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The poetry of earth is never dead.
John Keats (1795-1821)

Environment (\in-'vi-ro(n)-mont) is a noun that refers to the sum of physical, chemi-
cal, and biological factors that act upon an organism or an ecological community,
but can also refer to all social and cultural conditions that influence the life of an
individual or community. Thus, the environment comprises factors as diverging as
climate, microbes, lifestyle, stress, diet, sun exposure, chemical pollution, and much
more. Ultimately, the environment determines how we can live.

The term “immune system” appeared first in the early twentieth century and
describes the many interacting and specialized body functions that protect from
disease and infections. The immune system has evolved as the response of animals
against bacteria, viruses, and fungi and it is most highly developed in vertebrate
animals. It also serves to detect and eliminate cancer cells and contributes to epithe-
lial integrity, thus protecting our barriers to the environment. Without our immune
system, we cannot survive. Manipulating the immune status by vaccination and
drugs and dietary compounds and supporting immune competence by hygiene mea-
surements have saved countless human lives.

Looking at the interaction and communication of the immune system with the
environment, especially the chemical environment in the broadest sense, is an inter-
disciplinary exercise. In the last decades, research was limited often to niches such
as immunotoxicology and immunopharmacology. This is currently changing. There
is a growing awareness in mainstream immunology that environmental conditions
and environmental factors far beyond infections can influence the immune system.
The influence can strengthen or weaken the immune system, including vaccination
success, or give relevant cues for the adaptive direction an effective immune
response should take.

There is a great need to understand how this communication between the envi-
ronment and the immune system works. In a modern world we must understand
how chemicals and the environment affect health: people suffering from allergies or
autoimmunity, cancer, or immune-related morbidity want answers. Better know-
ledge will open new avenues for preventive or therapeutic strategies, informed
policy decisions, or changes towards a healthier personal lifestyle.
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viii Preface

This book wants to address this need and thus close an important gap. The book
is divided into three parts, which cover human factors such as age, stress and diet,
environmental factors, and important natural and man-made factors (UV light and
chemicals). As a final section, a chapter looks at the gaps and challenges, and at the
human rights perspective and the obligations coming with it. I have invited leading
experts in the field for their contributions, and I am honored and grateful that so
many have taken up the challenge. Thereby the book will serve as an excellent and
up-to-date source of information for scholars from immunology, toxicology, allergy,
and other fields. It will serve both scientists and those who make decisions in the
field of public health to better understand the breadth and importance of understand-
ing the influence of our environment on the immune system and thereby our health.

I am indebted to my current and former colleagues in immunology and toxicol-
ogy for enthusiastic discussion and great science. Finally, I am grateful for the gen-
erous financial support by the Deutsche Forschungsgemeinschaft towards my lab
over the years.

Diisseldorf, Germany Charlotte Esser
July 2015
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1.1 Introduction

The immune system of vertebrate organisms is an organ of enormous complexity (Abbas
etal. 2015; Paul 2013). The immune system is necessary for survival, yet its dysfunction
can lead to great morbidity or even mortality. The immune system enables the organism
to cope with pathogenic microorganisms and their toxins, detect and kill cancer cells, and
contribute to epithelial integrity at the barriers with the environment. These broad func-
tions are reflected in a staggering variety of functionally diverse cell subsets and effector
molecules. Indeed, new immune cell subsets and signaling molecules continue to be dis-
covered, and for nonimmunologists the terminology is often daunting.'

!'Cell surface proteins are often used to name or characterize immune cells. Cell surface proteins
were first distinguished serologically in various laboratories by raising antibodies against immune
cells, and if the same molecule was discovered in parallel, several names existed. Eventually, to
bring order into chaos, the highly useful nomenclature of “clusters of differentiation,” or CD mol-
ecules, was developed. CD molecules are assigned a number in chronological order (Zola et al.
2007). Currently, there are more than 350 CD known. For many CD molecules, the underlying
proteins and their function(s) have been characterized by now.
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The immune system has a number of special characteristics not shared by other
organs. First, the immune system functions via spatial interactions. Thus, immune
cells and lymphoid tissues and organs are found across the entire body (Fig. 1.1).
Many immune cells are migratory and capable to shuttle between tissues, interstitial
tissue fluids, the bloodstream, lymph nodes, and the lymphatics; indeed, many
immune cells circulate continuously. Migration can be either random or guided by
chemokines, which attract cells to a site of inflammation. Meeting points, such as
the lymph nodes, enable different immune cell subsets with different functions to
communicate and interact closely in a coordinate fashion. Second, the immune sys-
tem is characterized by comprehensive adaptability of responses against the insult.
This concerns the participating cell subsets and thus the direction a response may
take (e.g., tailored specifically to the type of pathogen), its intensity, its duration, or
its spread. Usually the immune cells are classified into two big groups, namely, as
belonging to the “innate” or “adaptive” immune system. The latter term is used for
immunity based on the reaction of T and B cells. These cells undergo during their
development a genetic process which results in each cell having a gene coding for a
unique antigen-binding molecule (the antibodies in B cells, the T-cell receptor in T
cells). Soluble antibodies or the surface-bound T-cell receptor recognize molecular
structures (antigens) in the serum or on other cells and mount a humoral (=antibody
based) or cellular immune response accordingly. T cells only recognize peptide
antigens, whereas B cells can generate antibodies against proteins, lipids, carbohy-
drates, or any other molecule with minimal size requirements. The “gene rearrange-
ment” to generate high affinity and high specificity antigen receptors has developed
in vertebrates only (Hirano et al. 2011). T or B cells are not present in invertebrates.
Cells of the innate immune system can detect antigen via their pathogenic molecu-
lar pattern (PAMP) receptors (Janeway and Medzhitov 2002). Such receptors (Toll-
like receptors [TLR], the mannose receptor, to name important ones) detect only a
limited number of molecular structures such as double-stranded RNA, lipopolysac-
charides (LPS), unmethylated CpG, or flagellin; all such molecules are typical for
evolutionary old molecular patterns of bacteria or viruses and are not made by
higher organisms. Innate immune cells are highly diverse; they include granulocytes
(which are the majority of white blood cells), dendritic cells, natural killer cells,
macrophages, or mucosal-specific innate lymphoid cells. Upon recognition of such
structures, innate immune cells immediately fight the infection by, e.g., phagocytiz-
ing the bacteria and oxidative burst or by inflammatory cytokine secretion. Moreover,
some innate immune cells have the additional capacity to digest pathogen proteins
and display it as small peptide pieces on their surface. This instructs and directs
antigen-specific T cells that danger is at hand and thus starts the adaptive immune
response. Specialists for this “antigen presentation” are the dendritic cells. T cells
need the interaction with antigen-presenting cells to mature into effector cells. In
turn, B cells need help from T cells to function. Only a subset of B produces
antibodies without T-cell help. Finally, the immune system is continuously renew-
ing itself from hematopoietic stem cells. All lineages are derived from common
hematopoietic stem cells, which are found in the fetal liver before birth and in the
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thymus

BALT

spleen

GALT

bone marrow

lymph nodes

lymphatic vessels

Fig. 1.1 The immune system as an organ across the body. Schematic presentation of major
immune structures in the body. Primary lymphoid organs are the (1) sites of hematopoiesis, i.e.,
bone marrow of all hollow bones, and (2) the thymus which selects T cells that are neither autore-
active nor nonresponsive to foreign antigen presented to them. Secondary lymphoid organs are the
spleen and the lymph nodes (LNs); LNs contain T cells, B cells, and dendritic cells; tissue fluid and
cells drain via lymph vessels to the nodes; cells can also enter from the blood stream via high
endothelial venule cells. LNs are coordination sites for T-cell differentiation upon antigen presen-
tation; note that lymphatic vessels and lymph nodes are much more numerous than presented in
this scheme. Lymph vessels empty into the bloodstream from the thoracic duct lymph vessel at the
clavicular vein (not shown here). BALT (bronchoalveolar-associated lymphoid tissue). GALT (gut-
associated lymphoid tissue: intraepithelial lymphocytes, Peyer’s patches)



4 C. Esser

bone marrow after birth. The stem cells divide, and their descendants differentiate
further, using intrinsic and extrinsic clues. The differentiation is irreversible. Many
immune cells are short-lived and replaced by newly differentiated ones. However,
some immune cells, in particular the memory cells and long-living plasma cells of
the adaptive immune system, can stay around in niches of the bone marrow for years
or decades. This allows the immune system to fight a new response faster and more
vigorously than at the first encounter. Memory can last lifelong; thus, one gets some
infectious diseases only once. The measles are well known for this. On the flip side,
also autoimmune disorders and allergies can last as long as the specific memory T
cells and long-lived plasma cells survive; allergies will flare up again and again
upon renewed contact with antigen. This poses the major challenge for any therapy
beyond treating symptoms. Last but not least, it is also a feature of the immune
system that it can switch off immune responses (while preserving memory). This is
vital of course as an ongoing inflammation or tissue destruction can lead to devastat-
ing health consequences. It requires again a complicated signaling network and
involves cytokines, immunosuppressive enzymes, and surface molecules to give
negative feedback signals to immune cells and stop their activity.

The basic principles of the immune system are recognition followed by response.
What is “recognized” by the immune system, in other words: what are antigens?
The answer appears trivial: pathogens, infective organisms, cancer cells, and toxins.
However, the T- and B-cell receptors do not bind and react to (in immunology lan-
guage: recognize) complete organisms, but they bind to organic molecules: lipids,
carbohydrates, and proteins/peptides. Small molecular weight chemicals such as
some toxins can be recognized by T cells only when bound to a protein. Not all of
these molecules are specific for harmful pathogens; they also exist in harmless bac-
teria, in plants, in pollen, in food, or in one’s own body. It is vital that the immune
system does not use its destructive potential when there is no infectious risk or pos-
sible harm to the body or when the antigen is indeed a molecule of one’s own body.
Immunologists have coined the term “self” for this. Recognition thus must be able
to distinguish between harmless and harmful organisms and molecules and between
self and non-self. One way to ensure correct recognition are the pathogenic molecu-
lar pattern recognition receptors mentioned above. Another one is the requirement
of several signals at the same time. One signal is the antigen recognition itself; the
other is a costimulatory signal on the cell surface, usually provided by antigen-pre-
senting cells. In addition, soluble cytokines contribute to the start and direction of
an immune response.

Once started, an immune response leads to a response on a cellular level, where
cells begin to migrate, produce, and secrete effector molecules such as cytokines and
chemokines or differentiate to become effector cells themselves, e.g., able to kill
infected cells via direct cell contact. The arsenal of responses possibilities is huge:
phagocytosis and intracellular killing by oxidative burst; cytokine and mediator
secretion to change the tissue micro-milieu and permeability, rendering immune cells
more sensitive; direct killing of infected cells by T cells or natural killer (NK) cells;
antibody production by B cells; complement activation; cell proliferation; and more.
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As always, there is a prize to pay for such high sophistication, and thus, the
immune system can go awry and become dangerous. When recognition goes
wrong, the immune system can attack its own body cells and tissues (resulting in
autoimmunity) or mount responses against harmless proteins or drugs such as
food proteins, inhaled pollen, penicillin, etc. (resulting in allergies, asthma,
eczema, etc.). In both cases, what the immune system recognizes as “danger” can-
not be resolved and eliminated by the immune response. Thus, the immune
response results in chronic, sterile inflammation and tissue damage. Figure 1.2
illustrates this. In general, therapy of the alerted immune system cannot revert it
to a naive state. Rather, therapeutic options aim at treating the symptoms, damp-
ening the immune response, or simply avoiding the antigen or inducing chemical
(if that is possible).

On the other hand, when the response goes wrong, by whatever causes, the
immune system can create an equally crippling outcome. A wrong response
could be either a heightened inflammation by secretion of the wrong cytokines
or a state of immunosuppression, where, for instance, B cells do not secrete
enough antibodies or T cells remain unresponsive despite receiving proper sig-
nals. As a result, an infection might be resolved too slowly or not at all and
eventually overwhelm the body. Chemicals such as environmental pollutants or
drugs can cause or contribute to a response going wrong. Examples for immu-
nosuppressive chemicals are diethylstilbestrol or 2,3,7,8-tetrachloro-dibenzo-p-
dioxin. Other immunosuppressive drugs are cyclophosphamide or cortisol,
which indeed are important therapeutics for autoimmune or allergic immune
responses or in cases of transplantation.
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Fig. 1.2 Adverse immune reactions. Schematic representations of immune responses in an
immuno-suppressive situation or an autoimmune/allergic situation. Arrow: exposure event; dotted
line: normal/healthy response kinetics; straight line: adverse immune response; (a) immunosup-
pressive scenario, (b) allergic or autoimmune situation
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1.2  Innate and Adaptive Immunity

The immune system is made up of various cell types (see Table 1.1), which have
highly diverse functions and interact with each other at short or long distance.
Communication is via cell-cell contact using receptor—ligand surface structures or
over considerable distances via cytokines and chemokines. Lymph nodes situated
throughout the body along the lymph vessels provide relevant spatial structures as
meeting points for direct communication of immune cells.

There are two main arms of the immune system, the so-called innate immunity
(which is evolutionary older) and the adaptive immune system (which evolved only
in vertebrates). Macrophages, granulocytes, and dendritic cells (and many cell
types; see below) belong to the former and T cells and B cells to the latter. Cells of
the innate immune system mainly protect by phagocytosis (followed by intracellu-
lar destruction) of pathogens and by secreting cytokines, which generate and orches-
trate an inflammatory tissue milieu unfavorable for pathogens. To detect pathogens,
cells of the innate immune system have so-called pathogen recognition receptors for
structures produced or found exclusively in bacteria, fungi, or viruses, such as lipo-
polysaccharides, flagellins, unmethylated CpG, or dsRNA. Upon recognition of
such structures, innate immune cells immediately fight the infection by, e.g., phago-
cytosing the bacteria and oxidative burst. Secretion of various cytokines generates
either a tolerogenic or inflammatory micro-milieu, adapted to the type of pathogen
and the immunological situation. Moreover, some innate immune cells have the
additional capacity to digest pathogen proteins and display it as small peptide pieces
on special surface molecules (the major histocompatibility complex class I or class
II, MHC-I or MHC-II). Specialists for this “antigen presentation” are the dendritic
cells, but also macrophages and other innate immune cells, or even B cells can pres-
ent antigen. Antigen presentation starts and directs the adaptive immune response
by activating or suppressing T cells. T cells can recognize peptides on the MHC
with their T-cell receptor. Naive T cells differentiate upon recognition of their cog-
nate antigen and costimulatory signals provided by antigen-presenting cells (APC).
APC activities range from ensuring immune tolerance against dietary antigens to
the initiation of a potent immune response upon entering bacteria into skin wounds.
Cytotoxic CD8+ T cells are capable of killing infected cells or cancer cells. T helper
(Th) cells, on the other hand, orchestrate adaptive and innate immune responses by
secretion of cytokines; for instance, they help B cells to differentiate and undergo
immunoglobulin class switching and provide proinflammatory or immunosuppres-
sive cytokines for other immune cells. Differentiation from naive CD4+ T cells into
T helper (Th) 1, Th2, or Th17 cells is driven by combinations of cytokines in the
micro-milieu, which are also provided by APC. Only a subset of B cells, the so-
called CD5 B cells, produces antibodies without T-cell help.

The generation of the T-cell receptor (always cell surface bound) and the B-cell
receptor (which can be surface bound or soluble and is then called antibody or
immunoglobulin) requires a fascinating genetic process called gene rearrangement.
Millions of different antigens exist, and the repertoire of B cells and T cells matches
this high number. It is beyond the scope of this article to go into details, but the
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10 C. Esser

process uses stochastic assembly of gene segments from the T cell or immuno-
globulin locus to generate individually in each cell a new full gene, which codes
either for the T-cell receptor or the B-cell receptor. As a result, every T cell and
every B cell has its own unique receptor, which is specific for a single antigen. The
process generates also T or B cells with specificity for self-proteins, but these auto-
immune cells are deleted in a complex series of selection processes. In addition,
regulatory T cells are made both in the thymus and during immune responses to
keep in check possible autoreactive responses.

A third group of immune cells, termed “innate lymphoid cells” (ILCs), has been
discovered recently. They do not have specific, rearranged receptors like T or B
cells, but are derived from the same precursor cells in hematopoiesis (the common
lymphoid progenitor cells). ILCs are either cytotoxic (NK cells) or helper cells; the
latter ILC can be subdivided according to the transcription factors needed to gener-
ate them and, similar to T helper cells, according to their typical patterns of secreted
cytokines. For instance, ILC1 produce large amounts of IFN-y and are needed for
fast response against intracellular parasites. ILC2 secrete IL-4 and IL-13 and have
special roles in fighting worm infections and contribute to allergies. ILC3 produce
IL-17 and IL-22, are needed to fight certain bacterial infections, and subsets have
lymphoid tissue inducer functions.

All cells of the immune system are generated throughout life from the common
hematopoietic stem cell. They have individual life spans ranging from a few days to
many years. Immune cells follow their intrinsic programs and/or adapt to external
cues, relayed into the cells by surface receptors coupled to signal transduction path-
ways. Thus, transcription factors are pivotal in shaping the immune response, as all
immune cells pass at some point through the executive steps of up- or downregula-
tion of genes. Major pathways in immune cells are G protein-coupled receptors, the
MAP kinases, NF-xB, or the Janus kinase (JAK)-STAT pathways. Another is direct
activation by ligand of latent transcription factors (such as glucocorticoid receptors).
As pointed out below, these signaling pathways can become targets of immune inter-
fering molecules, which may result in toxicity or exploited pharmacologically.

1.3  Cytokines as Players

As discussed above, immune cells produce and react to soluble mediators, which
are essential in any immune response. These mediators include cytokines, chemo-
kines, and mediators such as histamine or antibacterial peptides. They act over long
ranges or locally and are fundamental in communication between immune cells and
information exchange of tissues. Whereas chemokines attract and direct immune
cells spatially, cytokines take center stage in orchestrating immune responses.
Cytokines are small glycoproteins secreted by many cells, not exclusively immune
cells (the old name lymphokines or interleukins (IL) suggested wrongly that they
are specific for lymphocyte communication), and act via binding to cognate recep-
tors, which leads to changes in the receiving cells. Cytokines are pleiotropic and
redundant and act synergistically and anergistically. Expression of cytokine
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receptors allows the integration of a variety of cytokine signals. Their role in
immune responses cannot be overstated. Changes in cytokine efficacy, regulation,
or production — by environmental factors or by medical interventions — affect the
immune response and thus can have unwanted adverse or desired beneficial effect.
Originally cytokines were identified and named for function; by now most of them
are simply numbered (currently IL-1 to IL-38). Cytokines operate at every stage in
inflammation, drive lymphocyte proliferation and differentiation, regulate growth
and repair of epithelial cells, maintain memory, trigger immunoglobulin class
switching, start the acute phase response, cause fever, cause migratory behavior, act
as pro- or antiapoptotic, signal lipogenesis, are proangiogenic, and more.

1.4  Signaling

Cells communicate with the “outer world” via receptors, either cell surface bound
or intracytoplasmic. Once a ligand (which can be growth factors, cytokines, hor-
mones, or small molecular weight chemicals) has bound to its receptor, a series of
intracellular events is triggered, which eventually lead to changes in gene expres-
sion and an activity of the cell adapted to the changed environment: production of
enzymes (or growth factors, chemokines, cytokines, etc.), proliferation, differentia-
tion, apoptosis, and more. There are several major signaling pathways, some spe-
cific for immune cells. The activity of signaling molecules can be restricted to
cell—cell contacts (where one cell has the ligand on its surface, the other the recep-
tor) and be limited to nearby cells (called paracrine signaling) or across the body
(endocrine signaling). Characteristic for cell signaling are response thresholds, the
amplification of the signal within the cell, and the possibility to integrate signals
derived from different pathways synergistically or antagonistically in a tightly con-
trolled network. Finally, the outcome of signaling is cell specific and may vary
according to, e.g., the target gene(s) accessibility at a distinct cellular stage. Immune
cells evolved to sense changes in the environment, especially with respect to the
living environment; from the complexity of response and communication described
in the paragraphs above, it is clear that immune signaling must be very sophisticated
to do its job. Again, cellular signaling can be a target of immune interference.
Table 1.2 lists major signaling pathways in immune cells.

1.5 Immunotoxicology and Environmental Inmunology

The term adverse or unwanted immune response concerns immune responses which
go wrong. These are (1) autoimmunity, where the antigens are own body proteins;
(2) allergies, where the antigens are noninfectious (harmless) proteins of the envi-
ronment such as pollen or food antigens; and (3) immunosuppression, leading to
weak or absent immune response against infections (Fig. 1.2).

