome-X, ligands of the PPARYy receptor have an inflammation-reducing effect
and lessen, for example, the risk of atherosclerosis. In addition to polyunsaturated
and hydroxylated fatty acids, two other food-associated natural molecules are
known to be active ligands for PPARy with immunomodulatory properties. The
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15-deoxy-A12,14-prostaglandin J, is derived from the AA occurring in meat, egg,
and milk and acts as an inducer of PPARy predominantly immunosuppressive.
For example, concise immunostimulation by LPS via NF-kB may be repressed
by this molecule. Activated PPARy appears to competitively inhibit promoter
binding of NF-kB here. This effect is also evident in NF-kB-dependent activa-
tion of T-lymphocytes. Another natural ligand for PPARY is hexadecyl acelaoyl
phosphatidylcholine, a lecithin released from oxidized lipoprotein. Among other
things, this ligand can also induce COX-2 gene expression via transcription fac-
tor binding, which ultimately leads to an increased conversion of PUFAs into im-
munoregulatory eicosanoids in the inflammatory situation (see also » Sect. 6.2.2).

0 What are the effects of PPAR signaling regulation on the adaptive defense re-
sponse?

In the adaptive immune response, depending on the stimulus, T-lymphocytes po-
larize into IFN-y- and IL-12-associated type 1 help for a cellular immune re-
sponse or into IL-4-, IL-5-, and IL-13-associated type 2 help for a humoral im-
mune response. Pathologically, a type 1 help supports autoimmune dysfunctional
responses, whereas a type 2 help supports an allergic hyperreaction (see also Sects.
4.2.1 and 4.2.2). PPARSs also regulate several key genes in this T-lymphocyte dif-
ferentiation. This functional polarization is preceded by directional phenotyp-
ing of DCs. PPARY influences this phenotypic expression of corresponding cell
membrane stimulatory molecules and secretion of a specific interleukin profile.
Ligand-activated PPARYy, for example, inhibits IL-12 and enhances IL-10 secre-
tion from DCs. In the further course of typing the immune response, lymphocytic
expression of IFN-y can thus be suppressed. Both ultimately lead to a type 2 im-
mune response.

This shows how significantly food components can influence PPAR-regulated
immune responses. Therapeutically, in this context, a dietary countermeasure
against pathological hyperreactions of the T-lymphocyte help type 1, such as pso-
riasis or Crohn's disease, is possible.

= CREB

Not only can specific food components act as direct regulatory ligands for tran-
scription factors, but nutritional status also plays a role in determining gene ex-
pression. The cAMP response element-binding protein (CREB) is a central tran-
scription factor in metabolic regulation. Cyclic adenosine monophosphate (cAMP)
is a signaling substance that increases in response to severe energy depletion in
the cell. At the terminus of the cAMP-triggered phosphokinase signaling cascade,
CREB is phosphorylated to form a homodimer that binds to so-called cAMP re-
sponse elements in the region of target gene promoters. Interestingly, caffeine and
theophylline from coffee and tea, respectively, inhibit phosphodiesterases that de-
grade cAMP. Thus, they may enhance the activity of this cAMP-dependent sign-
aling cascade. These response elements exhibit palindromic nucleotide base pair-
ings typical of transcription recognition sequences. CREB-binding proteins, as
cofactors similar to p300 in NF-kB, create space for RNA polymerase to bind to
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the promoter region of the target gene by acetylating the N-terminal lysines of
H3 and H4 histone building blocks. In starvation phases, this regulatory mecha-
nism induces, for example, increased lipolytic and catabolic-glycolytic activity in
adipose and muscle tissues (see also » Sect. 5.3.1).

Transcription Factor CREB

CREB, as a transcription factor, links the metabolic energy status of the body to
the immune system. As competitive counter-regulators to NF-«B, it shows immu-
nosuppressive signaling potential.

CREB also influences immunological functions. The signal molecule expres-
sion of IL-2, -6, -10, and TNFa, for example, is regulated by CREB. Similar to
PPAR, transrepression can also occur between CREB and NF-kB. This compet-
itive repression of transcription factors from promoter binding sites of the same
target genes tends to have anti-inflammatory and immunosuppressive effects,
just as in PPAR. On the other hand, CREB is also involved in the initiation of
defense responses. For example, CREB induces anti-apoptotic signals in M®s. It
supports proliferation of B- and T-lymphocytes and coregulates T-lymphocyte
differentiation and functional polarization into a Th,- or Th,-help. Thus, nutri-
tional status has an important impact on immunocompetence through CREB
regulation.

7.4 Influence of Nutritional Status on Post-Transcriptional
Regulations of Protein Biosynthesis of Inmune-Related
Genes

7.4.1 Expression Regulation of Inmune-Related Genes
by Alternative mRNA Splicing

The mRNA is not only a transcript of genomic gene information, but also part
of the expression regulation of immune-related genes. In the context of protein
biosynthesis, after transcription a premature mRNA is produced, which is further
processed toward translation (B Figs. 7.2 and 7.9). Shortly after the start of tran-
scription, a guanosine is attached to the 5'-end of the mRNA undergoing synthe-
sis (capping), which is subsequently methylated at the nitrogen of position 7. This
cap structure protects the mRNA from digestion by 5-exonucleases and phos-
phatases and also addresses it for ribosomal translation in the ER outside the nu-
cleus. At the 3’-end of the premature mRNA, 100-200 adenosine monophosphate
residues are sequentially added (zailing); they form the so-called poly-A tail. This
structure also protects the mRNA from exonuclease degradation and supports
the export of mRNA from the nucleus to the ER. The length of the poly-A tail
determines the stability of the transcript within protein biosynthesis.
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phenotypical variations of immune-relevant target genes:
- control of the immune-homeostasis
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O Fig. 7.9 Maturation and alternative splicing of mRNA: The premature mRNA contains exons
coding for protein or RNA structures and non-coding introns. The so-called spliccosome now cata-
lyzes the excision of introns and the stringing together of exons. The alternative combination of ex-
ons post-transcriptionally varies the gene information. Spliceosome composition is influenced by nu-
tritional status. The introns may contain autohybridizable nucleotide sequences for pretranslational
regulation of gene expression. The premature mRNA is protected from nuclease degradation at the 5'-
end with a cap structure and at the 3’-end with a poly-A tail and addressed for the translational pro-
cess

0 What is the splicing process within mRNA maturation?

The premature mRNA contains exons coding for protein or RNA structures and
non-coding introns. The so-called spliceosome now catalyzes the cutting out of
the introns and the stringing together of the exons. It consists of small nuclear ri-
bonucleoproteins, the most important of which are designated Ul-U6, and other
protein factors. While Ul and U2 bind directly to the splice site of the prema-
ture mRNA, U2 and U6 form the reactive center of the spliceosome, which cata-
lyzes the transesterification of the phosphate-ribose linkage and the subsequent
release of the intron. U4 regulates this process. Depending on the length of the
introns, exons can be combinably ligated within their movement space. Thus, the
peptide sequence information of the gene has limited variability. This alternative
splicing of premature mRNA thus allows post-transcriptional modification of the
DNA-encoded gene information, and diverse isoform structures of a protein can
be phenotypically expressed. In particular, binding domains of receptors, of im-
munoglobulins and other binding proteins can be efficiently expressed with a high
variability based on a gene information.
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o Alternative splicing of premature mRNA is influenced by the metabolic energy sta-
tus of the body. The phenotypic protein portfolio of protein biosynthesis is thus
adapted to the supply conditions of nutritive energy carriers and to energy con-
sumption.

Nutritional and energy status is highly relevant in alternative splicing of prema-
ture mRNA in a regulative manner. Classically, the synthetic balance of key en-
zymes of carbohydrate- and fat-dependent metabolic pathways for energy pro-
duction and storage is coregulated by this post-transcriptional mRNA process-
ing. The formation of a spliceosome at an exon depends on regulatory proteins
in the nucleus that can bind phosphorylated to specific sequences of the respec-
tive target exon. The phosphorylation of these proteins by the corresponding
phosphokinase signaling cascades is in turn coupled to the energy status of the
cell. Food quantity and quality, such as carbohydrate-rich or fat-heavy diets, can
thus directly influence the recruitment of corresponding spliceosome proteins for
mRNA processing (B Fig. 7.10).