Adverse immune responses are mostly studied in pharmacology or immunotoxi-
cology, both of which disciplines look at the role of chemicals (Table 1.3).
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Table 1.2 Major signaling pathways in immune cells

Receptor | Receptor kinase G protein- Latent cytoplasmic | Immunoglobulin
coupled superfamily
receptors
(>1000
members in
this family)

Typical Cytokines Chemokines | Small molecular Peptide on MHC

ligand weight chemicals molecule ( T cell)

(immune (e.g., Any other molecule

system glucocorticoids, (B cell)

relevant) dioxins)

Effects Phosphorylation of | G protein Transformation of | Antigen sensing
tyrosines on key activation, receptor, which
signaling generation of | becomes
molecules, e.g., second transcription
STATs messengers factor; gene

(cAMP; induction
di-acyl-

glycerat

(DAG);

inositol-3

phosphate;

cyclic GMP;

nitric oxide)

Example EGF, TGF, CCRS, Arylhydrocarbon T-cell receptor,
erythropoietin, CXC3R (Ah) receptor, B-cell receptor
cytokine; IL-2, glucocorticoid
1L-4, IL-6, IL-7, receptor, estrogen
IL-7, IL-10; receptor
interferons

Immunotoxicology became a field of interest and hard science along with growing
concerns about environmental pollution, in the search for causes of cancer and aller-
gies and the advent of better tools and basic concepts in immunology (Kerkvliet
2012). The chapters in this book look at the environment in a broad sense: not only
man-made factors such as (toxic) chemicals but also endogenous factors and life-
style facts: foods, stress, exercise, and how being young or old affects our immune
competence (Fig. 1.3).

1.5.1 Immunosuppression

Chemicals and drugs can interfere with cellular physiological functions of all cells,
including cells of the immune system. Immunosuppression by chemicals can be
caused by (a) killing of cells of the immune system, (b) changes in cell differentia-
tion leading to fewer or incapacitated immune cells, and (c) changes in typical cell



1 Principles of the Immune System: Players and Organization 13

Table 1.3 Some known immunotoxic chemicals causing...

Autoimmunity
Immunosuppression Allergy (disease)
2,3,7,8-tetrachlorodibenzo-p-dioxin | Urushiol (from poison ivy) Gold salts (rheumatoid
and other polycyclic aromatic arthritis)
hydrocarbons
Mercury salts Penicillin D-Penicillamine
(Pemphigus vulgaris)
Organotin compounds (antifungal Formaldehyde Procainamide (systemic
ship paint) lupus)
Arsenic (salts and organic arsenic) Nickel (jewelry, dental braces, | Vinyl chloride
implants) (sclerodermia)
Asbestos Mercury salts D-Methyldopa
Various insecticides Volatile organic compounds (hemolytic anemia)
Benzene p-Phenylenediamine
Cyclophosphamide (drug) (compound in many hair
FK506 (drug) dyes)

Glucocorticoids (stress)

UV irradiation®

4t is estimated that there are more than 100,000 chemicals on the market (Fischetti M. Sci. Am.
303:92 (2019); Foth and Hayes, Hum. Exp. Toxicol. 27:5 (2008). Only for a minority, immuno-
toxic properties have been systematically tested. Novel legislation in the European Union, known
as the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), which
entered into force on 1 June 2007, applies to all chemical substances produced at more than 1 ton/
year and requires the provision of information for chemicals from companies

UV irradiation is not a chemical, of course. However, the energy of UV radiation is high and can
modify DNA bases. Moreover, UV radiation generates metabolites from intracellular compounds
such as tryptophan, which can serve as signaling molecules and modulate Treg differentiation
(Navid et al. 2013)

function such as cytokine secretion or expression of costimulatory molecules.
Unfortunately, the exact mechanisms of interference by a given chemical are often
unclear, and such lack of knowledge cripples treatment, prevention or optimizing
drug usage in medicine. Immune interference may be caused by blockade or activa-
tion of intracellular enzymes, cell signaling molecules, transcription factors, or
other proteins. The actions of dioxins, furans, or glucocorticoids are very good
examples of this.

Immunosuppression is an operational term, which refers to an immune system
operating with less efficiency than normal. Immune responses may start later, or
they might be weaker. Immunosuppression might be general or restricted to certain
pathogens. Whether caused intentionally by pharmacotherapy, unintentionally by
environmental chemicals, or caused by aging processes, immunosuppressed indi-
viduals are more susceptible to infections and the development of spontaneous can-
cers. Immunosuppression can also cause inefficient vaccination. Epidemiologically,
immunosuppression can be measured by comparing the average healthy population
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Challenges:
3 Prediction and Prevention

3 Human rights perspectives
exposure ghts persp

exposure”

metals
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Nano-
particles

Air
Immune pollution
experience

Fig. 1.3 Environmental influences. Factors influencing immune competence. Many factors
contribute to the immune competence or induce adverse immune responses. Some set overall
thresholds or capacities, such as the genetic predisposition, and cannot be influenced (turquoise
boxes). Some factors can be influenced by oneself (orange), such as use of lifestyle chemicals,
exercise, or a healthy diet. Other factors can be subject to changes in global health perspectives and
political intervention (red boxes) such as extent of pollution or chemical exposure in consumer
products, including food

with a particular subgroup, e.g., workers exposed to a toxic substance. However, no
easily accessible and universally accepted markers for immunosuppression have
been identified in vivo, and the considerable functional reserve of the immune sys-
tem must be exceeded before immunosuppression becomes clinically relevant
(Descotes 2005; Putman et al. 2003). Loss of immune cells (unless very high, like
in AIDS) or a shift in proportion of cells in the blood or in lymphoid organs is of
limited diagnostic value in humans. Standard immunotoxicity tests to detect immu-
nosuppression or potentiation have been developed and validated (Luster et al.
1988, 1993). It is worth to keep in mind, though, that both acute clinical illness and
small shifts in the susceptibility to normal infections can be of economic relevance
on the population scale.
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1.5.2 Autoimmunity and Allergy: Immunotoxicity Caused
by Responses against Autoantigens or Harmless Antigens

Tolerance is the immunological term for the fact that the immune system does not
react to its own body proteins, lipids, DNA, or other molecules, although they are
potential antigens. One type of adverse immune reaction, often found with drugs, is
a loss of tolerance, i.e., failure of the immune system to keep up the distinction
between self and non-self. Tolerance can be lost in several ways. One way could be
an unspecific impairment or loss of the cells important for tolerance, such as regula-
tory T cells. Another way is the drug-induced generation of self-peptides which are
normally not made by standard protein degradation in the body or are not exposed
to the immune system. To such self-antigens, the immune system has never acquired
tolerance. T cells respond to peptide antigens presented to their T-cell receptors by
MHC molecules on other cells. Importantly, also the body’s own cellular proteins
are continuously presented on MHC by all body cells. This is a way of tissue cells
to signal “I am healthy” to the immune system. During protein catabolism in the
cells, a typical range of peptides are generated and become presented on the surface.
T cells do not react toward such normal peptides derived from its own body pro-
teins, either because T cells with the respective specificity were eliminated in the
thymus (termed “central tolerance”), or because they were silenced by regulatory T
cells, or because they became unresponsive (termed “anergic’) after antigen contact
in the periphery (termed “peripheral tolerance”). During infection or in the case of
cancer, the normal pattern of presented peptides changes, and different or additional
peptides appear on the cell surface, tagging the cell as dangerous and in trouble.
Notably, also chemicals can change the normal range of presented peptides of a cell,
which appear as neoantigens. In other words, chemicals can render healthy cells
recognizable by T cells. Chemicals might do this in several ways. First, they can
covalently bind to self-peptides on MHC molecules (as “haptens”) and be presented
along with this peptide piggyback-like. In this case, a cell looks “foreign” or
“infected,” and there will be T cells in the body which consequently might attack it.
In another scenario, some chemicals might interfere with the normal antigen pro-
cessing and presentation of body proteins, leading to the presentation of normally
cryptic self-antigens, against which no central T-cell tolerance exists. Examples for
this mechanism are drugs containing gold salts (Griem et al. 1996). A T-cell reac-
tion ensues, which, however, can calm down once the chemical or drug is removed
(although memory cells persist). It is not always easy to predict whether a chemical
will bind to cellular proteins and cause the formation of haptenated neoantigens or
expose cryptic antigens. One indicator or risk factor is the presence of reactive
groups in the chemical which can lead to the formation of protein adducts by chemi-
cals. What type of an adverse immune reaction results from chemical exposure, and
whether a reaction develops at all, depends on the chemical itself but also on auxil-
iary circumstances, the genetic predisposition, and exposure regimen and site. The
outcome of chemical-induced antigen distortion can be autoimmunity or allergies.
Predicting the immunotoxic potential of a given chemical is therefore still a great
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challenge. Allergies are overacting immune responses against harmless antigens
such as pollen or food proteins or chemicals. In the latter case, the binding to self-
proteins as described above can be relevant. Penicillin allergy is a famous example
for this. Allergic responses can be based on IgE secretion and mast cell degranula-
tion or involve dominantly T cells which secrete proinflammatory cytokines leading
to tissue destruction. Whether or not an allergy will develop is hard to predict;
genetic disposition plays an important role and other auxiliary circumstances as
well. Clinical manifestation often occurs only after several contacts with the antigen
(“sensitization” phase).

1.6  Summary and Conclusion

The immune system is vital for well-being, health, and survival. Increasingly it is
understood that environmental factors can become a risk or a benefit for the immune
system, impairing or boosting its function. It is important to understand these envi-
ronmental influences on a public health scale on the one hand and their underlying
molecular mechanisms on the other hand. Together the knowledge will enable indi-
viduals, the science and medical community, and governments to take the necessary
steps to discover, develop, and implement therapeutic and preventive opportunities
and ensure a healthier environment for all.
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2.1 Receptor Binding Chemicals

Cell surface and intracellular receptors provide targets by which exogenous chemi-
cals alter the function of the immune system. Indeed, this principle underlies the
mechanism of action of numerous pharmaceutical agents and is exploited to design
new drugs. However, these receptors also bind pollutants to which we are regularly
exposed. Yet, how these exposures, particularly when they occur during
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development, lead to changes in the function of the immune system later in life is,
for the most part, unknown. Nevertheless, evidence derived from human cohorts
and animal models provides a compelling database that supports the idea that early-
life exposures to several common environmental agents that bind specific cellular
receptors have an impact on the development and function of the immune system
(Table 2.1). In the following sections, we draw from this database and provide sev-
eral examples. Relevant literature for receptor-binding chemicals that are not dis-
cussed below can be found in Table 2.1.

2.1.1 Aryl Hydrocarbon Receptor

One receptor that has been implicated in causing persistent changes in the function
of the immune system after developmental activation is the aryl hydrocarbon recep-
tor (AHR). Numerous environmentally derived chemicals bind this receptor, includ-
ing dioxins, some polychlorinated biphenyls (PCBs), and polycyclic aromatic
hydrocarbons. In addition, naturally derived molecules such as certain tryptophan
metabolites, indoles and bioflavonoids, bind to the AHR (Nguyen and Bradfield
2008). Many studies have examined the consequences of activating the AHR on the
immune system of adult animals. AHR activation alters multiple aspects of the
immune system and subsequent disease outcome, with a range of outcomes observed
depending upon the AHR ligand used (Lawrence and Vorderstrasse 2013).

While the metabolism, distribution, and excretion of all the ligands for the AHR
have not been comprehensively studied, humans are regularly exposed to environ-
mental contaminants that bind the AHR, primarily via our diet (Institute of Medicine
2003). Dioxins and PCBs cross the placenta and are excreted in breast milk
(Gasiewicz et al. 1983). In fact, it is estimated that infants are exposed to consider-
ably higher levels of these AHR ligands than adults due to bioaccumulation
(Domingo and Bocio 2007). This information raises the question of whether activat-
ing the AHR inappropriately during development leads to persistent changes in the
immune system. Summarized below are several studies that indicate that the answer
to this question is yes: developmental exposure to anthropogenic AHR ligands elic-
its long-term changes in the function of the immune system.

The first studies that examined this were published several decades ago and
showed that AHR activation during development altered function of the offspring’s
immune system (Faith and Moore 1977; Vos and Moore 1974; Thomas and Hinsdill
1979; Luster et al. 1980). Specifically, these studies showed that offspring of dams
treated with the prototypical ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
exhibited impairment in hallmark immune responses later in life, including the anti-
body response to sheep red blood cells (SRBC) and delayed-type hypersensitivity
(DTH) responses (Vos and Moore 1974; Faith and Moore 1977; Thomas and
Hinsdill 1979; Walker et al. 2004; Gehrs et al. 1997; Gehrs and Smialowicz 1997,
1999). Other groups have studied this phenomenon, showing that AHR activation
during development fundamentally changes disease processes later in life, includ-
ing increased susceptibility to bacterial and tumor challenge and decreased antiviral
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immunity (Luster et al. 1980; Sugita-Konishi et al. 2003; Vorderstrasse et al. 2004,
2006; Hogaboam et al. 2008). In addition, AHR activation during development
increases autoimmune-like symptoms in wild type and autoimmune-prone mouse
strains (Mustafa et al. 2008, 2011a, b; Holladay et al. 2011). Although AHR repre-
sents one of the more heavily studied receptors when it comes to examining rela-
tionships between early-life exposures and changes in immune function later in life,
the mechanism by which these persistent changes arise remains unknown. Recent
studies in other organ systems suggest that one of consequences of AHR activation
during development is alteration of epigenetic profiles, but how the AHR is mediat-
ing these changes has yet to be elucidated (Manikkam et al. 2012; Papoutsis et al.
2013). Nevertheless, these reports suggest that in addition to acting as a transcrip-
tion factor, early-life AHR signaling may influence immune responses later in life
via a mechanism that involves modulation of epigenetic regulatory pathways.

2.1.2 Peroxisome Proliferator-Activated Receptors

Peroxisome proliferator-activated receptors (PPARs) are transcription factors whose
normal physiological function includes metabolic regulation. PPARs bind fatty
acids and lipid-derived moieties, leading to transcription of genes that regulate pro-
cesses such as adipogenesis and inflammation (Ferre 2004). PPARs also bind some
anthropogenic chemicals, including di-n-octyltin dichloride (DOTC), perfluori-
nated compounds (PFCs), and tributyltin oxide (TBTO). DOTC is used as a stabi-
lizer in polyvinyl chloride plastics, and the main route of human exposure is through
drinking water (World Health Organization 2004). PFCs are used as stain and water
repellents, food wrappings, fire-fighting foams, and in numerous other household
goods (Giesy and Kannan 2002). Humans are exposed to PFCs through the diet and
through contamination of groundwater, as these compounds leach out of commer-
cial products and bioaccumulate (Giesy and Kannan 2002). TBTO is used as a
marine biocide, and humans are exposed mainly through the diet, although some
studies suggest that TBTO exposure occurs through non-dietary sources, such as via
rubber gloves and baking sheets (World Health Organization 1999). Importantly,
evidence indicates these compounds are transferred to developing fetus and neonate
through the placenta and during lactation, leading to early-life exposure within the
human population (World Health Organization 1999, 2004).

Several studies have examined the effect of activating PPARs by exogenous
chemicals during development and have shown that the immune system is altered
later in life. One of the more striking among these is an epidemiological study
showed that early-life PFC levels correlated with reduced antibody responses to
routine childhood vaccinations (Grandjean et al. 2012). Pre- and early postnatal
PFC exposure levels also positively correlated with atopy in a separate birth cohort
study (Wang et al. 2011). Animal studies show dose-dependent effects of perfluori-
nated compound exposure during development on antibody responses later in life
(Keil et al. 2008; Hu et al. 2012; Peden-Adams et al. 2009). While point sources of
PFCs are decreasing in the some countries, such as the United States, PEC exposure
sources and levels are increasing in other countries, such as China and Southeast
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Asia (Webster 2010). Given these results of studies to date, and likelihood for con-
tinued global exposure, more studies of the developmental immunotoxicity of PFCs
are clearly needed to better characterize their impact on immune function later in
life (Corsini et al. 2014).

Other PPAR ligands, such as the organotins TBTO and DOTC, show conflicting
changes in immune responses after developmental exposure. Offspring of dams
treated with TBTO have persistent decreases in ex vivo assays, such as mixed lym-
phocyte reactions and mitogen-induced proliferation (Smialowicz et al. 1989; Vos
et al. 1990). On the other hand, developmental exposure to DOTC increased DTH
responses in male offspring (Smialowicz et al. 1989). Differences in the doses used,
route of exposure, and ligand-specific downstream consequences of PPAR activa-
tion are possible explanations for these disparate results. In addition to directly
affecting immune cells, organotins may influence the function of the immune sys-
tem indirectly, by altering the developmental programming of other physiological
systems that interact with the immune system. For example, developmental expo-
sure to TBTO skews the differentiation pattern of mesenchymal stem cells (Kirchner
et al. 2010), which may have consequences for immune function later in life.

In summary, given that PPAR activation by a broad spectrum of ligands exerts a
variety of effects on the immune and other organ systems, comprehensive and sys-
tematic studies that examine the long-term consequences of exposure to specific
PPAR ligands are necessary. Studies should include a wide range of environmen-
tally relevant doses, examine sex-specific differences, and include multiple aspects
of immune function. These approaches should be integrated with studies of human
cohorts, as this assimilation will be critical for determining the likelihood that
developmental exposure will modulate the immune system and influence human
health and disease, and for pinpointing the mechanisms by which they do so.

2.1.3 Hormone Receptors

Chemicals that bind to hormone receptors or modulate cellular signaling mediated
by hormone receptors are referred to as endocrine-disrupting chemicals (EDCs).
EDCs can be hormone mimetics, act as receptor antagonists, or alter hormone-
mediated signaling. Sometimes whether they act as receptor agonists or antagonists
is dose-dependent (Vandenberg et al. 2012). Numerous chemicals have been defined
as EDCs and include PCBs, bisphenol A (BPA), and various phytoestrogens
(National Institute of Environmental Health Sciences 2010). Many EDCs are abun-
dant in our environment and are detected readily in human urine, blood, and other
tissues. Moreover, pregnant and lactating women are exposed to EDCs, and they are
found in cord blood, placenta, and breast milk (Bonfanti et al. 2009; Domingo and
Bocio 2007; Calafat et al. 2008; Bushnik et al. 2010; Kurzer and Xu 1997). Examples
of receptors bound by EDCs include the estrogen, androgen, thyroid hormone, and
glucocorticoid receptors. To date, research on the pathophysiological effects of
most EDCs has focused on the reproductive and nervous system, as well as regula-
tion of central metabolism (Newbold et al. 2007; Gore 2008). However, given the
appreciation that the endocrine and immune systems influence each other, attention
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is slowly turning toward the effects of EDCs on the developing immune system. To
date, the majority of these studies have examined the effect of estrogenic EDCs on
immune function. This makes it clear that there are many opportunities to investi-
gate the effects of EDCs that act via other hormone-regulated pathways.

Two of the compounds that bind the estrogen receptor, and for which there is
some evidence that developmental exposure impacts the function of the immune
system, are bisphenol A (BPA) and diethylstilbestrol (DES) (Chapin et al. 2008).
BPA is used in plastics, is transferred through the placenta, and is secreted in breast
milk (Calafat et al. 2008; Bushnik et al. 2010). Additionally, compared to adults,
infants have the highest measured levels of BPA to date (Geens et al. 2012).
Therefore, BPA is a candidate developmental immunotoxicant. Correlations
between early-life BPA exposure and childhood asthma and the odds of developing
wheeze in early life have been reported (Donohue et al. 2013; Spanier et al. 2012;
Vaidya and Kulkarni 2012). Depending on the study, in rodent models prenatal or
perinatal exposure to BPA has enhanced or repressed immune responses (Yoshino
et al. 2004; Ohshima et al. 2007; Yan et al. 2008). In mouse models of allergic
asthma, developmental BPA has had mixed effects on immune parameters and over-
all metrics of pulmonary inflammation (Midoro-Horiuti et al. 2010; Bauer et al.
2012; O’Brien et al. 2014; Nakajima et al. 2012). In other studies, maternal expo-
sure to BPA enhanced aspects of pulmonary innate immune responses to infection
with influenza A virus, but had no measurable effect on adaptive immune parame-
ters or viral clearance (Roy et al. 2012). While findings from these studies present
some inconsistencies due to species differences, route of exposure, dosing para-
digms, and immunological model systems, they provide evidence that developmen-
tal exposure to BPA modulates the function of the immune system later in life.

In contrast to unintended exposures to BPA, the synthetic nonsteroidal estrogen
DES was administered deliberately for therapeutic purposes. Unfortunately, under
the misguided impression that it would reduce preterm birth and alleviate pregnancy
complications, DES was given to pregnant women for over 30 years. The develop-
mental toxicity of DES was first revealed in daughters, who developed a high inci-
dence of what had previously been a rare vaginal cancer. Further research revealed
that maternal treatment with DES alters the development of the both male and
female reproductive systems (Newbold et al. 2006; Couse et al. 2001; Prins et al.
2001). Moreover, DES exposure has persistent immunomodulatory effects (Luster
et al. 1978, 1979; Kalland 1980a, b, c, d). Given these consequences, the adminis-
tration of DES to pregnant women and its presence in animal feed were eliminated;
however, much continues to be learned about the effects of developmental exposure
to DES. For example, it is unknown whether the changes in the immune system
after developmental DES exposure are direct effects of estrogen receptor activation
in immune cells or arise indirectly due to alterations in other organ systems.
Additionally, because hormones, especially estrogens, have been implicated as one
reason for why women have a higher incidence of autoimmune diseases than men,
further studies examining developmental exposure to the extensive cadre of estro-
genic compounds to which we are exposed on the incidence and progression of
autoimmune diseases are important.
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It is important to bear in mind that estrogenic compounds are not the only type
of EDCs. For example, the herbicide atrazine binds to the androgen receptor (US
Environmental Protection Agency 2007). Atrazine is a drinking and groundwater
contaminant that has gained increasing interest in environmental and toxicological
studies (US Environmental Protection Agency 2007). Although banned in some
parts of the world, atrazine levels remain high in some areas of the United States,
where its use as an herbicide is still common (Breckenridge et al. 2010). While only
a few studies have examined whether developmental exposure to atrazine affects the
immune system, the evidence from these studies is compelling. Consistent with
what one would predict for an EDC, maternal exposure to atrazine causes sex-
specific differences in the immune system of the offspring. Depending on the study,
female offspring were either unaffected by developmental atrazine exposure or their
immune response was suppressed (Rowe et al. 2008). On the other hand, male off-
spring exhibited enhancement of immune responses, such as cytokine and antibody
production after antigen exposure (Rowe et al. 2008). While still showing sex-
specific effects, a different study showed decreased immune responses in male mice
that were developmentally exposed to atrazine, including suppression of DTH
(Rooney et al. 2003). Despite the contradictory direction of changes, these data sug-
gest that developmental exposure to atrazine appears to influence the function of the
immune system.

There are numerous other receptors to which chemicals from the environment
can bind, acting as either agonists or antagonists. Moreover, there are other chemi-
cals, not reviewed herein, for which there is some evidence that they interact with
receptors. The advantage of studying receptor-binding chemicals is that the research
questions regarding immune modulation build on what is already known about the
pathways regulated by these receptors, and there are numerous pharmacological,
biochemical, and genetic tools available to study many receptors and receptor fami-
lies. Future studies should take advantage of these tools and reagents to determine
the mechanism by which unintended receptor activation during development leads
to permanent changes in immune function. Furthermore, it is worth also considering
that activating a particular receptor during development may lead to events that are
not part of its canonical signaling pathway, but cause durable changes in immune
function that are not revealed until later in life.

2.2 Smoke

Smoke is one of the most ubiquitous forms of environmental exposure. Point sources
for smoke include biomass fuels burned for cooking and heating, commercial and
backyard waste incineration, as well as direct and secondhand exposure to smoke
from tobacco products. Exposure to various types of smoke during pregnancy is
associated with health complications for the developing fetus and neonate (Knopik
et al. 2012; DiFranza et al. 2004). Understanding how exposures to these assorted
types of smoke, which are complex chemical mixtures, influence immune function
of the offspring has profound implications for improving public health. In the
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sections below, it will be evident that cigarette smoke exposures have been more
extensively studied than biomass fuels; yet, the proportion of the population, espe-
cially of women and children, exposed to biomass smoke is much larger (Martin
et al. 2011). While there are likely many differences in composition and down-
stream pathophysiological consequences of exposure, cigarette and biomass fuel
smoke exposure lead to a similar enhancement in inflammatory responses in human
pulmonary cell cultures and in mouse models (Mehra et al. 2012). This suggests that
some of the findings generated studying how maternal smoking impacts the devel-
opment and function of the immune system may inform thinking about how bio-
mass fuel smoke exposure during development may lead to persistent changes in the
immune system later in life.

2.2.1 Cigarette Smoke

It has long been known that cigarette smoke is unhealthy, yet worldwide smoking
rates continue to be upwards of 15 % of the global population (World Health
Organization 2014). There continue to be reports of pregnant women actively smok-
ing, and many pregnant women are exposed to secondhand smoke. Tobacco smoke
exposure during development has many health complications for children later in
life (some of which implicate altered immune function). These studies have been
the focus of many comprehensive reviews (Doherty et al. 2009; Hofhuis et al. 2003;
Cupul-Uicab et al. 2012). A recent meta-analysis of epidemiological data shows
that prenatal passive smoke exposure increases the incidence of asthma at least
20 % and in some studies upwards of 80 % (Burke et al. 2012). Studies in animal
models and with other human cohorts support this analysis, demonstrating that
either direct mainstream smoke or passive secondhand smoke exposure during
pregnancy positively correlates with increased asthma symptoms and incidence
(Wuetal. 2009; Herr et al. 2011; Jaakkola et al. 2006; DiFranza et al. 2004; Cheraghi
and Salvi 2009; Selgrade et al. 2013; Barber et al. 1996). Other epidemiological
studies associate exposure to cigarette smoke during development with higher inci-
dence of respiratory infection and other pulmonary complications (Jaakkola et al.
2006; DiFranza et al. 2004; Bradley et al. 2005; Cheraghi and Salvi 2009;
Jedrychowski et al. 2005; Hylkema and Blacquiere 2009). Animal studies corrobo-
rate and extend these observations, showing altered responses to immune challenges
later in life after developmental exposure to cigarette smoke (Ng and Zelikoff 2007;
Ng et al. 2006; Ng and Zelikoff 2008).

Developmental exposure to cigarette smoke also affects lung structure (Hylkema
and Blacquiere 2009; Singh et al. 2013b; Ji et al. 1998; Manoli et al. 2012), which
can lead to further complications after secondary respiratory insults later in life,
such as additional environmental exposures (e.g., ozone) (Han et al. 2011). It has
been posited that altered retinoic acid signaling during lung development may be
responsible for some of the structural changes seen in the lung after cigarette smoke
during development (Manoli et al. 2012). Other cellular mediators that contribute to
exacerbated pulmonary responses to allergens and infections also appear to result
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from early-life exposure to cigarette smoke (in both animal and human studies),
including reduced T-cell responses to stimulation (Singh et al. 2006; Ng et al. 2006;
Tebow et al. 2008), altered cytokine responses to TLR ligands (Noakes et al. 2006),
and a predisposition of immune cells in offspring to Th2-type responses (Noakes
et al. 2003; Devereux et al. 2002; Penn et al. 2007). Thus, while it remains to be
determined which of these observed effects are due to changes in immune cells
versus effects of early-life exposure on non-hematopoietic cells, these studies col-
lectively support that cigarette smoke exposure during development affects the
function of the immune system later in life.

The mechanisms by which cigarette smoke causes these effects have yet to be
fully elucidated. However, recent studies point to epigenetic changes as one mecha-
nism that may drive some of these observed changes in immune function after peri-
natal cigarette smoke exposure. Cord blood mononuclear cells and placental cells
from smoking mothers have altered patterns of DNA methylation (Maccani et al.
2013; Murphy et al. 2012; Martino and Prescott 2011). Another study showed
increased expression of a specific microRNA associated with immune function
positively correlated with increased cigarette exposure during to development
(Herberth et al. 2014). As we learn more about how cigarette smoke exposures dur-
ing development alter the immune system, strategies to reverse or treat these conse-
quences must be evaluated. Two recent studies, one in mice and one in humans,
suggest potential therapeutic targets or interventions that may be successful (Singh
etal. 2013b; McEvoy et al. 2014). These are intriguing and encouraging reports and
emphasize the need for future efforts to delineate the cellular and molecular mecha-
nisms by which early-life exposure to smoke leads to alterations in immune func-
tion later in life.

2.3 Biomass Fuel Smoke

Biomass fuels are derived of biological materials (animal and vegetable) and are
used for cooking, heating, and light in many areas of the world (Torres-Duque et al.
2008). The most common form of biomass fuel is wood, although dung, crop resi-
dues, corncobs, and grass are also used (Torres-Duque et al. 2008; Babalik et al.
2013). Biomass fuel smoke, as with cigarette smoke, is composed of a mixture of
chemicals, and the actual composition varies depending upon the type of biomass
fuel used (Torres-Duque et al. 2008). While only a few studies have examined expo-
sure to biomass fuel smoke during early childhood and risk for disease, the evidence
is strong and consistent. Early-life exposure to biomass fuel leads to higher risks of
acute lower respiratory tract infections and altered rates of asthma (Torres-Duque
et al. 2008; Diette et al. 2012). Moreover, there is growing evidence that exposure
to biomass fuel smoke across the life span increases disease incidence, as women
exposed to biomass fuel smoke have increased risk for respiratory infections,
asthma, and lung cancer (Trevor et al. 2014; Guarnieri et al. 2014). Further support
of the idea that biomass fuels are likely to affect the developing immune system, and
lead to poorer health later in life, can be gleaned from studies examining
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developmental exposures to chemicals that are constituents of biomass fuel smoke,
including AHR ligands, oxidants, and particulate matter. Given the correlation
between these exposures and disease incidence in adults, and that a large portion of
the global population us exposed and the compelling evidence from the studies
examining early-life exposures, biomass fuel smoke exposure most likely impacts
the development and function of the immune system. Further studies examining the
specific impact of biomass fuel smoke exposure during development on immuno-
logical outcomes later in life are necessary to determine whether proposed interven-
tion strategies, such as changing cooking methods or using different heat sources,
are likely to improve long-term health.

24  Heavy Metals

Exposure to heavy metals is often considered relevant only in the context of heavily
industrialized regions. However, heavy metals are ubiquitous in the environment
due to a combination of anthropogenic and natural sources (Bjermo et al. 2013;
Mahaffey et al. 1975; Jarup 2003). In addition to soils, heavy metals are found in
ground and drinking water, as well as in commonly consumed foods, such as rice
and other grains (Bjermo et al. 2013). As such, human exposure to heavy metals is
a common global health issue. Furthermore, some of the most widely studied devel-
opmental exposures that have documented effects the immune system are heavy
metals, such as lead, mercury, arsenic, and cadmium (Bjermo et al. 2013). The
immunological consequences of early-life exposure to lead have been comprehen-
sively reviewed by others and will therefore not be presented here (Luebke et al.
2006; Dietert et al. 2004).

2.4.1 Mercury

Mercury is found in three distinct forms: elemental, inorganic, and methylmercury.
Exposure to mercury, particularly methylmercury, occurs mainly through diets rich
in fish (Bjermo et al. 2013). Exposure to inorganic mercury occurs through dental
amalgams, fungicides, skin lightening creams, paints, and some tattoo dyes (US
Department of Health and Human Services 1999). It has been reported that 5 % of
women of childbearing age have blood mercury levels that are higher than the oral
reference dose (Schober et al. 2003). Globally, pregnant women have detectable,
blood mercury levels, although many have levels that are lower than the oral refer-
ence dose (Davidson et al. 2006; Stern et al. 2001; Razzaghi et al. 2014; Bjermo
et al. 2013; Al-Saleh et al. 2011; Sanders et al. 2012). It has not been established
whether lower doses of mercury have immunotoxic effects. However, studies exam-
ining adults exposed to the three forms of mercury show an association with higher
incidence of infection and an increase in autoimmune nephritis symptoms (Holmes
et al. 2009). Developmental mercury exposure has long been associated with neuro-
logical defects in children, and some studies now associate alterations in the immune
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system as a partial cause for these defects (Zhang et al. 2011). Yet, few studies of
developmental exposures to mercury have probed whether it leads to persistent
changes in immune function. Some studies support a correlation between mercury
levels in pregnant women with a higher incidence of autoimmune biomarkers, yet
others show no correlation (Karagas et al. 2012).

Animal studies examining effects of the different forms of mercury on the mature
(adult) immune system show an increase in autoimmune disease symptoms, such as
autoimmune nephritis associated with systemic lupus erythematosus (SLE) (Abedi-
Valugerdi etal. 1999; Hu et al. 1999; Pollard et al. 2001; Viaet al. 2003). Examination
of the effects of developmental exposure to mercury in all of its forms has primarily
focused on ex vivo cellular assays and metrics indicative of autoimmune disease
phenotypes in mouse models, although the nature of the changes is not consistent
across studies. The specific type of leukocytes altered by developmental exposure to
mercury remains understudied. For instance, one study showed that methylmercury
exposure during development increased B-cell proliferative responses and antibody
secretion (Thuvander et al. 1996). A separate study showed that developmental
exposure to methylmercury dose-dependently decreased cytokine production (Tonk
et al. 2010). Studies of inorganic mercury have reported increases in immune
responses in offspring exposed during development. In particular, offspring of dams
treated with inorganic mercury had higher levels of autoantigen-specific CD4* T
cells and B cells, as well as increased cytokine production by these cells (Pilones
et al. 2007, 2009). These studies did not demonstrate gender-specific differences in
developmentally exposed offspring, yet a study in a different strain of mice, which
are not prone to autoimmunity, showed that males had enhanced immune responses
after developmental exposure to inorganic mercury, while female offspring had
reduced responses (Silva et al. 2005). Given the multitude of cell types involved in
an immune response, it is important to define cellular targets of developmental
exposure to methylmercury and inorganic and elemental mercury. This would
greatly improve our understanding of disease pathogenesis after developmental
exposure to mercury and help explain some of the seemingly contradictory litera-
ture. Other future studies need to elucidate gender-specific differences in the
immune responses after developmental exposure to mercury.

Interestingly, there have not been any studies examining whether developmental
exposure to mercury alters host responses to infection. If developmental exposure to
mercury skews the immune system of offspring toward a more hyperreactive state,
then it is possible there will be increased immune-mediated pathology after infec-
tion. Another possibility is that developmental exposure to mercury alters central
and/or peripheral tolerance mechanisms, which may not have consequences for
fighting infections, but will manifest in autoimmune symptoms upon aging.
Longitudinal studies in both animals and exposed human populations will be infor-
mative and help to define the consequences of developmental exposure to mercury
much later in life. Finally, given that all forms of mercury have different toxicologi-
cal profiles (Holmes et al. 2009), it is important to systematically compare the
effects of early-life exposure to each type of mercury on multiple aspects of immune
function.
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2.4.2 Arsenic

Exposure to arsenic occurs mainly through drinking water contamination and the
diet. Bedrock in certain areas contains high levels of arsenic, which dissolves in
water and contaminates drinking supplies, particularly in areas that primarily use
untreated well water. Arsenic is readily passed through the placenta and breast milk
(Vahter 2008). Epidemiological studies support the idea that developmental expo-
sure to arsenic has immunotoxic effects later in life. Arsenic exposure during devel-
opment is correlated with higher risk of lung cancer and nonmalignant lung disease,
a higher incidence of respiratory infections, and reduced thymus size (Smith et al.
2006; Moore et al. 2009; Raqib et al. 2009). Additionally, a correlation between
arsenic exposure levels during development and a reduction in T-cell receptor gene
rearrangement in the thymus has been reported, possibly due to alterations in oxida-
tive stress and apoptosis pathways (Ahmed et al. 2012). Other epidemiological stud-
ies examining early-life arsenic exposure have shown a correlation with altered
patterns of DNA methylation in cord blood leukocytes (Kile et al. 2014; Koestler
et al. 2013; Intarasunanont et al. 2012). Changes in DNA methylation may be
responsible for altered expression of genes in pathways involved with inflammation
and stress responses. Another study examined gene expression profiles in cord
blood leukocytes after developmental exposure to arsenic and showed increased
expression levels of genes involved in inflammatory pathways (Fry et al. 2007).
Although no studies have directly correlated the changes in DNA methylation with
altered gene expression in general or in a specific type of leukocyte, these reports
suggest one potential mechanism by which arsenic exposure during development
leads to persistent changes in immune function.

Animal studies support the reports based on human populations. For instance,
mice exposed to arsenic during development have decreased lung function, whereas
adult exposure to the same levels of arsenic did not lead to these changes (Lantz
et al. 2009). This suggests that the developmental period may be particularly sus-
ceptible to arsenic. Another study showed that developmental exposure to arsenic
led to worse outcomes after respiratory infection (Ramsey et al. 2013). In parallel
with human studies, epigenetic changes after arsenic exposure during development
have been reported in animal models. For example, histone acetylation is altered
after developmental arsenic exposure. This particular study did not examine the
immune system per se, but did correlate the changes in histone acetylation with
functional changes in the neurological system (Cronican et al. 2013). Other organ
systems, such as the immune system, most likely also experience changes in epigen-
etic profiles after developmental exposure to arsenic, but this remains a testable
hypothesis. In addition to epigenetics, studies that identify the other mechanisms by
which arsenic causes persistent changes in immune function are needed, particu-
larly animal studies that utilize a wider variety of immune challenges after develop-
mental exposure to environmentally relevant levels of arsenic. These types of studies
will help connect observed epigenetic changes with arsenic to associated alterations
in the ability of the immune system to respond to insult, maintain homeostasis, or
prevent disease.
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2.4.3 Cadmium

Cadmium exposure occurs through the diet, via contaminated soil and foods, and
through cigarette smoke exposure (US Department of Health and Human Services
2009). Most recently, the revelation that rice in southern China is tainted with high
levels of cadmium has raised further concern about the potential long-term health
effects of exposure (Zhang et al. 2014; Zhai et al. 2008). Cadmium is transferred
through the placenta; therefore the developing fetus is exposed to cadmium (Jarup
and Akesson 2009). There are very few epidemiological studies that have examined
effects of cadmium exposure during development on the immune system later in
life. However, one study showed that developmental cadmium exposure altered
DNA methylation profiles of maternal and cord blood leukocytes (Sanders et al.
2014), which suggests that changes in leukocyte function might occur as a result of
cadmium exposures during development.

Animal studies examining the immune system after developmental exposure to
cadmium support the idea that early-life cadmium exposure has persistent effects
on immune function. Initial studies revealed a confusing picture: developmental
exposure increased proliferative responses of lymphocytes, yet decreased DTH
responses (Soukupova et al. 1991). More recent studies affirm that developmental
exposure to cadmium can have both immunostimulatory and immunosuppressive
effects. Lactational exposure to cadmium leads to decreased proliferation of lym-
phocytes (Pillet et al. 2005), whereas exposure to cadmium throughout develop-
ment leads to increased T-dependent and T-independent antibody responses
(Holaskova et al. 2012; Hanson et al. 2012). Cadmium exposure in utero disrupts
key signaling pathways in the thymus early in life (Hanson et al. 2010).
Collectively, these studies suggest that differences in the timing, dose, and slate of
endpoints tested may influence whether cadmium is perceived as enhancing or
suppressing immune function.

Similar to other recent studies of metal toxicity, developmental exposure to cad-
mium may alter the epigenome of the offspring. However, data are only just emerg-
ing; therefore the precise nature of changes remains to be fully defined. One study
showed a sex-specific change in DNA methylation and expression of DNA methyl-
transferase (DNMT) enzymes. Specifically, male offspring had higher levels of
DNMT?3a and hypermethylation of DNA at specific sites, whereas female offspring
had lower DNMT3a levels and hypomethylated DNA. Additionally, this study cor-
related the changes in DNA methylation with altered expression of mRNA and pro-
tein levels of the glucocorticoid receptor (Castillo et al. 2012). While this study did
not examine immune function specifically, it suggests that cadmium has the poten-
tial to alter the DNA methylation profiles of exposed mice, leading to durable func-
tional changes in many organ systems. To understand the long-term impact of
cadmium, further research needs to examine the specific hematopoietic cellular tar-
gets of developmental exposure to cadmium. In addition, the use of in vivo systems
that test multiple aspects of immune function, including infectious, hypersensitivity,
and autoimmune models, will be needed to understand how developmental expo-
sure to cadmium alters immune responses later in life.
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2.4.4 Pharmaceuticals

Given that the human immune system continues to develop well after birth, the
potential for long-lasting effects of pharmaceuticals on immune function across the
life span is an important consideration. Yet, how developmental exposure to phar-
maceuticals affects the immune system is largely understudied. Although many
pharmaceuticals are tested for overt toxicity to the fetus before, the ability of these
drugs to cause persistent changes in the immune system of those exposed early in
life is rarely considered. Further understanding of this issue may lead to changes in
the therapeutic range of use of certain drugs or additional monitoring of subjects
exposed to particular drugs in utero or shortly after birth. In this section we discuss
three specific pharmaceuticals for which there has been consideration of the effects
of developmental exposures on immune function later in life. The first example is
cyclosporine A, a drug for which there exist several studies examining the effects of
developmental exposure on the immune system. The second example is diazepam,
a compound for which there is also evidence that developmental exposure alters the
immune system. Lastly, we point out a single study that has examined the effects of
a broadly used pharmaceutical family, nonsteroidal anti-inflammatory drugs
(NSAIDs), and the potential impact of developmental exposure to NSAIDs on the
immune system.