The intron and exon sequences of the premature mRNA that control splice-
osome formation are called cis-regulatory elements. They are located directly up-
stream of the splice site of the exon and bind auxiliary proteins known as trans-
factors. Their binding promotes or inhibits spliceosome formation at the prema-
ture mRNA. The binding efficiency of transfactors to cis-regulatory elements is
modified by hormones signaling the nutrient situation in the body and links nu-

nutritional and energy status
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B Fig.7.10 Influence of nutritional status on spliceosome formation: Spliceosome formation is de-
termined by regulatory proteins that can bind phosphorylated to a specific binding unit of the exon.
Phosphorylation of these proteins by corresponding phosphokinase signaling cascades is coupled to
the energy status of the cell. In addition, the binding of transfactors to the cis-regulatory elements
of the introns and exons involved in the splicing process is modified by energy status-equivalent hor-
mones. SRP: spliceosome regulatory protein, SRP-BE: SRP binding element
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tritional status to the formation of mRNA varieties. The functionality of the re-
sulting protein isoforms is thus functionally adapted to nutritional conditions.
Non-polyadenylated and spliced mRNA is enzymatically degraded.

0 What are the effects of alternative splicing on the immune system's defense poten-
tial?

Various relevant genes of the immune system are subject to this splicing regu-
lation. In particular, cell-surface receptors, such as CD3, CD28, CDS§, CD45,
and CTLA-4, show multiple isoforms of the same protein function by alterna-
tive splicing, which can be influenced by nutritive factors. Even the infinite phe-
notypic expression of the variable binding regions of the antigen-presenting sur-
face molecules of MHC class I, MHC class II and the CD1 molecules as well
as the variable paratope-bearing light chains of the immunoglobulins is enabled
by alternative splicing. If nutritional status relevantly influenced these processes,
interesting prevention and treatment options against immunological dysfunction
would be possible by controlled diets. The expression of specific variabilities of,
for example, allergen- or autoimmune antigen-presenting MHC molecules could
be averted in a preventive approach by targeted, nutritive modification of mRNA
maturation processes.

Within alternative splicing, another post-transcriptional regulatory moment
of gene expression arises. During the splicing process, the introns are bent into
a loop before being separated from the mRNA. In this process, autohybridizable
nucleotide sequences can be formed into a double strand within the intron loop,
so-called micro-interfering RNA (miRNA). The miRNA is a class of non-coding
short RNA segments that prevent gene expression by repressing translation. Gene
silencing mechanisms through DNA methylations and histone deacetylations in-
fluence the formation of miRNA and vice versa. This results in complex regula-
tory mechanisms.

7.4.2 Influence of Interfering RNA on Immune Regulation

RNAI is an important regulatory element of gene expression. Closely linked to
other gene silencing mechanisms, a tightly woven network of different RNAI pre-
translationally determines the phenotypic expression of protein functions. Ba-
sically, 4 different types of RNAIi are known. The genomic miRNA, the viral
short interfering RNA, the epigenetically active PIWI-interacting RNA, and long
non-coding RNA fragments involved in transcriptional regulation and protein
transport.

@ What is the relevance of RNAi on immune function?
Regarding the influence of various dietary factors on immune functions, genomic

miRNA is the most relevant RNAi control element. Palindromic autohybridized
double-stranded RNA loops resulting from miRNA genes or specific intron seg-
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ments are cut by a Dicer called endoribonuclease into fragments approximately
20 nucleotide bases long (B Fig. 7.11). So-called Argonaute proteins, which bind
the miRNA, support this process. Together with the miRNA, they form the so-
called RNA-induced silencing complex (RISC). The PAZ, PIWI, and MID do-
mains of RISC fasten the miRNA. The PAZ domain binds at the 3’ end of the
double-stranded RNA fragment. This strand is referred to as the leader strand.
The helicase function of RISC unwinds the RNA fragment and by the Argonaute
proteins Ago-1 and -2, mediated by the one Mg?*-dependent endonuclease activ-
ity of the PIWI domain, the passenger strand is split off in a sequence-specific
manner. At this point, miRNA synthesis can be retraced in the process. RNA pol-
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argonaute protein-dicer
interaction
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nucleotid sequences

RNA-induced
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B Fig.7.11 Regulation of gene expression by interfering RNAi: Autohybridized double-stranded
RNA loops are cut into fragments approximately 20 nucleotide bases long by an endoribonuclease
(dicer). Argonaute proteins with different enzyme functions bind as a gene silencing complex (RISC)
to the 5'-RNA strand of the double-stranded RNA fragment, and the corresponding 3'-RNA strand
is degraded. RNA polymerase activity can recomplete the degraded 3'-RNA strand within a regula-
tory reserve loop. The binding of RISC-miRNA to the target mRNA blocks the ribosomal transla-
tion process. The unused mRNA is degraded by RISC ribonuclease activity. RNA silencing is closely
related to DNA silencing. mRNA: messenger ribonucleic acid, RISC: RNA-induced silencing complex,
RNAI: RNA interference
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ymerase activity can recomplete the degraded 3'-RNA strand, and a regulatory
miRNA reserve loop is formed. If RISC-miRNA binds with its seed sequence to
the corresponding nucleotide sequence of the target mRINA, this prevents trans-
lation-initiating binding of the ribosomal 60S subunit to the target mRNA.
RISC-miRNA either blocks ribosome binding to the mRNA 5'-cap structure or
causes deadenylation of the polyadenosine tail of the mRNA. Ultimately, the un-
used mRNA is degraded by Argonaute proteins with RISC ribonuclease activity
(endonucleases with PIWI domain). RNA silencing is closely related to DNA si-
lencing. If mRNA is silenced pretranslationally, this ultimately also leads to the
recruitment of DNA and histone methyl transferases.

The differentiation of immune cells always originates from bone marrow he-
matopoietic stem cells and is regulated by a typical miRNA profile. Individ-
ual immune cell lineages express characteristic 5'-miRNA designated by spe-
cific nomenclature numbers. For example, T- and B-lymphocytes both express
miRNA-223. Then, miRNA-150, which coregulates the cell maturation process,
dominates in maturing lymphocytes. Disturbances of this miRNA-regulated cell
differentiation can lead to single dysfunctions up to lymphoid cancer cells.

RNAI
mRNA silencing

excessive
excessive syntheses
gene silencing of interfering
RNA fragments

silencing of epigenic- vicious circle  RNAi genesl/introns

relevant enzyme genes with autohybridizable
nucleotid sequences
missing of
epigenetic-relevant missing gene silencing
enzymes
DNA methylation

histone deacetylation/methylation
unphysiological gene silencing

- missing substrate
- inhibition of the DNMT and HMT
- activation of the HDAc

O Fig.7.12 Pathological regulatory coupling of epigenetic and RNAi-dependent gene silencing: In-
hibition of gene silencing by DNA/histone modifications results in miRNA genes becoming unphysi-
ologically expressible, which in turn can inactivate key enzyme genes involved in DNA gene silencing.
The then missing epigenetic regulatory enzymes enable activation of additional miRNA genes. DNA:
deoxyribonucleic acid, DNMT: DNA methyl transferase, HDAC: histone deacetylase, HMT: histone
methyl transferase, RNA: ribonucleic acid, RNAi: RNA interference
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o Food components do not directly affect miRNA generation by RISC. Rather, di-
et-induced inhibition of epigenetic gene silencing of RNAi-coding sequences may
lead to overexpression of miRNA genes.

If gene silencing by DNA and histone modifications interferes with RNAi-medi-
ated regulatory mechanisms, this can lead to a pathological derailment of gene
expression (B Fig. 7.12). Insufficient gene silencing at the DNA/histone level, due
to substrate deficiency or otherwise nutrient-induced inhibition of DNMTs and
HDAC:S, or activation of HMTs, respectively, allows non-physiological expression
of miRNA genes. This miRNA then inhibits the expression of genes of epigenet-
ically active enzymes, ultimately causing further non-physiological miRNA gene
silencing. Such a self-reinforcing loop leads to a vicious circle with fatal effects on
cell and tissue differentiation. Thus, nutritional status codetermines the expres-
sion of specific miRNA profiles. Diagnostically, these expression patterns could
be useful as biomarkers of nutritional status. Interestingly, foods can also induce
miRNA generation via transcription factors. PUFAs, for example, affect the ex-
pression of miRNA-27b by epithelial cells or adipocytes via PPARs, which is in-
volved in pathophysiological processes of chronic inflammation. The expression
of miRNA-146a-5p, which is involved, among other things, in the expression reg-
ulation of the LOX-5 gene and thus codetermines the expression of immunoreg-
ulatory lipid mediators (see also » Sect. 6.2.2), also appears to be influenced by
various PUFAs. Increasingly, it is becoming clear that RNAI regulation of gene
expression is relevant in various pathogeneses. Adequate supply of food compo-
nents for physiologically correct gene silencing is therefore essential for a func-
tional immune system.