Information obtained thus far suggests that developmental exposure to pharma-
ceuticals can alter the lifelong function of the immune system. For example, cyclo-
sporine A is used to induce immunosuppression after organ transplantation and in
people with autoimmune diseases such as rheumatoid arthritis and psoriasis.
Cyclosporine A is one of the most well-studied pharmaceuticals when examining
the effects of developmental exposure on the immune system. However, there are
still unanswered questions, because epidemiological studies present conflicting
results as to whether or not exposure during development has an effect on the
immune system later in life. One study shows exposure may alter T-cell develop-
ment, but others show no effect (Baarsma and Kamps 1993; Motta et al. 2007, 2008;
Pilarski et al. 1994). Several rodent studies show that cyclosporine A exposure dur-
ing development impacts the immune system of offspring born to treated dams
(Hussain et al. 2005; Barrow et al. 2006). Some studies show that the offspring have
reduced adaptive immune responses, such as decreased DTH reactions, T-dependent
antibody production, and cytokine production (Hussain et al. 2005). Other studies
show an increase in autoantibody levels in offspring of cyclosporine-treated dams
(Sakaguchi and Sakaguchi 1989; Classen and Shevach 1991). Additionally, studies
have examined the durability of the effects of developmental exposure to cyclospo-
rine A and suggest that changes in the immune system do not persist into adulthood
(Padgett and Seelig 2002; Barrow et al. 2006). While the conclusiveness of these
studies is not firm, when considered together, they support the need to methodically
determine whether early-life exposure to cyclosporine A, and related immunosup-
pressive drugs, has a sustained impact on immune functions later in life, with par-
ticular attention paid to host defenses against infection and the incidence or
progression of autoimmune diseases.
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Another example of a commonly used drug for which developmentally immune
effects have been reported is diazepam. It, along with other benzodiazepines, is
prescribed to treat a multitude of conditions. Diazepam was the focus of several
studies of developmental immunotoxicity in the 1980s and 1990s. These studies
showed that animals exposed to diazepam during development had decreased resis-
tance to infection (Ugaz et al. 1999; Schlumpf et al. 1994b; Laschi et al. 1983).
Furthermore, mice developmentally exposed to diazepam had increased tumor inci-
dence, which correlated with decreased T-cell responses to antigen and cytokine
production (Schlumpf et al. 1989, 1993, 1994a; Livezey et al. 1986; Schreiber et al.
1993a, b; Dostal et al. 1995). These reports, combined with numerous other studies,
led to warnings for women taking diazepam during pregnancy and lactation.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used as an over-the-
counter treatment for numerous symptoms; however, extensive examination of the
developmental immunotoxicity of the compounds in this drug family has not been
carried out. The metabolism of NSAIDs has been studied, and it is known that
NSAIDs can cross the placenta and can be excreted in breast milk (Antonucci et al.
2012). Yet, they are worth noting here because single study looked at developmental
exposure to multiple NSAID doses and effects on immune responses. At the highest
maternal dose used, there were a reduction in the cellularity of immune organs and
a decrease in antigen-specific immune responses in female offspring (Kushima
et al. 2007). Given the wide use and availability of NSAIDs, further studies deter-
mining the immunotoxic potential of developmental exposure to NSAIDs will help
to determine if pregnant women need to monitor their NSAID use.

In summary, for most pharmaceutical agents, there is scant information regard-
ing potential ability for developmental exposure to alter immune function and con-
tribute to disease later in life. Presented here are three examples, showing the range
from firm evidence, to some evidence, to a single study that suggests developmental
immunotoxicity. Importantly, there is growing appreciation for the need to design
and harmonize strategies to evaluate the potential for early-life exposure to in-use
and emerging pharmaceuticals to not only be overtly toxic to the developing immune
system but to look for subtle changes which, over the life span, could manifest in
enhanced susceptibility to disease (Collinge et al. 2012).

2.5 Maternal Diet

The profound influence of maternal nutrition on the overall health of her offspring
has become widely studied recently, especially considering the current obesity epi-
demic in many developed countries. However, the effects of maternal diet during
pregnancy are not isolated to high-fat diets and maternal obesity. Restrictive diets
and dietary supplements also contribute to effects on fetal development and have
implications for offspring later in life. In short, understanding the durable effects of
maternal diet on the health of her offspring is an emerging area of research, with
new attention being paid to the immune system. There are two possible contribu-
tions to immune responses in offspring of mothers whose diet has been altered: (1)
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maternal metabolic changes and (2) direct effects of the diet on the offspring. The
work presented here does not separate these effects, but future studies should
address how each of these effects may contribute to lasting changes in immune
function. In this section, we discuss several studies that demonstrate effects of
maternal diet on the immune system later in life and provide insight into at least
some possible mechanisms by which these changes may be occurring.

2.5.1 Nutritional Restriction

Lack of certain important food groups, such as protein, and general reduction in
intake of nutrients have implications for fetal growth and development. In addition,
there may be long-lasting effects on multiple organ systems, including the immune
system. Very few studies have addressed how maternal dietary restrictions led to
persistent immunological changes in her offspring, and none has addressed the
mechanism by which these changes may be occurring. While there is insufficient
epidemiological evidence to define the precise impact of a restrictive maternal diet
on the immune system of her children, overall children born to malnourished moth-
ers are not as healthy as controls (Victora et al. 2008). A study by Silva et al. showed
that a protein-free diet during pregnancy reduced leukocyte migration from the bone
marrow and increased global inflammation in the offspring (Silva et al. 2010).
General nutritional restriction, not just restriction of one specific component of the
diet, reduced thymic and splenic cellularity in offspring, as well as the number of
antibody producing cells in the spleen (Carney et al. 2004). Clearly, restricting
aspects of the maternal diet can have persistent impacts on offspring health, includ-
ing immunological parameters, warranting further study of how dietary restrictions
lead to persistent changes in immune function. In addition, it will be interesting to
define the implications of maternal dietary restriction on disease outcomes, such as
susceptibility to infection and tumor incidence.

2.5.2 High-Fat Diet

The obesity epidemic has led to many studies examining the effects of maternal
obesity and high-fat diet on her offspring. Obesity during pregnancy can lead to
metabolic alterations in children, but less is known about how maternal obesity
alters development of the immune system of children (Schmatz et al. 2010). A few
studies have examined the effects of maternal high-fat diet on persistent changes in
immune function in offspring. Overall, it seems that most studies support an increase
in inflammation in the offspring of dams on a high-fat diet. For example, offspring
of mothers that consumed a high-fat diet had higher levels of proinflammatory cyto-
kines and increased incidence and symptom severity of nonalcoholic fatty liver dis-
ease (Odaka et al. 2010; Mouralidarane et al. 2013). One comprehensive study of
many different immune outcomes showed that offspring of dams on a high-fat diet
had increased disease severity in multiple models, including a worse disease score
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in an experimental autoimmune encephalomyelitis model, increased lesion size
after methicillin-resistant Staphylococcus aureus, and increased mortality in a
model of bacterial sepsis (Myles et al. 2013). Interestingly, the authors in this study
went on to explore a potential mechanism by which these changes might be occur-
ring in the offspring. They found that the microbiome of dams on the high-fat diet,
and subsequently their offspring, was different than normal chow controls and their
offspring. This change could be rescued by cohousing offspring of dams on the
normal chow diet and offspring of dams on the high-fat diet (Myles et al. 2013).
This finding suggests that the microbiome should be incorporated into mechanistic
studies that link effects of maternal diet to the health of her offspring. Additional
studies examining strategies to mitigate effects of maternal high-fat diets will help
to determine possible means to reverse these effects. It is equally important to define
whether and how other dietary changes during pregnancy influence immune func-
tion in the offspring. A better understanding of this is important when considering
ways to prevent or reduce the immunological consequences of maternal obesity.

2.,5.3 Dietary Supplementation

Changes in maternal diet during pregnancy are not always unhealthy for the fetus. In
fact, supplementing the diet during pregnancy is suggested for certain nutrients not
found in typical diets of a particular region, such as the recommendation to supplement
omega-3 fatty acids and folic acid in Western diets to reduce neural tube defects.
Epidemiological evidence suggests that docosahexaenoic acid (DHA, one type of
omega-3 fatty acid) supplementation is correlated with a reduction in allergy incidence
and a lower incidence of respiratory infections (Shek et al. 2012). Another study in
patients showed that infants of mothers who were on a DHA-supplemented diet had a
higher proportion of circulating naive CD4* T cells, and when CD4* T cells were iso-
lated from these infants and stimulated ex vivo, they produced less of the cytokine
interferon gamma (Granot et al. 2011). While these data suggest these infants may have
alower overall “inflammatory state,” they also imply that infants of mothers on a DHA-
supplemented diet may have hyporesponsive T cells. To our knowledge, no animal
studies have been published to evaluate the effects of maternal DHA supplementation
on the immune system of offspring later in life. Further causal studies need to be done
to support the correlative human work and to reveal the mechanisms by which the
immune system is altered by maternal dietary supplementation. In addition, other pop-
ular supplements taken during pregnancy, including herbal remedies, should be exam-
ined for potential immunomodulatory effects after developmental exposures.

2.6  Conclusions and Future Directions
Whether considering environmental pollutants, therapeutic agents, or dietary fac-

tors, we have summarized findings from numerous studies demonstrating that the
developing immune system is susceptible to being altered by early-life exposures
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(Fig. 2.1). Moreover, changes are often not obvious at the time of exposure and may
occur at doses that do not affect the function of the fully mature immune system.
Instead, the current body of evidence suggests that many developmental exposures
do not cause overt toxicity (e.g., obvious loss of cells); rather they affect the inte-
grated function of the immune system, such that there is an increased or decreased
response to challenge later in life. Many diseases, particularly autoimmune and
inflammatory diseases, do not become clinically symptomatic until much later in
life. Therefore, allowing subjects that were exposed during development to age
before examining immune-related endpoints will permit measurement of defined
immunological parameters implicated in disease pathogenesis.

Although there has been an effort to do more research in silico and in vitro, deter-
mining whether developmental exposures lead to durable changes in the immune
system will require research conducted using animal models that mirror human dis-
eases, and when possible, longitudinal human cohorts. Especially informative will be
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Fig. 2.1 Early life exposures influence immune function over the lifespan—and maybe beyond.
A conceptualization of how early life exposures may manifest in persistent alterations in immune
function. Developmental exposures have the potential to change the responsive capacity of the
immune system to challenge later in life, leading to detrimental consequences for the host at many
life stages
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epidemiological studies that document early-life exposures and monitor immune
function and disease occurrence much later in life. These types of studies will
improve our general understanding of whether a particular exposure has long-lasting
immunological consequences. Moreover, they also form the critical foundation for
mechanistic studies, as it remains to be determined how exposure during develop-
ment changes the function of the immune system later in life. Another understudied
aspect of how developmental exposures change the immune system is the idea of the
duration across the full life span. Rodent students are often conducted using young
adult animals, and human studies rarely have been able to connect documented
developmental exposure with diseases that do not appear until maturity. Thus, it is
important to leverage animal models to define how developmental exposures influ-
ence the immune system throughout the life span (i.e., immature, young adult, and
aged populations). Additionally, multigenerational and transgenerational studies,
which examine the immune system of the F2 generation (grandchildren) and F3 gen-
eration (great grandchildren), are needed to determine if the changes observed after
developmental exposures are transmitted to subsequent generations, a phenomenon
reported to occur in other organ systems (Nilsson et al. 2012).

The research reviewed in this chapter, for the most part, examined the conse-
quences developmental exposure to a single agent. These types of studies, particularly
those performed in animal models, provide extraordinarily important insight into the
mechanism by which environmental agents affect the developmental programming
and function of the immune system. However, future work needs to start considering
developmental studies that include mixtures. It is estimated that humans are regularly
exposed to 80,000-200,000 different chemicals. Many of these chemicals have not
been examined for potentially immunomodulatory effects, either directly or as a result
of exposure during development. In addition to expanding the repertoire of environ-
mental agents studied as single exposures (i.e., one at a time), designing approaches
to examine how mixtures of environmental factors (beneficial and detrimental) during
development alter the immune system will provide critical insight into how our envi-
ronment truly shapes the development and function of the immune system.
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3.1 Introduction

Immunological competence progressively declines with age, resulting in increased
susceptibility of the elderly to infection (Gavazzi and Krause 2002) and higher inci-
dences of certain malignant and autoimmune diseases (Goronzy and Weyand 2012;
Fulop et al. 2007; Jemal et al. 2011). Impaired responses to vaccines as well as
increased inflammatory activity are further key features of immunological deregula-
tions at higher age (Weinberger and Grubeck-Loebenstein 2012; Vadasz et al. 2013).
The underlying biological changes for this gradual deterioration are complex, and a
multitude of components of the immune system are affected. Only some of the
mechanisms have been identified so far at the molecular, cellular, or systemic level.
In the context of a rapidly aging human population, an enhanced understanding of
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the mechanisms driving “immunosenescence” is of great interest to promote healthy
aging as well as to identify potential threats to it.

Accelerated population aging results from increasing life expectancy as well as
declining fertility and can be classified as one of the major global challenges of the
twenty-first century. Since many physiological alterations can be attributed to aging
and potentially lead to age-related clinical syndromes (Stanziano et al. 2010), it may
be considered as a pandemic affecting the world’s population. In 2013, the global
share of people over the age of 60 was 11.7 % and is estimated to reach 21.1 % by
2050. That means that the population stratum of people aged 60 years and older will
more than double in size from 841 million in 2013 to over 2 billion in 2050 (United
Nations and World Population 2013). The declining ratio between working-age and
elderly adults resulting from this demographic shift affects both social and eco-
nomical levels of society, particularly challenging health systems (Mathers and
Loncar 2006). Importantly, population aging is clearly not only affecting industrial-
ized countries, where societies have already reached a status of being considerably
aged. On the contrary, even nowadays, two thirds of all people over the age of 60 are
living in less developed countries, a share which is expected to rise up to 80 % by
2050 (United Nations and World Population 2013).

Especially in the developing regions of the world, infectious diseases are contrib-
uting to overall morbidity and mortality (WHO and The top 10 causes of death
2014). But also in industrialized countries, pneumonia and infections with seasonal
influenza are ranked under the leading causes of death in persons over the age of 65.
More than 85 % of fatal outcomes due to influenza infection fall into the age group
above the age 65 years (Thompson et al. 2009). An analysis of an outbreak of West
Nile virus in New York in 1999 also identified higher age as the most prominent risk
factor associated with death even when a correction for comorbidities was made
(Nash et al. 2001).

Certain autoimmune diseases such as giant cell arthritis only start to manifest in
patients during late adulthood, while the incidence of others such as rheumatoid
arthritis is gradually increasing with age. The underlying mechanisms are not well
understood. Age-related impairments in B-cell development have been discussed as
an underlying mechanism. Several studies demonstrated elevated levels of autoanti-
bodies in older adults. However, it has been demonstrated that these antibodies are
not necessarily associated with the clinical manifestation of autoimmunity (Ramos-
Casals et al. 2004). The immune system also plays a fundamental role in the detec-
tion and control of aberrant tumor cells, arising in every individual. Cancer incidence
and mortality markedly increase after the age of 65, leveling off around age 85-90
(Azar and Ballas 2014). This suggests that together with the accumulation of muta-
tional defects through intrinsic genetic defects, toxic environmental influences, defi-
cient reparation, and clearing potentials, an age-related altered immune competence
might well foster cancer formation in the elderly (Malaguarnera et al. 2010).

Altered responses to various vaccinations are another essential feature of age-
related changes in human immunity. As a matter of principle, vaccinations can be
highly efficient in the prevention of infectious diseases with relatively low medi-
cal effort and costs and tolerable side effects for the individual. Unfortunately, the
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responsiveness to many vaccines is often curtailed in the elderly, comprising
recombinant, inactivated, as well as attenuated live vaccines. In developing coun-
tries on the one hand, access to medical resources can be limited, and therefore,
efficient disease prevention by successful vaccination is vital. In industrialized
countries on the other hand, the group of “very old” people over the age of 80
years (United Nations and World Population 2013), being particularly vulnerable
to infections and their complications, is rapidly growing (Matias et al. 2014).
Finding strategies to overcome this impairment is therefore an important goal in
preventing diseases and in preserving a good quality of life in the elderly
worldwide.

Investigating senescence changes of the human immune system is highly com-
plex. It can be difficult or even impossible to determine what comes first: Is the
general process of biological aging causing immunosenescence, which is then
resulting in reduced immunocompetence? Or is the decline in immunological func-
tions observed in the elderly driving the general aging process by making the indi-
vidual more susceptible for infections and other diseases? In the end, these two
statements may not be separated, and the underlying pathways may rather be highly
connected. Another major issue is that a lot of the present knowledge on immunose-
nescence has been obtained from studies in mice. The transferability of the results
found in murine studies to the human context is however limited, and we would
argue it as highly questionable. Not only is the average life span of a laboratory
mouse (1-2 years) approximately 40 times shorter than that of a human (60-90
years), but also environmental conditions like pathogen load and chronic viral infec-
tions as well as other aspects such as nutrition, climate, and exercise differ substan-
tially. Laboratory mice are usually kept under rather sterile conditions in comparison
with humans who are constantly being challenged with billions of microbes and
viruses throughout their life. Furthermore, various species-specific immunological
differences in both innate and adaptive immune functions have been discovered,
emphasizing the need of finding alternative strategies to understand human immu-
nosenescence (Seok et al. 2013; Goronzy and Weyand 2013).

3.2  TheEvolutionary Perspective

When discussing immunosenescence, it can be of interest to view the occurring
changes from an evolutionary perspective. The progressive loss of organ function
with increasing age accompanied by decreasing fertility and increasing mortality
affects most species and most organ systems. On an individual level, these changes
are generally unfavorable. On a population level however, “programmed” senes-
cence could be understood as an evolutionary strategy to control population size and
facilitate better adaption to changing environments by consistent generation turn-
over. Humans as well as domesticated animals however, living in a relatively risk-
free environment nowadays, can outlive their reproductive period by far, allowing
senescence changes to manifest themselves. Since those are revealed only after
reproduction, late-acting deleterious mutations driving senescence may escape the
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process of selection and can therefore be passed on to future generations (Kirkwood
and Austad 2000).

The senescence process of the immune system is a phenomenon affecting not
only humans but a broad variety of vertebrate and invertebrate species. Thymic
involution, for example, meaning the progressive loss of thymus function with
advancing age, is evolutionary conserved and occurs in all species possessing a
thymus (birds, mammals, and other vertebrates) (Torroba and Zapata 2003). Given
the rather uniform and early onset of thymic involution in humans, it does not form
part of the gradual loss of organ functions at higher age classically being referred to
as senescence. It can rather be understood as a mechanism to optimize the use of
external and internal resources (e.g., energy intake, elimination of waste products,
damage repair mechanisms) to ensure maximum evolutionary success in the sense
of undisturbed reproduction and general fitness. In terms of the immune system, the
energetic investment made into its establishment and maintenance needs to be suf-
ficient to protect the organism against pathogens before and during the reproductive
period (Kirkwood 1977). Secondly, it needs to be adequately regulated to promote
stable self-tolerance and to prevent overshooting immune responses, being both
energy consuming and tissue damaging. Lastly, an efficient regulation of immune
functions also comprises the aspect of risk reduction for a potential development of
malignancies, a hazard inherent to all proliferating systems (Shanley et al. 2009).
While a programmed reduction of thymic function once might have been beneficial
for the individual, the recent rise of human life expectancy far beyond the reproduc-
tive period may now unmask negative effects of thymic involution associated with
reduced immunocompetence in the elderly. As previously discussed for the general
aging process, also genetic variants promoting immunosenescence escape into the
post-reproductive “selection shadow” and can therefore persist throughout genera-
tions despite their negative consequences for the individual.

With advancing age, there is not only an increased susceptibility to infection but
also to the development of chronic low-grade inflammation, being referred to as
“inflamm-aging” by some sources (Franceschi et al. 2000). The underlying sub-
clinical and mostly asymptomatic inflammatory circuits have been suspected to be
highly influential in the induction and/or chronification of a variety of age-related
diseases (Ferrucci et al. 1999; Jeffery 2008; Bruunsgaard et al. 2003; Teixeira et al.
2014). The drastic improvements of hygiene standards and enhanced means to
prevent and control infectious diseases have greatly contributed to reduction of
concurrent infections and contact with inflammation inducing or maintaining
agents. These changes certainly played a major role in the extension of life span,
particularly during the last few centuries. Before that, it was vital to possess the
ability to actively fight infections by mounting inflammatory responses, whereas
now, pathogen loads are lower and highly effective treatments such as antibiotics
are available, and prophylactic vaccinations protect against major pathogens
(Shanley et al. 2009).

One has to argue that from an evolutionary view, the immune system has not
evolved to provide protection for almost centenarians traveling from one continent
to another. Successful long-term aging happened in ancient times too. However,
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“very old individuals” were the exception and maybe similar to today profiting from
coordinated pro- and anti-inflammatory profiles. A balanced control of inflamma-
tion may be the most important contributing factor to enable longevity (Franceschi
and Bonafe 2003).

3.3  Effects on Hematopoietic Stem Cells and Telomeres

Hematopoietic stem cells (HSCs) residing in the bone marrow give rise to both
myeloid and lymphoid progenitor cells as well as to erythrocytes. During aging,
bone marrow mass and cellularity decline. However, red cell life span, blood vol-
ume, and total white blood cell counts remain relatively stable in healthy elderly
individuals (Bagnara et al. 2000). Other hematopoietic branches are more affected.
Since regenerative capacities are limited, the hematopoietic system of old individu-
als is more vulnerable to various challenges like illness, bleedings, malignancies,
and malnutrition but also medical treatment like radiation and chemotherapy
(Geiger and Rudolph 2009).

One of the restricting elements in many of these processes are telomeres.
Telomeres are repetitive nucleotide sequences at each end of a chromatid, protecting
the ends of the chromosome from deterioration or from fusion with neighboring
chromosomes. During chromosome replication, the enzymes duplicating DNA can-
not entirely replicate the full length of the chromosome. This usually affects the
telomeres, which serve as a buffer to prevent the actual chromosome from being
shortened (Levy et al. 1992). Studies suggest that shortened telomeres are associ-
ated with cells entering replicative senescence and undergoing apoptosis (Zhang
et al. 1999), but they also have been found in connection with certain cancers
(Djojosubroto et al. 2003). The progressive loss of telomeric DNA with an increas-
ing number of divisions can also be observed in HSCs (Vaziri et al. 1994). Cell
culture experiments have shown that the shortening of telomeric DNA is associated
with a rise in cells undergoing apoptosis. The question whether telomeric shorten-
ing also affects the functionality of HSCs in an in vivo situation has not yet been
answered.

Besides telomere shortening, there are further age-related mechanisms affect-
ing HSC functioning at higher age. HSCs are subject to an age-associated accu-
mulation of defects in mitochondrial and genomic DNA, also observed in other
cell types. Transfer experiments in mice using HSCs of young and old animals
showed that when an age-mixed sample was transferred, bone marrow reconsti-
tution in the host was largely driven by “young” stem cells (Albright and
Makinodan 1976). In old humans, the proliferative capacity of HSCs is up to four
times lower than those derived from young donors (Geiger and Rudolph 2009).
Aside from such cell-intrinsic defects, also age-related changes occurring in the
bone marrow environment have been reported. A reduction in the local produc-
tion of stimulating cytokines (such as stem cell factor (SCF), granulocyte macro-
phage colony-stimulating factor (GM-CSF) and interleukin-3) has been found in
elderly adults, potentially explaining protracted periods of reconstitution after
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stem cell transplantation in older recipients (Small et al. 1999). With regard to
this finding, it should be emphasized that alterations in the bone marrow micro-
environment may particularly change the immune systems’ memory: both anti-
body-secreting plasma cells, accounting for reactive humoral memory, and
memory T cells, representing long-term cellular memory, reside there.
Differentiation pathways become affected too. Differentiation toward the lym-
phoid lineage is impaired in aged subjects, providing one potential explanation
to the question why the functions of the adaptive immune system seem to be
impaired to a larger extent than innate immunity (Rossi et al. 2007). However,
the various lymphoid lineages are not equally affected: production of precursor
B cells is found to be reduced, resulting in lower numbers of B cells exiting from
the bone marrow, whereas the generation of T-cell precursors remains relatively
unchanged (Cancro et al. 2009).

3.4 Aging of the Innate Immune System

Age-related changes have been observed for both the innate and the adaptive arm of
the immune system, although they are affected to different extents. The innate
immune system is phylogenetically more ancient. It consists of natural barriers like
skin and mucosal surfaces, various leukocyte subsets, and noncellular components
like complement proteins or local antimicrobial peptides. In contrast to the adaptive
immune system, there is no specialization of effector functions or memory forma-
tion for individual pathogens (Medzhitov and Janeway 2000). Innate immune cells
generically recognize pathogens and modulate their activity through a multitude of
invariable, germline-encoded receptors, such as Toll-like receptors (TLRs) and
RIG-I-like receptors (Kumar et al. 2011). For a variety of these components, age-
related changes have been described (Shaw et al. 2013).

While there is evidence that innate effector mechanisms tend to show declining
function in the old, there are also strong hints that with higher age, a state of persis-
tent inflammation can set in (Franceschi et al. 2000). Pro-inflammatory cytokines,
such as interleukin-6 (IL-6), interleukin-1-beta (IL-1p), and tumor necrosis factor
alpha (TNFa), are present at elevated levels in elderly persons systemically and
locally at sites including the brain, blood vessels, and bones (Bagnara et al. 2000).
At first and for decades, such micro-inflammations may be asymptomatic and harm-
less. After years however, they may pose potentially harmful consequences for body
tissues and may even be causal for diseases like atherosclerosis (Libby 2002), dia-
betes (Dandona et al. 2004), or Alzheimer’s disease (Akiyama et al. 2000).
Undoubtedly, the genetic background and lifestyle choices of an individual repre-
sent influencing factors too. The exact underlying mechanisms are still incompletely
understood and highly complex (Morrisette-Thomas et al. 2014). However, there is
a clear inflammatory component inherent to most of age-associated diseases
accounting for major shares of overall morbidity and mortality in the elderly
(Ferrucci et al. 1999; Ershler and Keller 2000; Cohen et al. 2003). This can result in
a dilemma: an inflammatory disposition, which may be beneficial for establishing a
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good level of immune protection in the young, may later in life result in a harmful
state of chronic inflammation (Licastro et al. 2005).

Macrophages residing in various body tissues as well as monocytes, circulating
in the blood, possess the ability to initiate and modulate immune responses by rec-
ognition and uptake of pathogens followed by presentation of antigenic peptides to
T cells and the release of various cytokines (Murray and Wynn 2011). Numbers of
macrophage precursors in bone marrow decline with age (Ogawa et al. 2000). TLRs,
present on the surfaces of macrophages, further leukocyte populations, as well as
mucosal epithelial cells, are able to recognize molecular patterns inherent to bacte-
rial, fungal, parasitical, and viral pathogens (Kumar et al. 2009). Whether TLR
expression decreases with advancing age remains unclear, but the cytokine response
following activation of certain TLRs has found to be reduced in monocytes at higher
age (van Duin et al. 2007a). In studies in mice and rats, macrophages of old animals
were releasing lower quantities of reactive oxygen species crucial for cytotoxic
functions (Plowden et al. 2004). Also in aged humans, macrophage activity tends to
be reduced, providing a potential explanation for prolonged duration and asymp-
tomatic clinical presentation of infections in the elderly (Lloberas and Celada 2002).
Neutrophils, making up the largest share of peripheral blood leukocytes, do not
significantly change in numbers with age. However, their functional and chemotac-
tic capacity is compromised in old humans (Tseng and Liu 2014). There is not much
data on the other granulocyte populations concerning age-related changes.
Eosinophils show a functional decline with age (Mathur et al. 2008), while hista-
mine release of basophils upon stimulation increases (Marone et al. 1986). Absolute
numbers of basophils however tend to fall with age (Cohen et al. 2013).

Monocytes perform functions such as phagocytosis, antigen presentation, and
cytokine production and are precursors for tissue macrophages and dendritic cells
(DCs) circulating in peripheral blood. In humans, three major monocyte subsets can
be distinguished: classical CD14+*/CD167, intermediate CD14+*/CD16*, and non-
classical CD14*/CD16" monocytes (Guilliams et al. 2014), with the latter two being
more activated and capable at secreting pro-inflammatory cytokines (Tacke and
Randolph 2006; Zimmermann et al. 2010). Elderly individuals show a significant
shift toward nonclassical monocytes in their monocyte compartment (Sadeghi et al.
1999; Seidler et al. 2010). A deregulation in monocyte function, such as decreased
phagocytosis and increased basal TNFa levels is likely contributing to the pheno-
type of inflamm-aging (Hearps et al. 2012).

DCs form a heterogeneous group of professional antigen-presenting cells (APC),
which can be of both myeloid and lymphoid origin. While they undoubtedly play an
important role in conveying self-tolerance, initiating immune responses, and interlink-
ing innate and adaptive immunity (Reis e Sousa 2006), the effect of age on DCs
remains unclear. Plasmacytoid DCs (pDCs) are important in the defense against viral
infection through their production of large amounts of type I interferon (IFN) (Liu
2004). Their numbers seem to decrease in elderly humans (Jing et al. 2009). Also on
a functional level, there are reports that pDCs show age-related alterations such as
decreased expression of TLR7 and 9 (Jing et al. 2009; Garbe et al. 2012) and dimin-
ished secretion of activation-induced type I and IIT IFNs and TNF« (Panda et al. 2010;
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Qian et al. 2011; Sridharan et al. 2011). There is conflicting data whether numbers of
myeloid dendritic cells (mDCs) are falling at higher age or remain unchanged. They
are powerful APCs and capable of priming naive T cells with antigens they phagocy-
tized. Data suggest that these two features are preserved also at higher age (Castle
et al. 1999; Steger et al. 1997). For other functions however, mDCs of aged donors
show impaired functionality represented by reduced expression of certain TLRs and
lower secretion of cytokines after stimulation (Panda et al. 2010; Qian et al. 2011;
Della Bella et al. 2007). With respect to inflamm-aging, a low-level expression of pro-
inflammatory cytokines such as IL6 and TNFa has been observed in unstimulated
pDCs and mDCs from elderly donors (Panda et al. 2010).

Natural killer (NK) cells and natural killer T (NKT) cells are derived from lym-
phoid progenitors. NK-cell activity is controlled by a set of activating and inhibitory
receptors and plays an important role in the elimination of virus-infected and malig-
nant cells (Lanier 1998). They exert functions such as the direct lysis of target cells
as well as release of pro-inflammatory cytokines such as IFNy. In contrast to other
lymphocyte populations, NK-cell numbers tend to increase with advancing age,
potentially conveying an important role in infection control at later stages in life
(Borrego et al. 1999). Within the NK-cell population, two major subsets of CD56iht
CD16%™ and CD56% CD 16" NK cells can be distinguished (Cooper et al. 2001).
CD356%m NK cells make up around 90 % of the total population and act highly cyto-
toxic while only producing low levels of cytokines. Their number tends to increase
with advancing age, conserving NK-cell-mediated cytotoxicity, both direct and
antibody mediated, up to higher age. In contrast to that, CD56"" NK cells have
only minimal cytotoxic activity but are able to produce cytokines like IFNy. Their
quantity reduces with age, but it remains controversial whether cytokine production
and cytotoxicity are affected (Mariani et al. 2002; Hayhoe et al. 2010). In conclu-
sion, senescence changes of innate immunity are reducing the ability to properly
respond to infections and to initiate the adaptive immune response. Reduced neutro-
phils and NK-cell activity in the elderly are predictive of increased mortality (Niwa
et al. 1989; Ogata et al. 2001), and age-impaired TLR function can be associated
with reduced vaccine responsiveness (van Duin et al. 2007b). Figure 3.1 summa-
rizes the major changes with respect to innate immunity cells and their functions.
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number = number =
ROS production { ROS production
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Fig. 3.1 Age-related changes in innate immunity cells and their functions
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3.5 Age-Related Changes to Adaptive Immunity

In contrast to innate immunity, adaptive responses are not readily available after
birth but are being acquired and refined through a process of selection and adaption.
Both the T- and the B-cell compartments are strongly affected by aging. Age-
associated changes in T-cell function manifest in declining numbers of T cells exit-
ing from the thymus, a shrinking diversity of the T-cell receptor (TCR) repertoire
and a reduced potential of the cells to expand and differentiate upon activation
(Naylor et al. 2005; Douek et al. 1998; Goronzy and Weyand 2005). After exiting
from the bone marrow, T-cell precursors enter the thymus and undergo further steps
of maturation and selection. Thymic involution, meaning a decline in tissue mass
and loss of tissue structure which results in a reduced output of naive T cells, has
been one of the main features described in the context of immunosenescence
(Boehm and Swann 2013). While some authors continue to cite puberty as the onset
of thymic involution in humans, there is strong evidence that it sets in a lot earlier
(Shanley et al. 2009). Maximum size and peak of activity is reached around the age
of 1. By the age of 7, only 10 % of active thymic tissue is left, while the rest has been
replaced by fat (Flores et al. 1999). These changes are almost complete by around
50 years of age, although studies have shown that this process can also be modified
by external influences: stress, illness, malnutrition, or also pregnancy can lead to
transient thymic regression, potentially influenced by inflammatory cytokines and
regulated by hormones (Gruver and Sempowski 2008). On the other hand, there has
been evidence that under certain conditions, for example, after bone marrow or stem
cell transplantation (Alexander et al. 2008; Haynes et al. 2000) or blocking of
androgen hormone signaling (Sutherland et al. 2005), a reset with respect to thymic
T-cell production can occur. The thymus is an energetically costly organ, with 90 %
of the entering thymocytes not passing thymic selection (George and Ritter 1996).
Early in life, high thymic activity is needed to build a robust and diverse peripheral
T-cell pool, vital for fighting infections and staying healthy and consequently
enabling successful reproduction. Once that has been achieved, the longevity of
memory T cells as well as their capability to undergo homeostatic proliferation in
the periphery allows the maintenance of a stable peripheral antigen-experienced
T-cell pool at lower activity levels of the thymus (den Braber et al. 2012). Another
beneficial aspect of reducing thymic output might be lowering the risk of lymphatic
malignancies. Lastly, the generation of T cells always contains the risk of cellular
autoreactivity. Once released into the periphery, autoreactive T cells having escaped
negative selection in the thymus (central tolerance) can usually be controlled by
various other peripheral mechanisms. However, any inflammatory conditions can
alter the various peripheral checkpoints and tolerance mechanisms and result in the
activation of autoreactive effector and memory cells. Once generated, autoreactive
memory cells can hardly be controlled and pose the risk of inducing and maintain-
ing chronic auto-inflammation with potentially lethal outcome if not adequately
treated. It is therefore plausible to maintain thymic activity only throughout a lim-
ited time frame in life, in order to provide a sufficiently diverse repertoire of T-cell
specificities and in parallel to keep the risk of malignancies and increased
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autoreactivity low. At steady state, the age-related loss of thymic function appar-
ently can be tolerated without negative clinical side effects, but when confronted
with external challenges such as chronic infections, tumors, or very high age, the
missing potential to quickly generate fresh, diverse T cells can leave an individual
more vulnerable for disease.

One option to assess thymic activity in humans is the measurement of the content
of T-cell receptor excision circles (TRECS) in naive peripheral T cells. TRECs are
circular DNA fragments created in T cells during TCR gene rearrangement in the
thymus. During cell division, TRECs are not replicated and therefore being diluted
over generations of descendant cells, rendering them as an indicator of replicative
history (Al-Harthi et al. 2000). In one study, a decline in TRECs by 95 % could be
observed between two cohorts of 25-year-old or 60-year-old individuals. However,
baseline proliferation of CD4* T cells assessed by Ki-67 expression as well as TCR-
B-chain diversity remained relatively stable between the two groups. After the age
of 70 years, TRECs declined only slightly further, while homeostatic proliferation
doubled. In this group, a drastic drop of TCR diversity was detected, giving a poten-
tial cause for reduced vaccine efficacy in the old (Naylor et al. 2005). Thymic activ-
ity and homeostatic proliferation of human naive T cells can also be evaluated by
using CD31 expression to distinguish two subsets of naive CD4+ T cells with dis-
tinct TREC content in the peripheral blood of healthy humans (Kimmig et al. 2002).
Existing data so far suggests that homeostatic proliferation of human naive T cells
results in TCR repertoire restrictions (Kohler et al. 2005). However, applying the
now-available technologies of next-generation sequencing of the entire TCR reper-
toires from defined samples will enable a more detailed view on human naive T-cell
homeostasis on the basis of single T-cell clones. There are further hints from mice
and nonhuman primate experiments that low numbers of naive T cells and a con-
stricted TCR repertoire negatively influence primary immune responses against
various pathogens (Al-Harthi et al. 2000; Blackman and Woodland 2011; Ci¢in-Sain
et al. 2010). The naive compartments of CD4* and the CD8* T-cell compartment
seem to be differently affected during aging, with CD4* cells being generally less
compromised than CD8* T cells (Koch et al. 2008).

A striking feature of the adaptive system is its capability to generate long-lived
memory B and T cells, which can convey protection upon rechallenge with a patho-
gen that has been previously encountered. Usually, this second response is faster
and functionally adapted, leading to a fast clearance of the pathogen or antigenic
challenge. Like naive T cells, also memory and effector T cells experience age-
related changes. An individual’s history of immunological exposure to acute infec-
tions as well as to persisting pathogens such as human cytomegalovirus (CMV)
drives the differentiation and expansion of the respective specific T-cell clones.
Especially in the setting of chronic viral infection, repetitive antigen stimulation can
give rise to an accumulating population of terminally differentiated T cells which
are less functional and replication senescent (Ouyang et al. 2004) (Fletcher et al.
2005) but can make up a significant share of the repertoire (Sylwester et al. 2005).
This naturally takes place at the expense of other T cells competing for the same
resources and space. Memory inflation therefore needs to be considered as a further
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crucial key feature of immunosenescence with skewed responses to vaccination and
infection in affected individuals (Saurwein-Teissl et al. 2002; Goronzy et al. 2001).
A study assessing the naive/memory subset composition in centenarians, which are
often considered to be an example of successful aging, showed that these elite
donors did not display high numbers of terminally differentiated T cells, but
remained within the range of young and middle-aged donors (Nasi et al. 2006).

Age-associated alterations have also been found in signaling pathways of naive
T cells, suggesting that not only quantitative but also qualitative changes might
affect primary T-cell responses in elderly individuals. In mouse experiments, naive
T cells from aged mice showed defects in T-cell synapses, early TCR signaling
events, as well as lower levels of cytokines produced by the generated effector cells
(Sadighi Akha and Miller 2005). In elderly humans, the TCR-induced extracellular
signal-regulated kinase (ERK) phosphorylation in naive CD4* T cells was reduced,
caused by increased protein expression of the dual specific phosphatase 6 (DUSP6)
due to falling levels of miR-181a. Interestingly, the reconstitution of miR-181a low-
ered DUSP6 expression in naive CD4* T cells in elderly individuals and improved
T-cell responses, making DUSP6 a rare potential therapeutic target for rescuing
impaired T-cell responses, for example, in elderly persons (Li et al. 2012).

Many other studies have reported on multiple other signaling defects in T cells
isolated from the elderly. However, most studies did not analyze naive T cells but
rather different effector cells. One has to emphasize that some of the reported signal-
ing defects are therefore not age related but rather associated with distinct cell types
that result from chronic inflammation. They might therefore not be regarded as intrin-
sic age-related changes, since such effector-type T cells can be high as well in healthy
younger adults when they suffer from diseases such as chronic infection or allergy.

There are divergent results about age-related shifts in the cytokine profile of T
cells. Some studies have found Th2 cytokines to be increased in the elderly
(Mansfield et al. 2012), while others found increased levels of Thl cytokines
(Sakata-Kaneko et al. 2000). However, it is undoubted that a fine balance between a
generally pro-inflammatory Th1 profile, needed for effective responses toward bac-
terial and viral infections, on the one hand and the rather anti-inflammatory Th2
polarization is required for healthy aging (Sandmand et al. 2002). In both in vivo
responses to natural infection as well as with regard to vaccination, polyfunctional
T cells, being capable of producing different cytokines simultaneously, have been
shown to be indicative for a competent acute reaction as well as for an efficient
generation of immunological memory (Seder et al. 2008). The number of antigen-
specific polyfunctional cells after primary vaccination with attenuated yellow fever
virus is lower in old individuals (own unpublished data) but also in the setting of
noncontrolled chronic viral infection with HIV (Betts et al. 2006).