7.5 Pathophysiological Consequences of Nutritional Epigenetic
Expression Regulation of NF-kB-Dependent Genes

Complex clinical pictures with misdirected, exuberant inflammatory reactions,
such as chronic asthma, diabetes type 2, or rheumatoid arthritis, are often associ-
ated with an unphysiologically high expression of NF-kB-dependent, proinflam-
matory genes. Causally, direct activation mechanisms of the transcription factor
or associated regulations are often pathologically altered. The expression poten-
tial of NF-kB-controlled genes is epigenetically regulated. If the relevant regu-
latory elements are structurally modified, this may cause hyperexpression of af-
fected NF-«kB target genes. The number of CpG motifs on the NF-kB promoter
region, for example, directly determines the efficiency of gene silencing by DNA
methylation. Also, the number of acetylatable and methylatable terminal lysine
and arginine residues of histones influences the silencing of NF-kB-dependent
gene information within heterochromatin. Chromatin mutations, nucleotide mu-
tations, or epimutations may thus be responsible for epigenetic misregulation of
NF-kB genes.
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B Fig.7.13  Pathophysiological consequences of nutritional epigenetic regulation of NF-kB-dependent
gene expression: The transcription factor NF-kB initially exists inactive in the cytosol bound to the I-xB
protein. When this protein is phosphorylated by the IKK complex, it can bind recognition elements in
the promoter region of NF-kB genes and induce gene expression together with enhancer factors. Both
NF-«B gene expression and IKK complex genes are epigenetically regulated and thus can be influenced
with food components. I-kB protein: inhibitory kB protein, IKK: inhibitor of nuclear factor kappa-B
kinases, NF-kB: nuclear factor kappa-light-chain-enhancer of activated B-cells, NM: nuclear membrane

An unphysiological nutritional status, combined with metabolic-related oxida-
tive stress, may be another crucial factor in the dysfunction of epigenetic regula-
tory mechanisms of NF-kB-dependent gene expression (see also Sects. 5.3.1 and
3.5). NF-«B activity depends on various kinases of the IKK complex, other tran-
scriptional activators, and other enhancing factors (B Fig. 7.13). The transcrip-
tion factor NF-kB initially exists bound to the I-kB protein in an inactive state in
the cytosol. When this protein is phosphorylated by the IKK complex, it can bind
to recognition elements of NF-kB genes and, together with enhancer factors, in-
duce expression of the gene information. The expression of these proteins is sub-
ject to epigenetic regulation. For example, DNA methylations of I-kB protein or
IKK complex gene promoters represent an effective regulatory level of NF-kB
gene expression, which is discussed as a transcriptional memory in periodically
recurring inflammatory responses.

o Both structural and metabolic epigenetic dysregulations of NF-kB gene expression
can be counteracted by supplementation with functional food components.

For example, the isoflavonoid genistein from soybean appears to support silenc-
ing of several NF-kB-regulated genes with high inflammatory capacity through
reduced H3 histone phosphoacetylation and concomitant enhanced DNA meth-
ylation of the promoter regions. The resulting epigenetic regulatory circuits for
the expression of NF-kB-regulated proinflammatory genes may provide new op-
portunities for preventive and therapeutic-dietary interventions in chronic inflam-
matory responses.
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Excursus VII: Ethical Aspects of Epigenetics in Dietetics

When Griffith and Mahler in 1969 iden-
tified DNA methylations as an impor-
tant additional function of informa-
tion storage, the idea of DNA as the
sole carrier of all life information was
still uncontroversial. With regard to the
transmission of traits from one gener-
ation to the next, the individual, physi-
cal situation was left out. Later, in the
mid-1970s, Clinton R. Dawkins, in his
provocative book The Selfish Gene, even
stylized the DNA molecule as the actu-
ally relevant life form and disparaged
the body merely as its vehicle. Today's
realization that one's own actions and
experiences are manifested in a plasti-
cally modulating way by DNA methyl-
ation and histone modifications brings
the body and DNA together again in
the inheritance processes.
Inheritance of formative envi-
ronmental information occurs either
through prenatal and postnatal pro-
gramming or through transgenerational
transmission of gene silencing patterns.
David J. P. Barker was one of the first
to make prenatal influences partly re-
sponsible for diseases in later life. Rel-
evant deficiencies or excesses in a per-
son's diet can shape metabolic regula-
tion in utero as well as early in life. In
gestational diabetes of the mother, for
example, whereby the fetus must hy-
perexpress insulin to compensate for
the maternal deficiency, the unphysio-
logically high rate of insulin synthesis
in the child is later retained in its meta-
bolic regulations. Cholesterol deficiency
in early childhood then leads to an in-
creased risk of hypercholesterolemia
later, because endogenous synthesis of
liver cholesterol is not downregulated.
This pre- and postnatal metabolic pro-
gramming basically converts deficien-

cies into hyperregulated metabolic pro-
cesses within certain time windows and
vice versa.

Imprinting by dietary habits can also
be inherited transgenerationally epigenet-
ically. When male and female germ cells
are combined to form a new genome,
parental gene silencing patterns can be
maintained during recombination. DNA
methylation patterns, for example, that
are reprogrammed after fertilization are
always phenotypically visible if they are
symmetrically present in the maternal
and paternal portions or if the relevant
trait and its silencing are encoded by only
one parental portion at a time.

Immune competence, such as the
propensity to autoimmune or allergic
overreactions or certain immunodefi-
ciencies, is influenced by nutrition. Sev-
eral animal studies suggest that the pa-
rental nutritional situation may contrib-
ute to the immune functionality of the
offspring. For example, dietary restric-
tion of essential methylation factors,
such as folate, cobalamin, and methio-
nine, in dams during the periconcep-
tional period appears to modify off-
spring immunocompetence. Even folate
supplementation of offspring after
weaning appears to modify their sus-
ceptibility to disease later in life. Con-
sidering the possibility of epigenetic in-
heritance of these imprints, one has to
face the realization that with one's per-
sonal nutritional habits one is not only
responsible for one's own health, but
also for the functionality of the immune
system of future generations. This re-
sults in new impulses for food develop-
ment. For accompanying food applica-
tions and supplements of the pre- and
periconceptional phase and for preg-
nancy itself, claims to a healthy immune
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system for the expectant life can be in-
teresting. Prevention strategies for new-
borns against diseases caused by dys-
regulated immune defenses may also
be useful by incorporating epigenetic
mechanisms into the design of baby
and crawling foods. However, it has to
be considered that for the conception

of such products, time-consuming and
costly studies are necessary on the one
hand, and on the other hand, it is cer-
tainly a challenge to convince consum-
ers to contribute something to the im-
mune health of the following gener-
ations with nutrition and to spend
money for it.
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Appendix

Food components with immune-functional properties

Component

Adenosylco-
balamin

Allicin (Alliin)

Arginine

Aspalathin

Aspartic acid

Astaxanthin

Ascorbic acid

Avenanthr-
amide

Barley-p-Glu-
can

Betaine

Substance class

Vitamin B,

Diallyl disulfide

Amino acid

Flavonoid

Sulfurous carbox-
ylic acid

Xanthophyll
Carotenoid

Vitamin C
(all derivatives)

Phenolic alkaloid

B-Glucan

Quaternary ammo-
nium compound

Occurrence

Mackerel
Beef liver

Leeks

— Wild garlic
— Garlic

— Onion

Peanut
Pumpkin seeds
Soybean

Green rooibos

Garden asparagus

Blueberry
Krill
Salmon
Seaweed

Rosehip

Honey

Parsley

Sea buckthorn berry

Oats

Barley

Crabs
Mussel
Red beet

Function

— Cofactor of epigenetic
gene silencing: methylation
reaction

— Cofactor of lymphocyte
proliferation

— Antimicrobial effect

— Anti-inflammatory effect:
inhibits NF-kB-dependent
gene expression

— Affects eicosanoid syn-

thesis: inhibits oxygenase
activity
Influences  epigenetic

gene silencing by histone
deacetylation

Strengthens the oxidative
defense reaction: substrate
of inducible nitric oxide
synthase

Antimicrobial effect

Antimicrobial effect

Antioxidant

— Antimicrobial effect
— Antioxidant

Anti-inflammatory effect:
inhibits NF-kB-dependent
gene expression

Modifies the activation of
the complement system: in-
teracts with C-reactive pro-
tein

Antioxidant
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Component

Biotin

Calcitonin

Calcium

Capsaicin

Capsanthin
Capsorubin

L(-)-carnitine

Carvacrol

Casein  glyco-
peptides

Cathelicidin
Chamzulen

Chicory acid

Chlorogenic
acid

Cholesterol
Dehydroepian-
dro-sterol

Substance class

Vitamin B,

Peptide hormone

Trace element:
Bivalent alkaline
earth metal ion

Alkaloid

Carotenoid
Xanthophyll

Carboxylic  acid
from lysine and
methionine

Terpene

Glycopeptides

Tonic peptides
Terpene

Phenylpropanoid

Phenolic  carbox-
ylic acid complex

Sterol
Cholesterol degra-
dation product

Occurrence

Dry yeast
Beef liver

Colostrum
Milk

Broccoli
Kale
Milk

Paprika

Egg
Meat
Milk

Savory
Oregano
Thyme

Milk

Egg white
Chamomile

Chicory

Honey
Coffee
Potato

Egg
Herring
Liver
Milk
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Function

— Cofactor for epithelial
barrier formation

— Cofactor of lymphocyte
proliferation

Regulates the proliferation,
differentiation and function
of immune cells

— Influences the synthesis
of eicosanoids

— Influences epigenetic gene
silencing by DNA methyla-
tion

Anti-inflammatory  effect:
inhibits NF-kB-dependent
gene expression

Antioxidant

Part of the energy-provid-
ing carnitine acyl trans-
ferase system: semi-essen-
tial for the formation of
immune cells

Antimicrobial effect

Blocks microbial adhesion

Antimicrobial effect
Antimicrobial effect

Enhances the cellular func-
tion of phagocytes

— Antimicrobial effect

— Antioxidant

— Influences the composi-
tion of the gut microbiome

— Anti-inflammatory effect
— Influences the function of
cell membrane-associated
immune receptors

— Essential cell membrane
component
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Component

Cholecalciferol

Choline

Cinnamalde-
hyde

Cinnamalde-
hyde

Citrulline

Caffeic acid

Caffeine

Concanava-
lin A

Curcumin

Cyanidin

Cysteine

Substance class

Vitamin D,
Secosteroid  hor-
mone

Quaternary ammo-
nium compound

Flavonoid

Phenylpropanoid

Non-proteinogenic
amino acid

Hydroxycinnamic
acid

Xanthine

Lectin

Polyphenol

Anthocyanin
Flavan-3-ol

Amino acid

Occurrence

Avocado

Egg

Liver

Dairy products
Sea fish

Edible mushrooms

Cauliflower

Egg
Beef liver

Cinnamon

Cinnamon

Cucumber
Watermelon

Honey
Coffee

Coffee
Tea

Jack bean

Ginger root
Turmeric root
Saffron

Broccoli
Red cabbage

Lamb
Soybean
Walnut

Function

— Influences the synthesis
of eicosanoids

— Essential for the function
of the complement system
— Transcription factor li-
gand for immune-related
genes for the development
of immune tolerance

Essential factor of epi-
genetic gene silencing by
methylations

Anti-inflammatory  effect:
PPAR transcription factor
ligand

Antimicrobial effect

Strengthens the oxidative
defense reaction: substrate
of inducible nitric oxide
synthase

— Antimicrobial effect

— Antioxidant

— Influences the composi-
tion of the gut microbiome

— Influences epigenetic gene
silencing

Inhibits  phosphodiester-
ases and thus influences
cAMP-dependent phos-
phokinase signaling cas-
cades

Inactivates the complement
system: inhibits C1 and C2

— Antioxidant

— Anti-inflammatory effect:
inhibits NF-kB-dependent
gene expression

— Influences epigenetic gene
silencing: methylation reac-
tion

Antioxidant

— Essential factor of glu-
tathione synthesis
— Essential factor in lipid
mediator synthesis
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Component

Defensin

Epigallocate-
chin gallate

Ergocalciferol

Ellagic acid

Ellagitannin

B-Eudesmol

Eugenol

Ferulic acid

Folic acid

Fucoidan

Galacto-oligo-
saccharides

Galectin

Gallotannin

Gallic acid

Substance class

Tonic peptides

Catechin
(Flavan-3-ol)

Vitamin D,
Secosteroid  hor-
mone

Benzoic acid

Tannin
Sesquiterpenoid al-
cohol
Phenylpropanoid

Hydroxycinnamic
acid

Vitamin B, /B,

Polyfucose

Oligosaccharide

Lectins
Tannin

Hydroxybenzoic
acid

Occurrence
Egg white
Milk

Green tea

Yeast
Edible mushrooms

Strawberry

Strawberry
Raspberry

Ginger root

Clove

Barley malt
Honey
Coffee
Wheat malt

Beans
Wheat germ

Brown algae
— Giant kelp
— Seaweed

Algae
Beans
Breast milk

Meat
Milk
Hops
Tea
Honey

Coffee
Tea
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Function

Antimicrobial effect

— Antimicrobial effect

— Antioxidant

— Influences epigenetic gene
silencing: DNA methyla-
tion

— Influences the synthesis
of eicosanoids

— Essential for the function
of the complement system
— Transcription factor li-
gand for immune-related
genes for the development
of immune tolerance

Antimicrobial effect

Antimicrobial effect

Antimicrobial effect

Antimicrobial effect

— Antimicrobial effect

— Antioxidant

— Influences the composi-
tion of the gut microbiome

— Essential factor of epige-
netic gene silencing: meth-
ylation reaction

— Cofactor of lymphocyte
proliferation

Blocks Sialyl-Lewis* -lectin
binding

— Influences the composi-
tion of the gut microbiome
— Modifies the functional
polarization of the adaptive
defense response

Interacts with the comple-
ment system

Antimicrobial effect

— Antimicrobial effect

— Antioxidant

— Influences the composi-
tion of the gut microbiome
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Component

Genistein

Gingerol

Glucose-B-thi-
oglycosides

Gluconic acid

Glutamic acid

Glycyrrhizin

Immunoglob-
ulins

Inulin

Jacalin

Kaempferol

long-chain pol-
yunsaturated
fatty acids

Lactobionic
acid

Lactoferrin/
Lactoferricin/
Kaliocin

Substance class

Isoflavonoid
Phytoestrogen

6-Gingerol

Mustard oil glyco-
sinolates

Sugar acid

Amino acid

Saponin

Globular proteins

Fructo-oligosac-
charide

Lectin

Flavonoid

Fatty acids

Sugar acid

Ionic peptide

Occurrence

Soybean

Ginger root

Horseradish
Mustard

Honey

Cheese
Sea fish
Walnut

Licorice
Colostrum
Egg white (IgY)

Artichoke
Chicory
Jerusalem artichoke

Jackfruit tree

Kale

Krill oil
Microbial oils
Vegetable oils
Sea fish oils

Honey

Colostrum
Egg white
Milk

Function

— Gene expression inhibitor
for glycosaminoglycan lec-
tin ligands

— Influences epigenetic gene
silencing: DNA methyla-
tion and histone deacetyl-
ation

Anti-inflammatory effect:
inhibits the induction of
iNOX

Antimicrobial effect: mucus
penetrating effect

Antimicrobial effect

— Determining cell prolifer-
ation factor: improves the
intestinal barrier, supports
the clonal defense phase

— Essential factor of glu-
tathione synthesis

Antimicrobial effect

Specifically bind antigen
epitopes

— Influences the composi-
tion of the gut microbiome

— Modifies the functional
polarization of the adaptive
defense response

Activates the complement
system: inhibits the CI es-
terase inhibitor

Affects eicosanoid synthe-
sis: inhibits oxygenase ac-
tivity

— Inductive ligand for
PPAR target genes

— Essential cell membrane
component

— PPAR transcription fac-
tor ligand

— Metabolic precursors of
eicosanoids

Antimicrobial effect

Antimicrobial effect
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Component
Lantibiotica

Lectins

Lutein

Luteolin

Lycopene

Lysozyme

Magnesium

Maltobionic
acid

Manganese

Menaquinone

Methionine

Myricetin

Nicotinic acid

Oleoylethanol-
amide

Ovotransferrin

Parathormone

Substance class
Tonic peptides

Glycoproteins

Carotenoid
Xanthophyll

Flavone
Carotenoid
Tetraterpene

B-Glycosidase

Trace element:
Bivalent alkaline
earth metal ion

Sugar acid

Trace element:
divalent transition
metal ion

Vitamin K,

Amino acid

Flavonoid

Vitamin B,

Fatty acid amide

Tonic peptide

Peptide hormone

Occurrence
Lactic acid bacteria

Cereals
Legumes
Potato
Tomato

Kale
Spinach
Broccoli
Carrots

Tomato

Egg white
Milk
Pumpkin seeds

Almonds
Spinach

Honey

Cereals
Nuts
Seashells
Spinach

Bacteria
Milk
Dairy products

Poultry
Cheese
Lamb
Nuts

Berries
Nuts
Grapes

Turkey meat
Peanuts
Liver

Vegetable and animal
fats

Egg white

Colostrum
Milk
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Function
Antimicrobial effect