B cells are capable of producing antibodies that bind pathogens and neutralize
them or make them detectable for other immune cells. As mentioned above, num-
bers of B-cell precursors in the bone marrow decrease with age and also numbers of
naive peripheral B cells tend to modestly decline with age. Alongside with that, a
gradual rise in antigen-experienced memory B cells can be observed (Johnson and
Cambier 2004). However, these changes are less drastic compared to the decrease in
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recent thymic emigrants in the T-cell compartment. Levels of immunoglobulins do
not significantly fall at higher age (Listl et al. 2006), although amounts of
vaccination-induced specific antibodies tend to be lower in the elderly (Goodwin
et al. 2006; Stiasny et al. 2012). Similar to T cells, aged B-cell repertoires display a
more restricted diversity with age (Dunn-Walters and Ademokun 2010; Howard
et al. 2006). A rise in autoantibodies can be observed in the elderly. However, the
clinical relevance of this finding remains unclear, since elevated titers do not neces-
sarily correlate with the presence of symptoms of autoimmunity (Mariotti et al.
1992; Hallgren et al. 1973). On the molecular level, a decreased expression of
activation-induced cytidine deaminase (AID) leading to an age-associated reduction
in class switch recombination could be observed in vitro (Frasca et al. 2008). Finally,
a study comparing the B-cell repertoire of old and young adults reported a correla-
tion between old individuals having a highly contracted repertoire and a reduced
general health status, higher morbidity and mortality in those (Gibson et al. 2009).

Once established, immunological memory seems to be relatively stable through-
out the aging process and clearly less affected than primary activation of naive B
and T cells (Sallusto et al. 2004). Interestingly, at least in mice, there is evidence
that a T-cell memory for a certain pathogen established at higher age is less robust
than the one that has been established early in life, possibly due to a deficient pri-
mary response (Kapasi et al. 2002). A good example of immunological memory
being resilient to immunosenescence could be observed during the 2009 HIN1
influenza pandemic. In 1957, a very similar influenza strain was circulating and
older adults, who had developed a protective memory back then, did now possess
higher avidity antibodies than middle-aged adults who had not yet been born back
then (Hancock et al. 2009).

One interesting theory when thinking about memory formation and immunose-
nescence is the concept of the “original antigenic sin,” also known as Hoskins effect
(Francis 1960). Once there is an established immunological memory for a certain
pathogen, in case of a new encounter with a similar but not identical second patho-
gen, the induced response will be driven by memory cells specific for the first patho-
gen (Kim et al. 2009). While still executing some protective functions, they do not
reach the full potential of a primary response with naive B and T cells of high affin-
ity being optimally selected (Klenerman and Zinkernagel 1998). In theory, this is
not only a troubling topic in vaccine development but also for elderly adults, who
dispose of and also rely on an established immunological memory for a broad vari-
ety of antigens and might therefore be hindered in the establishment of efficient
primary responses. But whether this results in an ultimately impaired level of pro-
tection has not yet been proven.

3.6 The Role of Persistent Viral Infections

Certain viruses such as CMV, Epstein-Barr virus (EBV), varicella-zoster virus
(VZV), hepatitis B and C virus, or human immunodeficiency virus (HIV) can estab-
lish persistent viral infections in humans, constantly challenging the host’s immune
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system. Chronic exposure to viral antigens results in the clonal expansion of
memory/effector T cells, a phenomenon, which has been particularly well examined
for CMV persistence (Pawelec 2014). CMV reaches high seroprevalences of 60 %
in the general population in developed countries and above 90 % in older adults
(Staras et al. 2006) and in developing countries (Cannon et al. 2010). Besides the
clonally expanded memory T-cell pool that can be found also in young infected
individuals, chronic CMV infection has been discussed to promote an inflammatory
phenotype by higher levels of interleukin-6 and TNF« found in seropositive persons
(Trzonkowski et al. 2003; Roberts et al. 2010) and to negatively impact vaccination
outcomes as it has been observed for flu vaccinations (Moro-Garcia et al. 2012;
Derhovanessian et al. 2013).

EBV is another widespread persistent virus, reaching seroprevalences of over
90 % in the general populations (Cohen 2000). The influence of EBV on the T-cell
compartment is milder if compared to CMV infection. However, up to 10 % of
CDS8* T cells in healthy EBV-seropositive individuals can be specific for the virus
(Hislop et al. 2002; Tan et al. 1999). The impact on the B-cell compartment, with
memory B cells being the main target cells of EBV (Babcock et al. 1998), is how-
ever by far more pronounced: clonal B-cell expansion is driven by EBV infection
resembling typical senescence alterations (Wang et al. 2014).

3.7 Clinical Assessment of Inmunosenescence

Without doubt, the various changes associated with immunosenescence do not
affect all individuals equally, and the numerical age of a person is not a sufficient
indicator for his or her immunological competence. It is therefore of scientific but
also clinical interest to establish tools for assessing individual immune-age risk pro-
files. In times where patient-adapted treatment becomes increasingly important, this
can, for example, help in choosing optimized vaccination schemes and personalized
therapeutic strategies, thus preventing potential risks connected with diseases but
also with treatment toxicity. Telomere length in leukocytes can be measured and
serve as an indicator of cell replication history. Telomeres can shorten due to oxida-
tive stress and tissue damage (Cawthon et al. 2003). As stated before, thymic activ-
ity can be assessed by PCR quantification of TRECs. An alternative option to
indirectly assess thymic activity is the analysis of CD31 expression on naive CD4*
T cells by flow cytometry. CD31 is expressed on a subset of naive CD4* T cells,
which have only recently exited the thymus and have not undergone further substan-
tial peripheral proliferation and antigen selection (Kimmig et al. 2002). There have
been proposals of “immune risk profiles” focusing on B- and T-cell numbers, their
proliferative capacities, the CD4*/CD8" ratio, as well as seropositivity for chronic
viral infections (Pawelec et al. 2002; Boren and Gershwin 2004). Individuals who
showed a high-risk profile had a higher mortality during the 2—6 years of follow-up.
In contrast, centenarians usually display risk profiles that are lower than what is
predicted for their numerical age (Strindhall et al. 2007). There is diverging data on
the role of chronic viral infections in driving immunosenescence. Parallels in terms
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of increased susceptibility for infectious diseases as well as for cancer can be found
between aged humans and individuals suffering from noncontrolled HIV infection
(Douek et al. 1998). Also persistent infections with herpes viruses have been associ-
ated with promoting immunosenescence. While it is undoubted that the prevalence
of infection with cytomegalovirus (CMV) increases with age and that CM V-specific
T-cell clones can make up a large share of the repertoire in seropositive individuals
(Pawelec et al. 2009), there is ongoing controversy about whether it actually drives
immunosenescence and influences morbidity and mortality (Solana et al. 2012).

3.8 Strategies to Overcome Immunosenescence

With an enhanced understanding of immunosenescence, there is a growing interest
in finding strategies to overcome its negative aspects in order to facilitate or at least
enable optimal health until late in life. The commonly shared belief that a balanced
diet and moderate physical exercise play an important role in maintaining health
also applies for immunological functions, and various vitamins and trace elements
have been shown to be beneficial (Chandra 2004). When deficient, nutritional sup-
plementation can help but there is no evidence, further supplementation beyond the
recommended daily amounts can “boost” immune function. Recombinant interleu-
kin-7 (IL-7) is being studied as a therapeutic option to increase thymic output of T
cells. Successful reversion of thymic atrophy and increased thymic output could be
observed in both mice and macaques after the administration of IL-7 (Faltynek
et al. 1992; Moniuszko et al. 2004). In humans, there is data on the use of IL-7 in
adult patients with refractory cancer or HIV infection. Here, IL-7 was able to
induce increased numbers of naive and central memory cells, while effector T-cell
numbers were not affected. CD8* T-cell repertoire diversity also increased. These
effects were age independent and persisted after therapy (for the study duration of
28 days) (Sportes et al. 2008; Levy et al. 2009). While this is a promising data,
long-term studies with larger cohorts will have to prove whether IL 7 could also be
a target for the enhancement of thymic functions in other clinical settings or even
in healthy old adults in the context of disease prevention. Statin drugs, which are
classically being used in patients with hypercholesterolemia and cardiovascular
disease, were found to have beneficial effects for the process of aging. Studies are
preliminary and have demonstrated their anti-inflammatory potential and a poten-
tial reduction in telomere shortening by lowering oxidative stress (Ruiz-Limon
et al. 2015; Olivieri et al. 2012).

3.9 Vaccinations in the Elderly

Special attention is given to vaccinations in the elderly. Being an excellent mean of
disease prevention at relatively low costs, licensed standard vaccines are usually
very safe to administer. However, a reduction in vaccination efficacy has been dem-
onstrated in old adults for various live, inactivated, and recombinant vaccines. The
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previously mentioned age-related immunological alterations such as innate dys-
function, a shrinking naive T-cell repertoire, humoral defects, and coinfection with
persistent viruses can definitely influence successful vaccinations (Weinberger and
Grubeck-Loebenstein 2012). Immunization recommendations for people over the
age of 65 years differ slightly between countries. Health authorities usually recom-
mend the annual administrations of seasonal influenza vaccine, a one-time vaccina-
tion against pneumococcal infection and the combined vaccination against tetanus,
diphtheria, and pertussis at 10-year intervals (U.S. Department of Health 2014). In
some countries, varicella-zoster virus (VZV) vaccine is recommended to prevent
the reactivation of the virus in the form of herpes zoster. Various studies have col-
lected data on the reduced efficacy of influenza vaccine in the elderly: while provid-
ing protection in 65-90 % of young vaccinees, seasonal influenza vaccine only
achieves a rate of 30-50 % of elderly individuals being protected after vaccination
(Jefferson et al. 2007). For the 23-valent polysaccharide pneumococcal vaccine
(PPV23), some studies have found a drastic reduction in antibody production and
protection levels in people above the age of 80, while it showed acceptable efficacy
in individuals aged 75 and younger (Andrews et al. 2012). The combined Tdap vac-
cine (tetanus, diphtheria, and pertussis vaccine) appears to give a satisfactory
response in elderly individuals (Weston et al. 2012). For this vaccine, it could be
demonstrated that pre-vaccination antibody titers positively influenced vaccination
outcome, suggesting a beneficial effect of carefully timed booster immunizations in
the elderly (Kaml et al. 2006). By administering vaccines at younger age, the defec-
tive memory generation observed in old adults may be avoided. The live viral VZV
vaccine showed reduced efficiency in the elderly. It can reduce the incidence but not
fully prevent herpes zoster reactivation (Levin 2012). For primary immune responses
to vaccination, an increase of non-responsiveness to hepatitis B vaccine could be
found in older vaccinees (Fisman et al. 2002). Aside from booster immunizations,
there are further clinical strategies to overcome this inability to respond adequately
to and enhance the level of protection. Simply higher-dose vaccines may improve
vaccination success and however may also lead to decreased efficiencies and/or
unwanted side effects due to over-activation. A study of patients with asthma sug-
gested that patients aged 60 and older produced adequate levels of sero-protective
antibody to HIN1 vaccine in response to a 30 mcg dose, but not a 15 mcg dose
(Busse et al. 2011). For the seasonal influenza vaccination in 2010, a vaccine con-
taining four times as much antigen than the conventional flu shot was approved by
the FDA for persons over the age of 65 (Schubert 2010). Further strategies include
new vaccine formulations and the use of adjuvants. For pneumococcal vaccination,
trials have been made with using 7-valent protein-conjugated vaccine instead of the
standard 23-valent polysaccharide formula with satisfactory results (de Roux et al.
2008). Lastly, also the route of vaccine administration is worth considering. One
study demonstrated that a better influenza-specific response could be achieved by
intradermal application compared with standard intramuscular injection (Holland
et al. 2008).

Considering the rapid population aging in developing countries as well as the
increasing numbers of older adults traveling to tropical regions, vaccination in travel
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and tropical medicine for the elderly have become an increasingly important topic.
Infections like dengue fever, Japanese encephalitis, or yellow fever threaten the life
of the local population as well as that of travelers. However, there is so far only little
data on the efficiency of travel vaccines in elderly adults (Ericsson et al. 2001),
hallmarking it as an urgent focus for future research.

3.10 Conclusion and Outlook

Gradual alterations of immune functions developing with advancing age are encom-
passed by the term “immunosenescence.” These changes have been demonstrated to
account for the distorted immune competence in the elderly, resulting in augmented
susceptibility to infection and cancer as well as reduced vaccination efficacies and
an altered ability of the immune system to control autoimmunity and chronic inflam-
mation. Immunosenescence occurs with physiological aging: however, it contrib-
utes to numerous immunopathological age-related disorders and modifications. In
spite of intensive research work, the underlying mechanisms have remained largely
obscure so far. A widespread detailed analysis of genomic and post-genomic signa-
tures on the cellular level will be needed in the future in order to understand the
basis of these systemic changes of the immune system.
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4.1 Introduction

A global rise in the prevalence of allergic diseases has been observed over the past
decades with a higher prevalence of these conditions in Western countries than in
developing countries. This increase is especially problematic in children with cur-
rently more than 30 % of children affected by an allergic disease.

First described by the epidemiologist David Strachan in 1989, the so-called
hygiene hypothesis was based on the observation that children with an increased
number of siblings had less allergic rhinitis and atopic dermatitis (Strachan
1989). The protective effect was attributed to more frequent infections during
childhood. Since then, the hygiene hypothesis has been extensively studied in
the field of allergy research and proposed to play a role in the rapid increase of
the prevalence of allergic diseases over the past decades (The International
Study of Asthma and Allergies in Childhood (ISAAC) Steering Committee
1998), which was observed in parallel to a large decrease in infectious diseases
(Bach 2002).

A large number of epidemiological studies support the concept of the hygiene
hypothesis and even extended it to other immune-mediated diseases, such as type 1
diabetes and inflammatory bowel disease (Brown et al. 2013). Nevertheless, not
only infections seemed to protect children against allergies; in addition, environ-
mental exposures with high levels of microbial components, such as farming, have
been suggested as one of the major preventive factors for allergy development
(Braun-Fahrlander et al. 1999).

The immune mechanisms underlying the hygiene hypothesis are not yet fully
elucidated, although several mechanisms have been described. One suggested
immunological basis of the hygiene hypothesis is that a reduced microbial stimula-
tion of receptors of the innate immune system in early life leads to a lack of shift
toward T-helper cells type 1 (Tyl), away from Ty2 responses (Romagnani 2004a).
In fact, researches on the molecular mechanisms of the hygiene hypothesis have
reported that receptors of the innate immunity have the ability to modulate allergic
responses (Vercelli 2006).

This notion has been debated and it was shown that the molecular basis of aller-
gic disorders cannot be fully explained by the Ty2 paradigm (Mrabet-Dahbi and
Maurer 2010; Eyerich and Novak 2013). These observations include that IFN-y,
IL-17, and neutrophils are found in the lungs of asthma patients, and treatments
targeting T2 cells failed to be effective as hoped in many clinical trials (Kim et al.
2010). Moreover, not only Ty2-associated diseases have increased over the past
decades in parallel with elevated hygiene conditions but also Ty1-associated inflam-
matory and autoimmune diseases (Marshall et al. 2004; Feillet and Bach 2004;
Loftus 2004). Furthermore, regulation of Ty 1/T2 balance was suggested to contrib-
ute to the development of allergic and autoimmune conditions (Robinson et al.
2004). Therefore, another suggested mechanism for the hygiene hypothesis is the
reduced immune regulation caused by decreased infection stress with an important
role of T-regulatory cell activity and the cytokine IL-10 (Yazdanbakhsh et al. 2002;
Clemente et al. 2012).
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4.2 Infection

As mentioned previously, the first description of the hygiene hypothesis was made
on the observation that siblings, with increased exposure to infectious disease
through contact with other children, suffer less from allergies (Strachan 1989).
Since then, these results were supported by a large number of studies (Strachan
etal. 1997a, b; Ball et al. 2000; Bodner et al. 1998). In line with these findings, day
care attendance in early life, associated as well with increased microbial exposures
in infancy, was shown as a protective factor against allergic diseases (Kramer et al.
1999; Celedon et al. 2003; Hoffjan et al. 2005). Moreover, Italian military students
with antibodies to hepatitis A virus showed a lower prevalence of atopy and atopic
respiratory diseases (Matricardi et al. 1997).

It was suggested that certain infections that predominantly induce Ty1 responses
might limit allergic Ty2 responses. Mycobacterial lipoproteins bind to toll-like
receptors (TLRs), and this interaction leads to the prominent synthesis of IL-12, and
thus prominent switching toward Ty1 responses (Brightbill et al. 1999). A Japanese
study reported that children with positive tuberculin responses had a lower level of
IgE and lower levels of T2 cytokines, as well as higher levels of IFN-y, a Ty1 cyto-
kine (Shirakawa et al. 1997). Further, vaccination with bacillus Calmette-Guerin
(BCQG) that contains attenuated mycobacteria has been shown to be negatively asso-
ciated with allergic diseases. A prospective international study has shown a protec-
tive effect of the BCG vaccine at birth against the development of allergic symptoms
at the age of 2 and 5 years, but not against IgE sensitization (Townley et al. 2004).
Furthermore, results from the International Study of Asthma and Allergies in
Childhood (ISAAC) study showed an inverse relation between tuberculosis notifi-
cation rates and the prevalence of wheeze (von Mutius et al. 2000a). However,
another study only among children with atopic heredity found no association
between BCG vaccination and atopy (Alm et al. 1997). Recently, a study could
show an increase of IFN-y and IL-10 production among children receiving BCG
vaccination at birth (Akkoc et al. 2010) (Table 4.1).

Further, several studies have reported a negative relation between early child-
hood infections and the development of allergic diseases, although some findings
are inconsistent. A German birth cohort showed an inverse association between
repeated viral infections in early life and asthma (Illi et al. 2001). Results from
another prospective study revealed that higher levels of infectious episodes in the
first 6 months of life were significantly associated with reduced levels of IgE in
adolescence (McDade et al. 2004).

These findings are in line with results from animal models that have shown that
bacterial species, such as heat-killed Mycobacteria, Listeria monocytogenes, and
Bordetella pertussis, may induce a protective effect against the development of
allergic diseases (Tukenmez et al. 1999; Li et al. 2003; Kim et al. 2004).

On the contrary, studies analyzing specific childhood infections, such as chick-
enpox, mumps, whooping cough, or measles have mainly shown positive or no
associations with allergic diseases (Bodner et al. 1998; Paunio et al. 2000; Olesen
et al. 2003; McKeever et al. 2002). However, a recent US study suggested a risk
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Table 4.1 Immune mechanisms underlying the hygiene hypothesis

Environmental factors Immune system
Helminth infections Cross-reactive IgE

Regulatory B and T cells

Regulatory DC

IL-10 and TGF-$
Infections/vaccination IFN-y

IL-10
Microbes TLR

SOCS

IRAK

IL-10

Less IFN-y and IL-4
Nutrition (farm milk) BSA, a-lactalbumin, B-lactoglobulin
Nutrition (fibers, SCFA) Less inflammation
Probiotics Regulatory T cells (RALDH)

reduction of asthma, allergic rhinitis, and atopic dermatitis with reported chicken-
pox infection (Silverberg et al. 2012).

Allergic diseases are chronic inflammatory disorders, and high-sensitivity C-reactive
protein (hsCRP) is a sensitivity marker of chronic low-grade inflammation. Interestingly,
studies in developing countries have shown low levels of chronic inflammation, mea-
sured by C-reactive protein (CRP), despite higher burdens of infectious disease
(McDade 2012). In contrast, in high-income countries with reduced levels of infectious
disease, a chronic low-grade inflammation has been shown, which has been associated
with noncommunicable chronic diseases, such as asthma (Michelson et al. 2009).

On the other hand, no clear association was found between low-grade inflamma-
tion and farming environment or atopic sensitization (Mustonen et al. 2012).

Antibiotic use in early life was shown to be associated with an increased risk of
asthma and atopic dermatitis (Ong et al. 2014). A German prospective cohort study
found that the early exposure to broad-spectrum antibiotics increases the risk of
developing atopic dermatitis (Schmitt et al. 2010).

A possible mechanism underlying this increased risk associated with antibiotics
is the changes in the host microbiota, leading to an altered development of the
infant’s immune system. In the same way, murine models have shown that the
administration of broad-spectrum antibiotics causes major disruptions to the gut
microbiota and reduces Ty1 responses (Schumann et al. 2005; Noverr et al. 2005).