— Antimicrobial effect
— Modify the function of
the Complement system

Antioxidant

Anti-inflammatory effect:
inhibits LOX-5 activity

Antioxidant

Antimicrobial effect

Influences the synthesis of
eicosanoids

Antimicrobial effect

— Influences epigenetic gene
silencing: DNA methyla-
tion
— Synthesis cofactor for gly-
cosaminoglycan-lectin  lig-
ands

Essential factor of cell pro-
liferation

Metabolic intermediate of
epigenetic gene silencing:
methylation reaction

— Antimicrobial effect
— Anti-inflammatory effect:
inhibits oxygenase activity

Cofactor of
proliferation

lymphocyte

Modifies defense responses:
inductive ligand for PPAR
target genes

Antimicrobial effect

Regulates the proliferation,
differentiation and function
of immune cells
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Component

Pachyman

Palmitoyletha-
nol-amide

Phosphatidyl-
choline  (leci-
thin)

Hexadecylac-
elaoyl  phos-
phatidylcholine

Phytanic acid

Prebiotics

Pectin

Probiotics

Pustulan

Pyridoxine
Pyridoxal Pyri-
doxamine

Quercentin

Resveratrol

Substance class

B-Glucan

Fatty acid amide

Phospholipid
Oxidized lecithin

Chlorophyll degra-
dation product

Fructans
Galactane
Glucans
N-Glucans
Xylane

Sugar alcohols

Galacturonic acid

polymer

Bacteria
Yeasts

B-Glucan

Vitamin B

Flavonoid

Stilbenoid

Occurrence

Poria cocos mycelia

Vegetable and animal

fats

Egg
Meat
Milk

Milk
Beef

Chicory

Fruit pectins
Cereals

Yeast

Edible mushrooms

Apple
Carrots
Lemon

Dairy products
Fermentate

Lasallia pustulata

Poultry meat
Nuts
Beef

Apple
Broccoli
Blueberry
Capers
Onion

Red currant

Function

Activates the complement
system

Modifies defense responses:
inductive ligand for PPAR
target genes

— Essential cell membrane

component

— Modifies defense re-
sponses: inductive ligand
for PPAR target genes

Modifies defense responses:
inductive ligand for PPAR
target genes

— Influences the composi-
tion of the gut microbiome
— Blocks microbial adhe-
sion

— Stimulates the immune
defense

Blocks microbial adhesion

— Influences the composi-
tion of the gut microbiome
— Stimulates the immune
defense

Activates the complement
system

— Influences the synthesis
of eicosanoids

— Cofactor of epigenetic
gene silencing: methylation
reaction

— Antimicrobial effect

— Antioxidant

— Influences epigenetic gene
silencing

— Has an anti-inflammatory
effect: reduces gene expres-
sion and the enzyme activ-
ity of cyclooxygenase 2

— Antioxidant

— Influences epigenetic gene
silencing: histone deacetyl-
ation
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Component

Retinol
Retinal
Retinoic acid

Retinyl palmi-

tate

Riboflavin

Saccharides
— Fucosylated
— Sialysed

Safrole

Saponins

Selenium

Shogaol

Sphingomyelin

Sulfuraphane

Theophylline

Thiamine

Substance class

Vitamin A Group

Vitamin B,

Oligosaccharides

Phenylpropanoid

Steroid Saponins
Steroidal alkaloid
saponins
Triterpene sapon-
ins

Chalcogen

6-Shogaol

Aminophospho-
lipid

Isothiocynate

Xanthine

Vitamin B,

Occurrence

Kale

Carrot
Spinach
Sweet potato

Milk
Beef liver

Egg
Milk

Laurel
Leaf pepper

Potato
Soybean
Tomato

Poultry meat
Brazil nut
Beef

Sea fish
Spinach

Ginger root

Buttermilk
Egg lecithin
Soy lecithin

Broccoli

Tea

Beans
Fish

Meat
Asparagus
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Function

— Essential metabolic factor
for the formation of the im-
munological barrier

— Modifies defense re-
sponses: essential factor
for the expression of PPAR
target genes

— Supports retinoid synthe-
sis for the induction of im-
mune tolerance

— Cofactor of epigenetic
gene silencing: methylation
reaction

— Cofactor of lymphocyte
proliferation

Blocks microbial adhesion

Antimicrobial effect

Anti-inflammatory  effect:
blocks TLR-2 and -4

Oxidation protection: es-
sential factor of the glu-
tathione peroxidase system

Anti-inflammatory effect:
inhibits the induction of
iNOX

— Influences the function of
associated receptors

— Essential cell membrane
component

Influences epigenetic gene
silencing: histone deacetyl-
ation

Influences epigenetic gene
silencing: histone deacetyl-
ation

Cofactor of lymphocyte
proliferation
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Component
Thymol
Tocopherol

Vanillin

Xanthohumol

Xylo-oligosac-
charides

Zeaxanthin

Zingiberene

Zinc

Substance class
Terpene

Vitamin E
(all tocopherols
and tocotrienols)

Benzaldehyde de-
rivative

Polyhydroxyphenol

Oligosaccharide

Xanthophyll
Carotenoid

Monocyclic sesqui-
terpene

Trace element:
Divalent metal ion
Transition metal

Occurrence
Thyme

Avocado
Blueberry
Currant

Nuts
Vegetable oils

Vanilla spice
Coffee

Hops

Part of vegetable fib-
ers

Egg yolk
Corn kernels
Spinach

Ginger root

Pumpkin seeds
Lamb
Milk

Differentiation cluster cluster of differentiation

Number

CDI1 a-d (e)

CD3

CDh4

Expressing cells

Antigen-presenting cells

— B-lymphocyte
— Denderitic cell
— Macrophage

T-lymphocyte

T-lymphocyte

Function
Antimicrobial effect

Antioxidant

— Antimicrobial effect

— Antioxidant

— Influences the composi-
tion of the gut microbiome

Antimicrobial effect

— Influences the composi-
tion of the gut microbiome
— Modifies the functional
polarization of the adaptive
defense response

Antioxidant

Anti-inflammatory  effect:
inhibits the expression of
pro-inflammatory iNOS

— Influences the polarization
of the T-lymphocyte help

— Influences the synthesis of
eicosanoids

— Essential factor of epige-
netic gene silencing: histone
deacetylation

— Essential cell proliferation
factor: improves the intesti-
nal barrier and supports the
clonal defense phase

Function

MHC type I structural analog an-

tigen presentation molecule: pres-
entation of exo- and endogenous li-
pid antigens

Binds as part of the TCR to anti-
gen-MHC complexes

Binds to MHC type II: mediation
of the T-lymphocyte help
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Number

CD8

CDll1b
(CDlla, ¢)

CD14

CD15s

CDl16a

CD16b

CD18

CD21

CD23

CD25

CD28

Expressing cells

Cytotoxic
T-lymphocyte

Dendritic cell
Granulocytes
Macrophage

Granulocytes
Macrophages

Granulocytes

Macrophage
NK cell
Cytotoxic T-lymphocyte

Eosinophil and neutrophil granulo-
cytes

Macrophage
Granulocytes
NK cell

B- and T-lymphocytes
Dendritic cell

B-lymphocyte
Granulocytes
Mast cell

B- and T-lymphocytes
Macrophage
NK cell

T-lymphocyte
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Function

Binds to MHC type I: mediation of
the cytotoxic defense reaction

a-Integrin: binds CD56

— With CD18 (CD11b) part of the
complement receptor C3R

— With CD18 (CDllc) part of the
complement receptor C4R

Binds bacterial fatty acids and
peptidoglycans and together with
TLR4 and MD-2 forms the lipopol-
ysaccharide receptor

Sialyl-Lewis*
structure

— Mediates receptor-ligand binding
— Blood group antigen

-glycosaminoglycan

— Immunoglobulin Fc receptor
FcyRIllo binds to the Fc region
of immunoglobulin G and is in-
volved in immunoglobulin-depend-
ent phagocytosis and cell-mediated
cytotoxicity

— Together with CD56 it is a marker
for NK cells

Immunoglobulin Fc receptor FcyRI
binds to the Fc region of immuno-
globulin E

B-2-integrin

— With CD11a (LFA-1) binds to ad-
hesion molecules ICAM 1-4

— With CD11b part of the comple-
ment receptor C3R

— With CDllc part of the comple-
ment receptor C4R

— Complement receptor CR2 for
C3d
— Coactivation signal for B-lympho-
cytes
Immunoglobulin ~ Fc  receptor

FceRIIIB: binds to the Fe region of
immunoglobulin G

IL-2a receptor: constitutively ex-
pressed on regulatory T-lympho-
cytes

Binds CD80 and CD86 within the
antigen-specific activation process
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Number

CD31

CD32

CD35

CD40

CD45

CD46

CD55

CD56

CD59

CD62

CDo4

CD71

CD80

CD86

CD89

Expressing cells

Endothelial cells
Neutrophil granulocyte
NK cell

B-lymphocyte
Dendritic cell
Macrophage
NK cell

Antigen presenting cells
B- and T-lymphocytes
Granulocytes

Antigen presenting cells

All leukocytes

All leukocytes

All leukocytes

NK cell
NKT lymphocyte
Cytotoxic T-lymphocytes

Monocytes

Endothelial cells (CD62E and P)
Neutrophil granulocyte (CD62L)

B-lymphocyte
Dendritic cell
Macrophage
NK cell

All proliferating blood cells

Antigen presenting cells

Antigen presenting cells

Dendritic cell
Macrophage

Function

PECAM-1 (platelet endothelial cell
adhesion molecule): mediates dia-
pedesis of immune cells from vessels
into peripheral tissues

Immunoglobulin Fc receptor FcyR
IT binds to the Fc region of immu-
noglobulin G

Complement receptor CR1 for C3b/
C4b

Costimulatory signal: binds to
CD154 within the antigen-specific
activation process

Tyrosine phosphatase: essential in
the signal transduction of B- and
T-lymphocytes

Membrane cofactor protein: C3b,
C4b complement system inhibitor

Accelerating factor: C3b/C3 conver-
tase complement system inhibitor

— Neural cell adhesion molecule
— Pathogen recognition receptor

Protectin D, has a cell-protective ef-
fect: blocks the apoptosis-inducing
caspase signaling cascade

Selectins (E, L, P): mediate intercel-
lular adhesion

Immunoglobulin Fc receptor FcyRI
binds to the Fc region of immuno-
globulin G

Transferrin receptor: mediates cell
uptake of transferrin-bound iron by
endocytosis

Costimulatory signal: binds to
CD28 within the antigen-specific
activation process

Costimulatory signal: binds to
CD28 within the antigen-specific
activation process

Immunoglobulin Fc receptor FcaR
binds to the Fc region of immuno-
globulins A and M
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Number

CDY%

CD95

CD127

CD152

CD154

CD161

CD178

CD3s51

Expressing cells
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Function

NK cell Natural killer cell antigen: recog-

Cytotoxic T-lymphocyte nizes HLA-E (MHC Ib) molecules

B- and T-lymphocytes FAS receptor: induces apopto-

Different cell types sis of target cell upon binding with
CD178

B- and T-lymphocytes

T-lymphocyte

NK cell
T-lymphocyte

NK cell

Th,; -lymphocyte
B- and T-lymphocytes

NK cell

B-lymphocyte
Dendritic cell

Lamina propria cells

Macrophage
Paneth cell

Interleukin-7 receptor

Cytotoxic  T-lymphocyte-associated
proteind

Binds to CD40 within the anti-
gen-specific activation process

Mediates cellular cytotoxicity

FAS ligand: induces apoptosis of
target cell upon binding with CD95

Immunoglobulin Fc receptor FcpuR
binds to the Fc region of immuno-
globulins A and M

Signaling network: cytokines and chemokines

Cytokine
IL-1a, -8

IL-2
IL-4

IL-5

IL-6

IL-7
IL-9
IL-10

IL-12

IL-13

IL-15

Expressing cells

Epithelial cell
Macrophage

T-lymphocyte

Mast cell
Th,-lymphocyte

Mast cell
Th,-lymphocyte

Macrophage
T-lymphocyte

Lymphocytes
Th, -lymphocyte

Dendritic cell
Macrophage
T-lymphocyte
B-lymphocyte
Dendritic cell
Macrophage

T-lymphocyte

Leukocytes

Function

Activation of macrophages and T-lymphocytes

Essential growth factor for CD4" -helper lymphocytes

Suppression of Th, -help, activation of B-lymphocytes,
IgE class switch

Differentiation factor for eosinophil granulocytes
Differentiation factor for lymphocytes

Growth factor for lymphocyte progenitor cells
Stimulation of Th,-help

Mediates immune tolerance, suppression of lymphocyte
and macrophage functions

Activation of Th, -help, activation of NK cells

Suppression of Th, -help, activation of B-lymphocytes,
IgE class switch

Growth factor for CD4* -T helper lymphocytes
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Cytokine Expressing cells Function
IL-17 Th,, -lymphocyte Recruitment of neutrophil granulocytes, activation of
B-lymphocytes
IL-18 Macrophage Induces INFy secretion in T-lymphocytes and NK cells
IL-21 Th,; -lymphocyte Induces proliferation of T-lymphocytes and NK cells
IL-22 Th,,-lymphocyte Activation of macrophages and neutrophil granulocytes
IL-23 Denderitic cell Stimulates proliferation of Th,, lymphocytes
IL-27 Denderitic cell Differentiation factor for T, lymphocytes
Macrophage
IL-35 Tre‘g -lymphocytes Immunosuppressive factor
GM-CSF  Macrophage Macrophage colony-stimulating factor: differentiation
T-lymphocyte factor for dendritic cells
IFNy Macrophage Interferon: activation of macrophages and B-lympho-
NK cell cytes, IgG class switch
T-lymphocyte
M-CSF T-lymphocyte Macrophage colony-stimulating factor: growth and dif-
ferentiation factor for monocytic cells
TGFB Dendritic cell Transforming growth factor: mediates immune toler-
T-lymphocyte ance, suppression of lymphocyte and macrophage func-
tions, IgA class switch
TNFa Macrophage Tumor necrosis factor: activation factor of a cellular-cy-
NK cell totoxic defense reaction
T-lymphocyte
Chemokine Expressing cell Receptor Target cell
CCL-1 Adipocyte CCR-8 Macrophage
B- and T-lymphocytes Monocytes
Dendritic cell
NK cell
CCL-2 Adipocyte CCR-2 Monocytes
Dendritic cell CCR-4
T-lymphocyte memory cell
CCL-3 Adipocyte CCR-1 Granulocytes
Dendritic cell CCR-4
Macrophage CCR-5
CCL-5 Adipocyte CCR-1 Granulocytes
Dendritic cell CCR-3 NK cell
Macrophage CCR-5 T-lymphocyte
CCL-18 Stromal cells in lymphoid follicles CCRS B- and T-lymphocytes

Dendritic cell Indifferent  dendritic

Macrophage cell
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Chemokine
CCL-19
CCL-21

CXCL-1

CXCL-2
CXCL-3

CXCL-7

CXCL-8

CXCL-12

CXCL-13
CXCL-14

Expressing cell

Stromal cells in lymphoid folli-
cles, spleen and thymus

Epithelial cell
Macrophage
Neutrophil granulocyte

Macrophage
Neutrophil granulocyte
Platelet

Endothelial cell
Epithelial cell

Stromal cells in lymphoid folli-
cles, spleen, and thymus

Receptor
CCR-7

CXCR-2

CXCR-1
CXCR-2

CXCR-4
CXCR-7

CXCR-5
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Target cell

B- and T-lymphocytes
Dendritic cell
NK cell

Neutrophil granulocyte

Basophilic and neutrophilic
granulocytes
T-lymphocyte

Lymphocytes

Ty, -lymphocytes

B-lymphocyte
Dendritic cell
Macrophage
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Acute phase protein Defense proteins of the early defense phase
Adaptive defense Acquired, antigen-specific defense reaction
Adipocytes Fat cells

Afferent lymphatic vessels Vessel leading to the lymph node
Agglomeration Firmly adherent merger

Allergen Substance triggering hyperreactions of the immune system
Amylase Starch- and glycogen-cleaving gycosidase

Anabolic Restorative metabolism

Anaphylatoxin C3a, C4a, C5a of the complement system mediate anaphylaxis-like
shock reactions

Anaphylaxis Acute allergic reaction affecting several organ systems

Anergy Active inactivation of effector cells

Angina pectoris Seizure-like pain within stenocardia

Anorexia Loss of appetite

Antibody Immunoglobulin

Antibody dependent cellular cytotoxicity Immunoglobulin-mediated cytotoxicity
Antigen An immunoglobulin-associated immune response triggering substance

Antigen-presenting cell Antigen-presenting cell of the adaptive immune defense
system

Antioxidant Protective substance against chemical radicals
Apoptosis Programmed cell death

Appendix vermiformis Appendix associated with caecum
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Ascites Fluid accumulation in the abdominal cavity
Asthma Chronic non-microbial inflammation of the lungs

Atherosclerosis Pathological storage of fats in the inner wall layer of arterial blood
vessels