4.3  Farming Environment
4.3.1 Background

After an empiric observation of a Swiss doctor, Markus Gassner, several epidemio-
logical studies across the world have shown that children growing up on a farm
suffer less from asthma, allergic rhinitis, and allergic sensitization (Braun-Fahrlander
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et al. 1999; von Mutius and Vercelli 2010). The first study that supported Gassner’s
observation was the Swiss Study on Childhood Allergy and Respiratory Symptoms
with Respect to Air Pollution (SCARPOL) showing that children growing up on a
farm had less sneezing attacks during pollen season (adjusted odds ratio (OR): 0.34,
95 % CI 0.12-0.89) and less atopic sensitization (adjusted OR: 0.31, 95 % CI 0.13—
0.73) compared to nonfarmer children (Braun-Fahrlander et al. 1999). These find-
ings were reproduced in various European epidemiological studies such as the
Allergy and Endotoxin (ALEX) study (OR in relation to farming status, for asthma:
0.30, 95 % CI 0.15-0.61; for hay fever symptoms: 0.43, 95 % CI 0.24-0.77; for
atopic sensitization: 0.61, 95 % CI 0.41-0.92), the Prevention of Allergy Risk
Factors for Sensitization in Children Related to Farming and Anthroposophic Life
Style (PARSIFAL) study (OR for prevalence of rhinoconjunctivitis symptoms: 0.50
95 % CI 0.38-0.65; for prevalence of atopic sensitization 0.53 95 % CI 0.42-0.67),
or the Multidisciplinary Study to Identify the Genetic and Environmental Causes of
Asthma in the European Community (GABRIEL) (OR in relation to farming status,
for asthma: 0.86; 95 % CI, 0.75-0.99) (Riedler et al. 2001; Alfven et al. 2006; Ege
et al. 2011a).

Which factors of this farming environment are responsible for the protective
effect on the development of allergic diseases? This question has not been com-
pletely elucidated. However, it was shown that farming environment with livestock
in the farm stables plays an important role in this protective effect (Von Ehrenstein
et al. 2000; Ege et al. 2007; Riedler et al. 2000; Illi et al. 2012). Consumption of
unprocessed cow’s milk directly from the farm has been often found as being pro-
tective against allergies (Riedler et al. 2001; Illi et al. 2012; Bieli et al. 2007; Loss
etal. 2011; Sozanska et al. 2013). In a large epidemiologic study, it was shown that
neither total viable bacterial counts nor the total fat content of the farm milk were
related to asthma or atopy. However, they could show that some whey proteins
(bovine serum albumin, alpha-lactalbumin, and beta-lactoglobulin) were associated
with a significantly reduced risk of asthma (Loss et al. 2011) (Table 4.1).

This protective “farm effect” was mainly observed with asthma, allergic rhinitis,
and allergic sensitization, although the data with atopic dermatitis are inconsistently
reported (Riedler et al. 2001; Von Ehrenstein et al. 2000; von Mutius et al. 2000b;
Roduit et al. 2011). Nevertheless, two studies showed a protective farm effect on
atopic dermatitis, when the exposure occurred during pregnancy (Roduit et al. 2011;
Douwes et al. 2008).

The cross-sectional ALEX study first suggested that the timing of exposure plays
a crucial role, showing that exposures to stables or consumption of farm milk had a
strong protective effect against the development of allergic diseases, especially
when those exposures occur during the first year of life (Riedler et al. 2001). Similar
results were found in a study conducted in Poland, showing a protective effect of
consumption of unpasteurized milk in the first year of life (Sozanska et al. 2013).
Moreover, other studies showed that farming exposures induce protection on aller-
gic diseases when occurring already in utero (Douwes et al. 2008; Ege et al. 2006).
In the protection against allergy: study in rural environments (PASTURE) birth
cohort study, a protective effect on atopic dermatitis up to 2 years of age in children
was observed when the mother was working on a farm and had contact to farm
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animals during pregnancy (Roduit et al. 2011). Interestingly, a dose-response effect
was shown with an increasing number of different farm animal species the mother
had contact to during pregnancy, resulting in the reduction of the risk of developing
atopic dermatitis. Moreover, among children from the same birth cohort study, pre-
natal exposure to farming activities, especially the contact to different farm animal
species and farm dairy products, showed an increase in cord blood cytokine produc-
tion, such as IFN-y, resulting in a Tyl-skewed cytokine pattern at birth (Pfefferle
et al. 2010). A number of previous studies had reported that decreased levels of
IFN-y at birth predicted the onset of allergies later in life (Kondo et al. 1998;
Neaville et al. 2003).

Further, exposure of pregnant mothers to farm stables was also associated with
an increase of gene expression of receptors of the innate immunity, TLR2, TLR4,
and CD14 (Ege et al. 2006).

These findings suggest that the farming environment may influence the immune
system inducing a protective effect on the development of allergic diseases with a
critical window of time in early life and even in utero.

Like farm animals, contact with pets has also been extensively studied and has
been suggested as a potential protective factor in the development of allergic dis-
eases. A meta-analysis reported some strong evidence of a protective effect of dog
exposure on atopic dermatitis, especially when occurred in early life, with an almost
uniform effect (Langan et al. 2007). This meta-analysis showed also significant
negative association between previous cat exposure and atopic dermatitis. However,
another meta-analysis found less risk of childhood asthma associated with cats, but
an increased risk with dogs (Takkouche et al. 2008).

In the PASTURE birth cohort study, prenatal contact to cats was shown to have
the strongest protective effect on atopic dermatitis (Roduit et al. 2011). A systematic
review of longitudinal studies analyzed the association between cat and dog expo-
sure in the prenatal period and allergy (Lodge et al. 2012). They found that for
children without a family history of allergy, exposure to dog was protective against
the development of allergic diseases.

The increased microbial components of such exposures might play a role in the
protective “farm effect” and “pet effect.” Exposure to endotoxins (lipopolysaccha-
rides found in the outer cell membrane of gram-negative bacteria) has been sug-
gested as an explanation why pets or farm environmental factors may have a
protective effect on allergic diseases. Levels of endotoxin in samples of dust from
the child’s mattress were inversely related to the occurrence of hay fever, atopic
asthma, and atopic sensitization (Braun-Fahrlander et al. 2002). Moreover, a birth
cohort study showed a negative association between exposure to high levels of
endotoxin and atopic dermatitis, among children with parental history of asthma or
allergies (Phipatanakul et al. 2004). Another birth cohort study from Germany,
Lifestyle-Related Factors on the Immune System and the Development of Allergies
in Childhood (LISA) study, has suggested an up to 50 % reduction of the risk of
atopic dermatitis in the first 6 months of life associated with endotoxin exposure
measured in dust from mothers’ mattresses (Gehring et al. 2001). Further, muramic
acid, a component of peptidoglycan found in bacterial cell walls, more abundant in
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gram-positive bacteria, was shown to be negatively associated with asthma in child-
hood (van Strien et al. 2004).

All these studies suggest that microbial components play a role in the protective
“farm effect” against the development of allergic diseases. Furthermore, recent find-
ings suggested that not only exposure to certain microorganisms or their compo-
nents but also the exposure to an increased diversity of microbes, in environment
such as farming, play an important role. It was shown that farmer children were
exposed to a wider range of microbes and that these increased diversity of microbial
exposures, bacteria and fungi, had a protective effect on asthma (Ege et al. 2011a).

As underlying mechanism of the hygiene hypothesis, it was suggested that the
immune system responds to the microbial burden in the environment and modulates
the development of allergic disease. Nevertheless, the exact immune mechanism has
not yet been fully elucidated.

The innate immune system constitutes the first line of defense to foreign mole-
cules, such as microbes, and directs the adaptive immune response by T-helper cell
activation. Activation of the innate immune system is mediated by pattern recogni-
tion receptors (PRR), such as TLRs, CD14, and lectins, which are present on
immune cells and recognize pathogen-associated molecular patterns (PAMP). At
least ten different TLRs have been described in humans; each TLR is associated
with the recognition of certain groups of PAMP (bacterial, fungal, or viral struc-
tures) (Takeda and Akira 2005). The development of innate immunity is determined
by a combination of genetic and environmental factors. As the hygiene hypothesis
suggests that allergic diseases appear because of a reduced microbial exposure and
therefore a reduced stimulation of the innate immune system in early life, it has
been speculated that alterations in TLR and/or TLR signaling pathway could influ-
ence the development of allergy.

Cells of the innate immunity like dendritic cells or macrophages raise the first
line of defense against pathogens and initiate and guide the adaptive immune
response. This is a tightly regulated process which involves regulation of differ-
ent critical steps, in order to avoid overboarding inflammation or misleading of
the immune system, as it is the case in allergic disorders. Regulatory steps are,
besides others, the TLR signaling cascade, secretion of regulatory cytokines
IL-10 or TGF-f, or the differentiation of regulatory T cells (Tggg). In fact,
researches on the molecular mechanisms of the hygiene hypothesis have reported
modulations in these processes leading to protection against allergic responses
(Vercelli 2006).

4.3.2 Prenatal Exposure and the Inmune System

Environmental exposures rich in microbes, such as farming, have been shown to
induce an upregulation of innate immunity receptors and this already when expo-
sures occur during pregnancy.

Exposure of pregnant mothers to stables was associated with an increase of gene
expression of the innate immunity receptors, TLR2, TLR4, and CD14, measured at
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school age (Ege et al. 2006). Interestingly, in this study, they found a dose-response
effect between the increasing number of farm animal species the mother had contact
to during pregnancy and the levels of those receptors measured among their children
at school age. These human data are supported by studies with animal models dem-
onstrating that stimulation of TLR2 and TLR4 decreases allergic response (Velasco
et al. 2005).

Furthermore, upregulation of those PRRs in association with farm-related expo-
sures was already observed at birth. In the PASTURE birth cohort study, an increase
of gene expression of most of the TLRs measured in newborn’s white blood cells
was associated with consumption of unboiled farm milk during pregnancy (Loss
et al. 2012) (Table 4.1).

A direct correlation between the presence of allergic diseases in children and
receptors of innate immunity has been shown. It was found that children with a
lower expression of TLRS and TLR9 at birth had an increased risk to develop atopic
dermatitis in the first 2 years of age (Roduit et al. 2011). In the same way, a mouse
model showed a protective effect of prenatal exposures to farm-derived microbes
(Acinetobacter lwoffii F78) on asthma among the offspring, and this effect was
dependent on TLR signaling pathway (Conrad et al. 2009).

Moreover, it was shown that among farmers, the cord blood mononuclear cells of
newborn secrete more IFN-y and TNF-a in response to phorbol 12-myristate
13-acetate (PMA) compared to nonfarmer. No differences could be demonstrated
between the groups regarding the level of the Ty2-associated cytokine, IL-5, the
regulatory cytokine, IL-10, and the Ty1-like cytokines, IL-12 (Pfefferle et al. 2010).

As mentioned above, a suggested mechanism for the hygiene hypothesis and the
increasing prevalence of allergic diseases is the reduced immune regulation, which
is caused by a decrease in microbial exposure and infection stress during childhood
resulting in reduced stimulation of T-regulatory cells (Trgg) (Yazdanbakhsh et al.
2002; Clemente et al. 2012; Romagnani 2004b).

Children of mothers exposed to farm environment during pregnancy were shown
to have an increased Tggg cell count in cord blood, as well as an increased level of
FOXP3, a transcription factor of Trgg cells (Schaub et al. 2009). Moreover, this
study showed that Tygg cell function was more effective in controlling T2 responses
in offspring of farming compared with nonfarming mothers. In this study, again the
prenatal contact to farm animals showed the strongest effect. The enhanced IFN-y
levels together with more Tggg might guide the newborn’s immune system in a more
regulated and less Ty2 shifted status (von Mutius and Vercelli 2010). Besides Ty2
cells, it was shown that Ty 17 cells might also play a role in the pathogenesis of aller-
gies (Kudo et al. 2012; Lluis et al. 2014a). It seems that in early Ty17 differentia-
tion, Trgg cells play a promoting role in nonfarmers’ children in the presence of
endotoxin (Lluis et al. 2014a).

4.3.3 Exposures Later in Life and the Inmune System

At school age, among farmers’ children, an increased gene expression of CD14,
TLR1, TLR2, TLR4, TLR7, and TLR8 in whole-blood cells was measured (Ege
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et al. 2007; Lauener et al. 2002). The farm-related exposures which were shown to
be associated with an increase of gene expression of TLRs are the consumption of
farm milk, child’s involvement in haying, and use of silage (Ege et al. 2007).

Results from the PASTURE birth cohort study found that children who con-
sumed raw milk in the first year of life had an increased gene expression of those
receptors of the innate immunity measured at 1 year of age compared to children
who did not consume farm milk (Loss et al. 2012).

The signaling cascade of TLRs is tightly regulated to avoid overinflammation or
insufficient defense. Growing up in a farm environment seems to regulate this cas-
cade. Farmers’ children have more of the regulatory molecules IRAK-2 and SOCS-4
but also of the kinases IRAK1, TBK1, and RIPK1 (Frei et al. 2014). Moreover, a
strong increase of gene expression of regulatory cytokines, IL-10 and TGF-f, was
found among farmer’s children (Frei et al. 2014). At the same time, farmers’ chil-
dren express less Tyl- and Ty2-associated cytokines, INF-y and IL-4, in white
blood cells. Furthermore, farmers’ children have less allergen-specific IgE in serum,
and their blood leukocytes secrete less inflammatory cytokines such as TNF-a, INF-
v, IL-10, and IL-12 in response to bacterial components (Braun-Fahrlander et al.
2002). Moreover, exposure to farm or farm-related factors such as farm-milk con-
sumption or staying in the stable leads to increased CD25*/FOXP3* Tygg cells, and
this is associated with fewer incidences of asthma and allergen-specific IgE (Lluis
et al. 2014b).

All these findings indicate that regulatory mechanisms of the innate and the
adaptive immunity might have a critical role in protective farmers’ children from the
development of allergies (Fig. 4.1).

— - Siblings
- Nutrltlor? - Day care
- Farm: - Farm m”_k - Infections
. ->animals |[_gcg ';i':[';” animals | | _ Helminths
Environment -> milk vaceine
- Pets [
Pregnancy  Birth Early life Age
: - IFN-Y
immunity - TLRs and CD14t - TLRs and CD14!
- Tregs cellst - IL-10 ¢
-IL-10 ¢ -TGF-B*
- TNF-o 4 - IFN-Y and IL-4|
- SOCS-4+
- IRAK-2 1
- IRAK-4 |
- Regulatory T and B cellst

Fig. 4.1 Environment and immune system, time line: the influence of different environmental
factors, derived from the hygiene hypothesis, on the immune system over time
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4.3.4 Genes, Gene-Environment Interactions, and Epigenetics

Genetic alterations in the innate immunity, especially in receptors of PAMPs, may
modify the risk of allergic diseases. Direct associations between single nucleotide
polymorphisms (SNP) in PRRs and allergies have been shown (Eder et al. 2004;
Fageras Bottcher et al. 2004). TLR9 and CD14 promoter polymorphisms were asso-
ciated with atopic dermatitis (Novak et al. 2007; Litonjua et al. 2005). Also direct
associations between single nucleotide polymorphisms (SNP) in TLRs and asthma
have been shown.

Moreover, several findings indicate that environmental factors associated with
high levels of microbial components may interact with existing polymorphisms
in TLRs on the development of allergic disease, a phenomenon called gene-
environment interaction. The concept of gene-environment interaction includes
that individuals are only able to benefit from a protective environmental factor if
the subject has the susceptible genetic background. It has been shown that two
polymorphisms in CDI4 together with exposure to endotoxin, contact to ani-
mals, or farm milk lead to lower levels of total and specific IgE or less asthma
(Bieli et al. 2007). Further, in the context of a farm environment, an association
between a polymorphism in TLR2 and asthma, hay fever, and specific IgE was
reported (Eder et al. 2004). Among children from the PASTURE birth cohort
study, an interaction between the same polymorphism in TLR2 and environment
on atopic dermatitis was observed. The prenatal protective effect of contact to cat
and farm animal on atopic dermatitis was observed only among children with a
specific genotype in a SNP of TLR2 (Roduit et al. 2011). Another genetic varia-
tion in TLR4 is associated with less specific IgE if endotoxin is present in the
environment and a NOD1 polymorphism is associated with less specific IgE, hay
fever, and atopic wheeze in the context of farm life and endotoxin (Ege et al.
2011b; Werner et al. 2003; Smit et al. 2009).

Recently, techniques for genome-wide association studies have been developed
that will bring up novel interaction candidate genes for asthma and atopy in the
context of the hygiene hypothesis (Ege and von Mutius 2013).

Epigenetic mechanisms, mediated in response to the environment or in a heri-
table fashion, control gene expression by DNA methylation, histone modification,
and the expression of noncoding RNA (Kabesch 2014). Farmers’ children have at
birth hypomethylated regions in promoters of ORMDL1 and STAT6 genes, while
RADS50 and IL13 were hypermethylated and therefore not accessible for tran-
scription. Over the age, regions associated with asthma and IgE regulation were
changed (Michel et al. 2013). Moreover, prenatal administration of Acinetobacter
Iwoffii F78 to mice prevents the development of an asthmatic phenotype in the
progeny of an IFN-y-dependent way, whose promoter was protected against loss
of histone 4 acetylation, which is closely associated with IFN-y expression (Brand
etal. 2011).
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4.4 Helminths and Immune Responses
4.4.1 Background

Helminths are known to provoke a strong T2 response with their cytokines IL-4,
IL-5, IL-9, IL-13, high level of tissue eosinophilia, mucosal mastocytosis, and
production of IgE. Furthermore, Ty1 and Ty17 cells can be part of the immune
response against parasites. On the other hand, helminth infections cause induction
of a whole bunch of anti-inflammatory cells and molecules to avoid hyper-
inflammatory responses such as regulatory B and T cells, IL-10, and TGF-p.
Moreover, suppressor macrophages and regulatory dendritic cells characterized by
expression of IL-10, TGF-f, and indoleamine 2,3-dioxygenase and
cyclooxygenase-2 are induced. These regulatory responses are either antigen
specific or unrelated to the antigen (Wiria et al. 2012).

4.4.2 Allergy and Asthma

Although helminth infections skew the immune response toward Ty2, they are
inversely associated with allergies and asthma. This might be due to the unspecific
regulatory response that goes in parallel with a helminth infection meaning that
IL-10 and TGF-$ might suppress the effector mechanisms that lead to the develop-
ment of allergies. Nevertheless, the effects seem to be parasite strain and infection
intensity dependent. Another mechanism underlying the helminth-mediated reduc-
tion in incidence of allergies might be in the cross-reactivity of the IgE. In areas
endemic for helminth infections, high total and allergen-specific IgE are rather
negatively associated with allergic disorders. The reason may be that helminth IgE
antibodies that also bind allergens have low biologic activity and thereby prevent a
strong allergic response by occupying the binding site of the real allergen-specific
IgE. Development of allergy treatment using helminths is not in use because of
insufficient evidence on the efficacy, tolerability, and costs (Wiria et al. 2012).

4.4.3 Autoimmune and Inflammatory Disease

The potential role of helminth infection in reducing severity of multiple sclerosis or
inflammatory bowel disease patients has been shown in a number of trials and in
mouse models. These Ty1- and Ty17-mediated diseases might be reduced by the
immune regulatory potential of a parasite infection (Wiria et al. 2012). Since cardio-
vascular disease and diabetes are at least partly mediated by inflammation, there is
a potential using helminth infection or helminth eggs as therapeutic agents due to
their immune regulatory response (Wiria et al. 2012).
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4.5 Outlook

Even though a lot of studies showed the interaction between environmental factors
with microbial burden and allergic diseases, the exact immune mechanism and fac-
tors deriving from the hygiene hypothesis are not yet identified. One reason could
be the importance of the gene-environment interaction effect, with different envi-
ronmental factors having different influences depending on the genetic background,
and therefore may differ between populations. On the road to develop effective
allergy preventions, these mechanisms have to be further investigated. Additionally,
new aspects have been added to the concept of the hygiene hypothesis in the past
years of which some are discussed below.

4.5.1 Diversity of Environmental Factors

One new aspect is the role of the diversity of environmental exposures. The important
role of the diversity was observed with the prenatal protective effect of the increased
number of different farm animal species on atopic dermatitis or recent findings show-
ing that the increased diversity of microbial exposures had a protective effect on
asthma (Ege et al. 201 1a). Those results support the hypothesis that exposures in early
life or even during pregnancy to diverse antigens could increase the maturation of the
immune system and induce tolerance networks (Prescott et al. 2008).

A “biodiversity hypothesis” was already proposed by researchers from Finland.
They have shown that individuals with atopic sensitization had a lower environmen-
tal biodiversity and also a lower diversity of their microbiota (Hanski et al. 2012).

Further, an increased diversity of food introduced within the first year of life was
shown to have a protective effect on atopic dermatitis, with an indication of dose-
response relationship, and this independently of farming environment or parental
history of allergy (Roduit et al. 2012). A reduced risk of asthma, food allergy, and
sensitization to food allergens was also be found with an increased exposure to dif-
ferent food antigens in the first year of life, with same dose-response pattern (Roduit
et al. 2014; Nwaru et al. 2014).