Atopy Genetically determined allergy tendency

Atrophic Pathologically reduced tissue

Attenuation Regulatory delay of processes

Autocrine Signaling substance acts on the secreting cell

Autoimmune hepatitis Autoimmune inflammation of the liver

Autoimmune thyroiditis Autoimmune inflammation of the thyroid gland
Autoimmunity Immune reaction against the body's own tissue

Basement membrane Boundary membrane of connective tissue

B-cell receptor Cell membrane-bound immunoglobulin from B-lymphocytes
Bioavailability Resorbability of a substance

Brush border Filamentous cell processes of resorptive epithelial cells
Bronchi airways of the lungs

Bronchoconstriction Narrowing of the airways of the lungs

Cadherin Cell-cell adhesion mediating transmembrane glycoproteins
Caecum Appendix

Calcitonin ER lectin, regulation of calcium resorption

Calnexin ER lectin, regulation of calcium resorption

Calreticulin Supports protein structure formation (chaperone, heat-shock protein)
Capsomer Protein structure units of the viral envelope

Caspases Cysteinyl aspartate-specific proteases of apoptosis
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Catabolic Degradative metabolism

Catalase Hydrogen peroxide cleaving enzyme

Cathelicidin Antimicrobial peptide

Cathepsin Lysosomal proteases

Celiac disease Gluten-induced inflammation of the intestine

Cell division cycle Upregulated metabolism of cell proliferation

Cell migration Movement of immune cells between different body compartments
Cellular-cytotoxic reaction Cytotoxic defense reaction

Chaperone Auxiliary protein stabilizing the spatial protein structure
Chemoattractors Immune cell recruiting signaling substances

Chemokines Immune cell recruiting signaling substances

Chlorophyll Plant pigment with photosynthetic function

Chondroclast Cartilage ingesting phagocytes

Chromosome Structurally highly condensed DNA strand

Chylomicron Lipoprotein particles for transport of dietary fats in lymph and blood
Chymotrypsin Pancreatic protein digestive enzyme

Clonal contraction Actively regulated lymphocyte reduction at the end of a defense
reaction

Clonal expansion Explosive multiplication of an activated lymphocyte

Clonal selection Specific activation of an antigen-compatible lymphocyte
Cochrane reviews Comparative evaluation of clinical studies

Coenzyme Molecule non-covalently bound to an enzyme and involved in catalysis
Cofactor Non-protein part of an enzyme involved in catalysis

Colitis Inflammation of the mucous membrane of the colon
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Collages Protein fiber of the connective tissue

Colon Part of large intestine

Colostrum Premilk

Commensals Physiological accompanying microorganism

Complement system Immunoregulatory and antimicrobial protease signaling cas-
cade

C-reactive protein Acute phase protein

Crohn's disease Chronic inflammatory disease of the entire digestive tract
Crypt atrophy Pathological deformation of the intestinal crypts
Crypts Anatomical indentation of the endothelium

Curry Spice mixture containing turmeric and pepper

Cycline Signal proteins controlling the cell division cycle
Cyclooxygenase Fatty acid oxidizing enzyme

Cytokines Signal peptides

Cytokinesis Cell division

Cytoskeleton A fiber and filament system localized in the cytoplasm
Cytosol Cell fluid (protoplasm)

Cytotoxic Specific destruction of cells

Dectin Immune cell activating receptor

Defensine Antimicrobial peptides

Dermatitis Inflammatory reaction of the skin

Dermcidin Antimicrobial peptide in sweat

Desmosomes Adhesive structure connecting cells and tissue
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Destruction-associated molecular pattern Characteristic molecular structure of de-
stroyed tissue

Diabetes mellitus Sugar metabolism disease

Diapedesis Entry of immune cells into inflamed tissue

Dicer RNA fragmenting enzyme

Dimer Connection of two structures

DNA demethylase DNA methyl group removing enzyme
DNA methyltransferase DNA methyl group transferring enzyme
Dysbiosis Microbial miscolonization of the intestine

Eczema Skin inflammation

Edema Water accumulation in tissues

Efferent lymphatic vessels Lymphatic vessels leading away from the lymph node
Efferocytosis Phagocytosis of dead cells

Eicosanoids Signal substance group derived from fatty acids
Ekzanthem Skin rash

Elastase Connective tissue protein digesting enzyme
Emulsion Finely divided mixture of non-miscible liquids
Endocrine Signaling substance acts systemically in the body
Endogenous Located within a system

Endopeptidase Protease cutting within an amino acid chain
Endoplasmic reticulum Nucleus-associated membrane system
Endosome Intracellular membrane vesicle

Endothelium Epithelial end tissue of the intestine

Endotoxin Cell membrane-associated toxin of Gram-negative bacteria
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Enteric nervous system Part of the peripheral nervous system covering the gastro-
intestinal tract

Eosinophil Granulocyte
Eosinophilic cationic protein Acute phase protein

Epigenetics DNA sequence-independent information for the regulation of gene
expression

Epithelium Surface tissue

Epitope Specific molecular structure of an antigen

Exacerbation Deterioration of a disease situation

Exogenous Located outside a system

Exon Information-coding section of a gene

Exopolysaccharides Carbohydrate polymers secreted by lactic acid bacteria
Extrafollicular space Space outside the lymph follicle

Extruder Extrusion press with shaping die

Faeces Feces, excrement

Fatty acid-binding protein Fatty acid-binding protein within cellular fat uptake
Fatty acid translocase Fatty acid transport enzyme within cellular lipid uptake

Fatty acid transporter protein Fatty acid transport protein within cellular lipid up-
take

Fcreceptor Receptor for binding immunoglobulins to the cell surface
Fibroblasts Mesenchymal connective tissue cells

Fibronectin Integrin-binding glycoprotein

Ficoline Elements of the complement system with lectin function

Follicle Primary/secondary, central spatial demarcation within the lymph node

Food allergy Pathological-immunological hyperreaction to food components
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Fucoidan Sulfated polysaccharide

Gap Junction Tissue connecting adhesive structure

Gastrointestinal tract Digestive tract

Gelatinase Gelatin dissolving protease

Gene Protein or RNA structures coding unit of hereditary information
Gene silencing Inactivation mechanisms to inactivate gene expression
Genome Entirety of the hereditary information

Gliadin Storage protein of the wheat grain

Gluconeogenesis New synthesis of glucose

Glucoplastic amino acids Substrates of gluconeogenesis

Glutathione Antioxidant pseudo-tripeptide

Glutathione peroxidase reductase Antioxidant enzyme system

Glycemic index Effect measure of carbohydrate-containing foods on blood glu-
cose levels

Glycocalyx Proteo-oligosaccharide outer layer of endothelial cells
Glycogen Animal carbohydrate storage form

Glycolysis Catabolic glucose utilization for energy production
Glycosidase Carbohydrate polymer-splitting enzyme
Glycosyltransferase Carbohydrate structure-transferring enzyme

Goldberg-Hogness Box DNA-binding sequence (TATA) of the promoter for the
RNA polymerase

Golgi complex Intracellular membrane system
Granules Granular cellular deposits

Granzym Serine protease of the cytotoxic defense reaction
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Guanosine cap Protective structure against nuclease degradation of the mature
mRNA

Gut-brain axis Bidirectional neuronal and endocrine communication link between
the central and enteric nervous systems and the gut microbiome

Health food Food with medical claim

Heat-shock proteins Chaperone

Heterochromatin Nucleotide-protein complex

High endothelial venules Venous blood vessels of the lymphatic organs
Histatin Antimicrobial peptides in sweat

Histone DNA carrier protein structure

Histone acetylase Histone acetic acid transferring enzyme

Histone deacetylase Histone acetic acid removing enzyme

Histone demethylase Histone methyl group-removing enzyme

Histone methyltransferase Histone methyl group transferring enzyme
Homogenization Uniform distribution of non-miscible substance phases
Hormone Endogenous messenger substance that controls metabolism
Humoral response Immunoglobulin-dominated defense reaction
Hydroxylase Hydroxyl group-transferring oxidative enzyme
Hyperglycemia High blood sugar level

Hyperreaction Unphysiological overreaction

Hypertension Hypertension of blood pressure

Hypertriglyceridemia High blood fat level

Hypoallergenic Low allergen

Hyporeaction Unphysiological underreaction
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Hyposensitization Immunotherapy against allergic reactions

lleocecal valve Small and large intestine separating closure valve (Bauhin valve)
lleum Part of the small intestine

Immunogen Immune cell stimulating substance

Immunoglobulin Antibody

Immunoglobulin class change Expression pattern change of plasmablasts from [gM
(D)toIgALE, G

Innate defense reaction Antigen-unspecific defense reactions

Insulin Pancreatic digestive and growth hormone

Integrin Mediate the passage of immune cells from blood vessels into tissues
Intercellular adhesion molecules Cell-surface proteins that mediate cell adhesions
Interdigitating With finger-like protrusions lying between tissue cells
Interfering ribonucleic acid Gene expression regulating RNA oligonucleotides
Interferon Immunostimulatory glycoprotein

Interleukin Signaling peptides of immune cells

Intestinum tenue Small intestine

Interstitial Lying in the interstices of tissue

Intron Non-coding segment of a gene

Jejunum Part of the small intestine

Ketogenesis Metabolic state in a carbohydrate-deficient diet (starvation metabo-
lism)

Kinase Phosphate group transferring enzyme
Kupffer cell Phagocyte of the liver crypts

Kwashiorkor Energy protein deficiency disease
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Lactoferrin Antimicrobial, iron-binding protein

Lamina propria Subepithelial connective tissue layer

Land's cycle Lysophospholipid- within lipid mediator synthesis
Lantibiotics Antimicrobial peptides

Lectin Carbohydrate-binding glycoprotein structure
Leukopenic Blood count with reduced number of leukocytes
Leukotriene Signal substance group derived from fatty acids
Lipase Fat-splitting digestive enzyme

Lipid class change Initiation of downregulation of an inflammatory response by li-
pid mediators

Lipid mediator Signal substance group derived from fatty acids
Lipolysis Hydrolytic lipid cleavage

Lipopolysaccharide Endotoxin of Gram-negative bacteria
Liposome Cell membrane enveloped vesicle

Lipoxins Inflammation-resolving lipid mediators

Lipoxygenase Fatty acid oxidizing enzyme

Luminal Side facing the intestinal lumen, directed upwards
Lymph Body fluid of the lymphatic vessels

Lymph follicle Defined space of the lymph node

Lymph nodes Tissue capsule of lymphatic tissue for initiation of adaptive immune
defense

Lymphocyte function-associated antigens Cell adhesion molecule of immune cell
migration (integrin)

Lysophospholipid Phospholipid with only one attached fatty acid
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Lysosome Intracellular cell membrane vesicle containing antimicrobial substances
and enzymes

Lysozyme Antimicrobial gycosidase

Major basic protein Matrix protein of granules of eosinophilic granulocytes
Major histocompatibility complex Cell-surface molecule for antigen presentation
Malabsorption Unphysiological nutrient absorption in the intestine

Malignant tissue Destructive tumor tissue

Marasmus Energy protein deficiency disease

Maresine Inflammation-resolving lipid mediator

Marginal sinus Morphological delineation of the paracortex in the lymph node
MBL-associated serine proteases Initiation enzyme of the complement system
Medulla Core area of the lymph node

Meiosis Chromosomal reduction division

Metabolic syndrome-X Collective term for metabolic diseases associated with obe-
sity

Microbiome Totality of the microbial colonization of humans
Microfold cell Intestinal barrier antigen transfer cell

Microglia Nervous system associated phagocyte

Microvilli Filiform cell protrusion as part of the brush border
Milk fat globules Milk fat containing biomembrane vesicle
Mincle Immune cell stimulating receptor

Mitogen-activated protein kinases Part of the intracellular MAP kinase signaling
pathway

Mitosis Cell division phase of the cell division cycle

Mucin Structural glycopeptide macromolecules of mucilages



237
Glossary

Mucosa Mucous membrane

Mucus Mucous layer of the mucous membrane

Multiple sclerosis Chronic inflammatory neurological disease
Myeloperoxidase Hypochloride ion-forming lysosomal enzyme

Neutrophil extracellular trap Microorganism immobilizing extracellular DNA net-
work

Nitrogen monoxide synthase Catalyzes nitric oxide formation from L-arginine
Nucleosome A complex of DNA and histones

Nucleus Cell nucleus

Nutraceutical Collective term for a functional food with a medicinal claim
Obesity Overweight

Opsonization Immunological labeling of microorganisms

Osteoclast Multinucleated phagocyte (chondrocyte) destroying bone tissue
Osteocyte Bone cell

Oxidative phosphorylation Part of the aerobic energy metabolism

Pancreas Pancreas organ

Paneth granule cells Glandular cells of the intestinal epithelium

Paracrine Signaling substance acts in the immediate vicinity of the secretory cell
Parathormone Peptide hormone for the regulation of calcium blood levels
Paratop Epitope-binding structure of immunoglobulins

Pathogen Disease-causing microorganism

Pathogen-associated molecular pattern Characteristic molecular structures of path-
ogens

Pathogenesis Disease progression
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Pectin Galacturonic acid polymer

Peptidoglycan Galacturonic acid polymer combined with peptides
Perforin Cell membrane penetrating protein

Peroxidase Peroxide-splitting enzyme

Peyer's plaques Contiguous collection of lymphoid follicles within the intestinal
epithelium

Phagocytosis Endocytotic uptake of material
Phagolysosome Fusion product of phagosome and lysosome

Phagosome Intracellular cell membrane vesicle for endocytotically taken up ma-
terial

Phospholipase Fatty acids from phosphoglyceride-splitting enzyme
Plasmablast Immunoglobulin-producing B-lymphocyte
Platelet activating factor Proinflammatory signal phospholipid
Platelet Thrombocyte

Polyadenylation mRNA modification

Postprandial After eating a meal

Prebiotics Specific carbohydrate fibers

Prismatic Geometrically shaped body cell

Probiotics Food-associated, health-promoting microorganisms
Proliferation Cell multiplication

Promoter Joining site of a gene for RNA polymerase
Prostaglandin Signal substance group derived from fatty acids

Prosthetic group Organic molecule with high affinity or covalently bound to an en-
zyme

Protease Protein-splitting enzyme
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Proteasome Multicatalytic protease located in the cytosol

Protectins Inflammation-resolving lipid mediators

Proteinogenic amino acids Amino acids for protein structure building
Proteolysis Protein hydrolysis (splitting)

Proteome Entirety of protein structures of the body

Protein energy deficiency Malnutrition with different symptoms
Pseudoallergy Incompatibility reaction

Rectum Part of large intestine

Respiratory burst Cellular secretion of oxygen and nitrogen radicals
Ribosome Site of translation of protein biosynthesis

RNA polymerase Generates an mRNA copy of a DNA-encoded gene segment dur-
ing transcription

Rumen Largest forestomach of ruminants

Sarcopenia Reduction of muscle mass in older age

Selectins Cell adhesion mediating glycoproteins

Serosal Side facing the blood vessels

Small intestine Intestinum tenue

Spleen Lymphatic organ of the bloodstream

Spliceosome Protein-mRNA complex, catalyzes the maturation of the mRNA
Stroma cell Tissue cell with supporting and nutritional function

Substrate chain phosphorylation Part of the energy metabolism

Sugar alcohols (alditols) Sugar with reduced aldehyde or keto functional group

Superoxide dismutase Enzyme converting superoxide anions to hydrogen peroxide
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Superoxide radicals Highly reactive oxidizing substances with at least one oxygen
atom

Surfactant Surface active agent of the lung epithelium

Symbiont Smaller organism of symbiosis

Symbiosis Mutually supportive interaction of organisms (symbiont and host)
Synoviocytes Cells forming the synovium (synovial membrane)
Teichoicacid Component of the cell wall of Gram-positive bacteria
Thoracic duct Largest lymphatic vessel

Thrombin Blood clotting factor (Factor I1a)

Thromboxane Lipid mediators derived from fatty acids

Thymus Central lymphatic organ

Tight Junctions Adhesive structure connecting the surface tissue
Tonsils Lymphatic organs of the pharyngeal ring (tonsils)

Transcription Transfer of a DNA gene segment to an mRNA copy by RNA pol-
ymerase

Transcription factor Protein influencing the transcriptional initiation of RNA pol-
ymerase

Transglutaminase Acyl transfer from protein-glutamine to primary amine-catalyz-
ing enzyme

Translation mRNA-dependent peptide synthesis

Transrepression Gene expression inhibition by competitive transcription factor in-
teraction

Trypsin Proteolytic digestive enzyme of the pancreas
Ubiquitin Polypeptide regulating the degradation of proteins
Vagus nerve Widely branched large nerve as part of the parasympathetic nervous

system that bidirectionally connects the gastrointestinal tract, cardiovascular sys-
tem, lungs, and other organ systems with the central nervous system
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Vascular cell adhesion molecules Adhesion molecule for cell-cell interactions
Vasodilation, vascular dilation Vasoconstriction, vascular constriction

Villi Protrusions of the intestinal end tissues

Villous hyperplasia Pathological enlargement of the villi

Whey, casein-free Liquid milk portion

Zona occludens Part of the intestinal barrier

Zonula adherens Part of the intestinal barrier
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