4.5.2 The Role of Nutrition

With the Western lifestyle, changes in diet have been observed over the past decades
and were suggested to also play a role in the increase of the prevalence of allergic
diseases.

In Western diets, an increased intake of n-6 long-chain polyunsaturated fatty acid
(LC-PUFA) and a reduced intake of n-3 LC-PUFA were observed, and this imbal-
ance was suggested to contribute to the increasing prevalence of allergic diseases. It
was shown that n-6 LC-PUFA enhanced pro-inflammatory mediator production by
mast cells, while the n-3 LC-PUFA suppressed IL-4 and IL-13 release (van den
Elsen et al. 2013).
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A reduction of consumption of fiber was also reported in industrialized countries
compared to developing countries. Fibers are a wide range of complex oligosac-
charides, which are not digested by the host, but enter the colon and provide fer-
mentable substrates for the colonic microbiota (Russell et al. 2011). Soluble fiber,
such as prebiotic, was shown to be a major substrate for bacterial growth and
increase the number of Bifidobacteria (Boehm et al. 2002; Moro et al. 2006).
Moreover, it was reported in a mouse model that the dietary fiber content alters the
gut microbiota and that a low-fiber diet decreases the diversity of gut microbiota
(Trompette et al. 2014).

Further researches are needed to better understand the relationship between
nutrition, the gut microbiota, and immune system.

4.5.3 Innate Lymphoid Cells

In the past years, it became clear that a shift in T-helper cell balance toward T-helper
cell type 2 is not the main immunological mechanisms underlying allergic disor-
ders. New players such as group 2 innate lymphoid cells (ILC2) could play a role.
ILC2 are assigned to the innate immunity, and they secrete large amounts of T2
cytokines IL-5 and IL-13 after stimulation with IL-33 and IL-25 released by the
epithelium in response to damage by proteases, viruses, or other environmental
insults. ILC2 are extremely rare but their ability to secrete T2 cytokines is several-
fold higher than that of classical Ty2 cells (Vercelli et al. 2014).

4.5.4 The Microbiota

The concept of the hygiene hypothesis has been linked to the composition of the
intestinal microbiota. It has been shown that shifts in the composition of the micro-
biota caused by environmental factors, such as nutrition, infections, or early life
antibiotics, may lead to disruption of immune tolerance and therefore to disease
(Brown et al. 2013). Bacterial colonization starts at birth and reaches levels until
100 trillion microbes. There are differences in the composition and diversity
between individuals living in industrialized countries versus developing countries.

The gut microbiota is responsible for induction of immune tolerance via educa-
tion of Tggg cells out of naive T cells. The T-cell receptor repertoire is increased in
lamina propria compared to secondary lymphoid organs. Moreover, the induction of
tolerance seems to be dependent on TLR signaling (Brown et al. 2013).

In addition, the host microbiota (which includes commensal and symbiotic
microbes) has been demonstrated to be essential for full immunological develop-
ment. The composition and metabolic activity of the microbiota have profound
effects on the induction of immune tolerance. Specific bacterial strains which confer
protection from allergic inflammation were shown to be able to induce Tggg cells
(Lyons et al. 2010). Results from several cross-sectional epidemiologic studies indi-
cate that atopic and nonatopic subjects differ in gut microflora composition
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(Bjorksten et al. 2001; Kalliomaki and Isolauri 2003; Watanabe et al. 2003).
Moreover, an inverse association between the bacterial diversity of the gut micro-
biota in the first months of life and the development of atopic dermatitis was reported
(Wang et al. 2008). A recent study also showed that a low diversity of the gut micro-
biota during the first month of life was associated with asthma later in childhood
(Abrahamsson et al. 2014). Therefore, perturbations in the gut microbiota, induced
by food exposures or other factors, may be involved in the pathogenesis of atopic
dermatitis.

Moreover, metabolites produced by intestinal microbiota, such as short-chain
fatty acids (SCFAs), were shown to have anti-inflammatory properties (Saemann
et al. 2000; Tedelind et al. 2007; Maslowski et al. 2009; Frei et al. 2012). Recently,
it was shown in a mouse model that a high-fiber diet increases circulating levels of
SCFAs and thereby protects against allergic inflammation in the lung.

These findings led to the development of probiotics or prebiotics as allergy pre-
vention. More studies on composition and immunological effects are necessary to
make them effective.

4.6 Conclusion

The hygiene hypothesis includes several and complex environmental factors. New
aspects, such as the diversity of the environment and the nutrition, have been shown
to play a role. Interestingly, most of these factors do not prevent the production of
IgE. Rather, they induce regulatory cells and molecules to minimize the allergic
reaction and thereby they reduce the symptoms of the diseases.
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The association between stress and immune function has received considerable
attention in the past several decades (Irwin 2008; Kemeny and Schedlowski 2007;
Kiecolt-Glaser et al. 2002). Dysregulation of the neuroendocrine and immune sys-
tems, due to chronic stress, is associated with psychological and physiological dis-
orders, including depression, atherosclerosis, asthma, cardiovascular disease,
cancers, and the progression of HIV to AIDS (Antoni et al. 2006; Cohen et al. 2007,
Dantzer et al. 2008; Irwin 2008). Furthermore, chronic inflammation and other
forms of immune dysregulation increase risk for premature all-cause mortality and
a variety of diseases including cardiovascular disease, cancer, and metabolic syn-
drome (Ershler and Keller 2000; Hansson 2005; Hotamisligil 2006; Nabipour et al.
2006; Parkin 2006). Given these significant health outcomes, it therefore seems
essential to understand the complex ways in which stress influences immune func-
tioning, as well as the intrapersonal and interpersonal factors that may exacerbate or
buffer the effects of stress on immunity.

In this chapter, we provide an overview of how stress affects immune functioning
and examine evidence in the literature of various intrapersonal and interpersonal fac-
tors that may exacerbate or buffer the health effects of stress. We first review some
basic information concerning the immune system to provide the reader with necessary
background. We then present the primary pathways by which stress impacts the
immune system, including the sympathetic nervous system, the hypothalamic-
pituitary-adrenal (HPA) axis, and vagal withdrawal. Next, we discuss how the immune
response varies and even goes awry, depending on the nature of the stress (acute ver-
sus chronic). Additionally, we discuss how the immune response varies depending
upon the individual within whom the stress is occurring. Specifically, we focus on
various intrapersonal and interpersonal factors associated with immune functioning.
Intrapersonal factors reviewed include rumination, emotion regulation, alexithymia,
psychological stress, optimism, and positive affect. Interpersonal factors reviewed
include close relationship and family processes such as negative and positive behav-
iors, ambivalence towards a relationship partner, social rejection and social isolation,
and early life adversity. To conclude, we highlight some substantive and methodologi-
cal considerations relevant to future research on the effects of stress on immunity.

5.1 What Is Stress?

We conceptualize stress to be a constellation of events, beginning with a stressor
(stimulus), which precipitates a reaction in the brain (stress perception) that in turn
activates a physiological or biological stress response to allow the organism to deal
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with the threat or opportunity (Dhabhar and McEwen 1997). Psychological stress
occurs when events or environmental demands exceed an individual’s ability or
willingness to cope (Lazarus and Folkman 1984). Being laid off from work, experi-
encing an argument with a loved one, being diagnosed and living with cancer, or
giving a presentation in class are just a few examples of the unexpected obstacles,
overwhelming challenges, and uncontrollable events that may be stressful experi-
ences of everyday life. Stress exists on a spectrum—ifrom short-term or acute stress,
lasting minutes to hours, to long-term or chronic stress, lasting weeks, months, or
years, and the intensity of the stressor is generally linked to its relevance to the sur-
vival and reproduction of the organism.

5.2  Overview of the Inmune System

Before examining the mechanisms by which psychosocial stressors affect the
immune system, we present a brief overview of the immune system as background.
The immune system is critical for human health and well-being, as it helps coordi-
nate the body’s response to physical injuries and infections that, if left unaddressed,
could cause illness or death (Slavich and Irwin 2014). The immune system is com-
posed of two interconnected branches: innate or nonspecific immunity and acquired
or specific immunity. Depending on the type of immune response, different compo-
nents of the immune system may be activated.

The innate response acts immediately (within minutes to hours) when the body
is subjected to tissue damage or microbial infection (Medzhitov 2007). The “first
line of defense” of innate immunity includes physical barriers such as the skin and
mucosal membranes. If these physical barriers are not enough to keep pathogens
out, the innate immune response includes neutrophils, monocytes (found in the cir-
culating peripheral blood), and macrophages (found in the tissue) that circulate
through the body and use invariant receptors to detect a wide array of pathogens.
Upon detecting a pathogen, the cells phagocytize them by engulfing and ingesting
them. Additionally, a signaling cascade is activated that results in the activation of
nuclear factor-kB (NF-kB) and interferon (IFN) regulatory factors, which are tran-
scription factors that in turn drive the expression of proinflammatory immune-
response genes including interleukin (IL)-1 and tumor necrosis factor-o (TNF-).
These genes then produce small protein molecules called cytokines, which are the
main actors of the inflammatory response (Raison et al. 2006). Proinflammatory
cytokines (e.g., IL-1, IL-6, TNF-a) are those that increase or upregulate inflamma-
tion, whereas anti-inflammatory cytokines (e.g., IL-4, IL-10) decrease or downregu-
late inflammation. The cumulative activities/effects of proinflammatory cytokines
are referred to as inflammation. These cytokines initiate a “call to action” and attract
other immune cells to the infected area. Another cell involved in innate immunity is
the natural killer (NK) cell. NK cells recognize the lack of a self-tissue molecule on
the surface of cells (characteristic of many kinds of virally infected cells and some
cancerous cells) and lyse the cells by releasing toxic substances on them. The innate
immune response is also referred to as a nonspecific response because these
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mechanisms are not specific to any antigen; rather, this immune response is pro-
grammed to recognize features that are shared by groups of foreign substances and
will take action to eliminate anything and everything that it deems “foreign” or
“not-self.”

If a pathogen survives or evades the actions of the innate immune response, then
the acquired immune response becomes activated. In contrast to innate immunity,
which is nonspecific and does not provide long-lasting protection to the host,
acquired immunity involves the proliferation of microbial-specific white blood
cells (lymphocytes) that attempt to neutralize or eliminate microbes based on a
memory response of having responded to a specific pathogen in the past. The pri-
mary cells of the acquired immune response are lymphocytes, including T cells
and B cells. T cells include helper T cells (Ty) and cytotoxic T cells (T¢). Helper T
cells recognize and interact with an antigen, “raise the alarm” by producing cyto-
kines that call more immune cells to the area, and activate B cells, which produce
soluble antibodies. Antibodies are proteins that can neutralize bacterial toxins and
bind to free viruses, “tagging” them for elimination and preventing their entry into
cells. Cytotoxic T cells recognize antigen expressed by cells that are infected with
viruses or otherwise comprised cells (e.g., cancer cells) and lyse those cells.
Whereas the innate immune response is rapid, the acquired immune response takes
days to fully develop (Barton 2008).

Importantly, acquired immunity in humans is composed of cellular and humoral
responses (Elenkov 2008). Cellular immune responses are mounted against intra-
cellular pathogens (e.g., viruses) and are coordinated by a subset of T-helper lym-
phocytes called Thl cells. In the Thl response, helper T cells produce cytokines,
including IL-2, TNF-f, and IFN-y. These cytokines are associated with the promo-
tion of excessive inflammation and activate macrophages and cytotoxic T cells,
which lyse the infected cells. Humoral immune responses are mounted against
extracellular pathogens (e.g., parasites, bacteria) and are coordinated by a subset of
T-helper lymphocytes called Th2 cells. In the Th2 response, helper T cells produce
different cytokines including IL-4, which stimulate the growth and activation of
mast cells and eosinophils, as well as the differentiation of B cells into antibody-
secreting B cells. These cytokines also inhibit macrophage activation, T-cell prolif-
eration, and the production of proinflammatory cytokines (Elenkov 2008).

Regulatory T cells (Treg) also play an important role in mediating immune sup-
pression in numerous settings, including, for example, autoimmune disease, allergy,
and microbial infection. Treg cells are in the CD4, helper T-cell lineage. They form
a subset of cells that also express the cell-surface activation marker CD25, but are
best distinguished by the intracellular expression of forkhead box P3 (FOXP3), an
important T-cell immunoregulatory transcription factor. Treg cells are an important
source of IL-10, once considered a Th2 cytokine but now recognized as being more
generally immunoregulatory and anti-inflammatory. Tregs also produce transform-
ing growth factor (TGF)-beta, a cytokine with complex and somewhat contradictory
actions but a profile that is generally anti-inflammatory.

Given the general rule that physiological systems in the body have built-in
restraining mechanisms, it should perhaps not be surprising that the discovery of



5 Stress and the Immune System 101

Tregs has prompted the search for regulatory cells in other immune lineages. And
indeed, although not as well characterized as Tregs, it is now clear that such cells
exist and are important for proper immune functioning. Such cells include regula-
tory dendritic and B cells and M2-type macrophages. It is increasingly recognized
that inflammatory and autoimmune conditions are promoted when these regulatory
cells function suboptimally. On the other hand, increasing data suggest that these
cells can also pose a risk of inducing patterns of immune suppression that are not
always health promoting. For example, regulatory cells have been implicated in
vulnerability to cancer development. Increasing evidence also suggests, however,
that suboptimal immunoregulatory functioning may be a common feature of major
depression and may, in fact, contribute to the proinflammatory state often observed
in major depressive disorder.

5.3  Pathways Connecting Stress to Immune Function

Stress can modulate the immune system through various pathways (Fig. 5.1). The
first pathway involves the sympathetic nervous system (SNS; adrenergic activation),
and the second pathway involves the hypothalamic-pituitary-adrenal (HPA) axis.
Both pathways are presented below, and we also discuss evidence suggesting that
the parasympathetic nervous system (PNS), specifically vagal withdrawal, affects
immune functioning.

5.3.1 Sympathetic Nervous System

Running from a tiger or moving in for a first kiss are various stressful situations, as
perceived by the brain, which result in the rapid activation of the autonomic nervous
system (ANS). The ANS can be separated into two divisions: the sympathetic ner-
vous system (SNS) and the parasympathetic nervous system (PNS.)

Activation of the SNS rapidly produces many physiological effects evolved to
help cope with threat, including increased blood flow to essential organs, such as the
brain, heart and lungs, and to skeletal muscles, dilation of lung bronchioles,
increased heart rate and contraction strength, and dilation of the pupils to allow
more light to enter the eye and enhance far vision. At the same time, SNS activation
diverts blood flow away from the gastrointestinal (GI) tract and skin by stimulating
vasoconstriction and inhibits GI peristalsis.

The SNS, also referred to as the “fight-or-flight” system, releases mainly norepi-
nephrine (noradrenalin) and epinephrine (adrenaline) from the cells of the adrenal
medulla. Once released, these catecholamines act through a- and f-adrenergic
receptors to increase production of circulating proinflammatory cytokines including
IL-1, IL-6, and TNF-a (Black 2002; Steptoe et al. 2007). In addition, norepineph-
rine promotes NF-xf} activation, which regulates and increases the gene expression
of several proinflammatory mediators, including IL-6 and IL-8 (Fig. 5.1e). These
inflammatory mediators, in turn, enhance inflammation.
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Fig. 5.1 Stress-immune interactions. (a) Activation of NF-kB through Toll-like receptors (TLR)
during immune challenge leads to an inflammatory response including (b) the release of proinflam-
matory cytokines TNF-a, IL-1, and IL-6. (c) These cytokines, in turn, access the brain via leaky
regions in the blood-brain barrier, active transport molecules, and afferent nerve fibers (e.g., sen-
sory vagus), which relay information through the nucleus tractus solitaries (N7S). (d) Once in the
brain, cytokines participate in various pathways (i, ii, iii) known to be involved in the development
of depression [not focused on in this chapter—see Raison et al. 2006]. (¢) Exposure to environ-
mental stressors promotes activation of inflammatory signaling (NF-kf) through increased outflow
of proinflammatory-sympathetic nervous system responses, including the release of norepineph-
rine (NE), which binds to a- and B-adrenoceptors (¢AR and BAR). (f) Stressors also induce with-
drawal of inhibitory motor vagal input, including the release of acetylcholine (Ach), which binds
to the a7 subunit of the nicotinic acetylcholine receptor (a7nAChR). (g) Concurrently with activa-
tion of the ANS, stressors induce the production of corticotropin-releasing hormone (CRH) in the
paraventricular nucleus (PVN), which serves to turn on the HPA axis. CRH stimulates the release
of adrenocorticotropic hormone (ACTH), which then stimulates the release of glucocorticoids
(cortisol in humans). Typically, cortisol exerts major suppressive effects on the immune system.
However, activation of the mitogen-activated protein kinase pathways (including p38 and Juan
amino-terminal kinase [JNK]—not discussed here) inhibits the function of glucocorticoid recep-
tors (GR), thereby releasing NF-kB from negative regulation by glucocorticoids released as a result
of the HPA axis in response to stress (From Raison et al. (2006), with permission)



5 Stress and the Immune System 103

Neuropeptide Y (NPY) is a co-transmitter of sympathetic nervous innervation
and potentiates the actions of norepinephrine. It is considered a stress hormone and
mediates many of the cardiovascular effects of stress, including controlling blood
pressure and blood flow (Elenkov et al. 2000). NPY can also enhance leukocyte
adhesion and together with catecholamines, platelet aggregation, and macrophage
activation (Black 2002).

5.3.2 Hypothalamic-Pituitary-Adrenal (HPA) Axis

Concurrently with activation of the ANS, the brain stimulates the production of two
closely related neuropeptides in the paraventricular nucleus (PVN) of the hypo-
thalamus via multiple pathways: corticotropin-releasing hormone (CRH) and argi-
nine vasopressin (AVP). Together, these chemicals serve to turn on the HPA axis.
CRH is the primary activator of the HPA axis. From the PVN, CRH is transported
by a specialized portal circulatory system to the anterior portion of the pituitary
gland where it stimulates the release of adrenocorticotropic hormone (ACTH).
Importantly, arginine vasopressin (AVP) is a potent synergistic factor with CRH in
stimulating ACTH secretion; furthermore, there is a reciprocal positive interaction
between CRH and AVP at the level of the hypothalamus, with each neuropeptide
stimulating the secretion of the other. ACTH then circulates in the bloodstream and
stimulates the outer portion of the adrenal glands (i.e., the zona fasciculate of the
adrenal cortex) to release glucocorticoids, mainly cortisol in humans and corticos-
terone in rats (Fig. 5.1g).

Cortisol is the quintessential stress hormone with multiple effects that enhance
the fight-or-flight response. It stimulates the breakdown of amino acids in muscles
to be converted into glucose for rapid energy utilization by the body and simultane-
ously promotes insulin resistance to leave glucose in the bloodstream. It increases
blood pressure and enhances the ability of stress-released catecholamines to increase
cardiac output, which also increases energy available to the organism for coping
with stress. The effects of glucocorticoids on the brain are complex, but in response
to acute stress, they narrow and focus attention and enhance memory formation for
the circumstances that promoted their release.

Importantly, under normal conditions, cortisol exerts major suppressive effects
on the immune system. Cortisol does this by reducing the number and activity of
circulating inflammatory cells (including lymphocytes, monocytes, macrophages,
neutrophils, eosinophils, mast cells), inhibiting production of proinflammatory
mediators (including NF-xf transcription pathway) and cytokines (IL-1, 2, 3, 6,
TNF, interferon gamma), and inhibiting macrophage-antigen presentation and lym-
phocyte proliferation. Cortisol exerts its effects through cytoplasmic receptors.
Activated receptors inhibit, through protein-protein interactions, other transcription
factors including NF-«f.

Additionally, cortisol plays an important negative feedback role on the HPA axis:
cortisol binds to glucocorticoid receptors in the hippocampus, which inhibits the
production of CRH and ACTH, as well as cortisol, to ultimately turn down or off the
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activated system. CRH is also negatively regulated by ACTH and itself, as well as
by other neuropeptides and neurotransmitters in the brain, such as y-aminobutyric
acid-benzodiazepines (GABA-BDZ) and opioid peptide systems. These mecha-
nisms are critical to ensure that the inflammatory response is appropriately elevated
but does not exceed concentrations that would be dangerous for the organism.

5.3.3 How the Immune System “Hears” Changes in the SNS
and HPA Axis

Primary and secondary lymphoid organs are innervated by sympathetic noradrener-
gic nerve fibers (Nance and Sanders 2007). Immune modulation can occur directly
through the binding of the hormone to its related receptor at the surface of a cell.
Almost all immune cells express receptors for one or more of the stress hormones
that are associated with the sympathetic/adrenergic activation and HPA axis (Glaser
and Kiecolt-Glaser 2005; Sanders and Kavelaars 2007; Webster et al. 2002).
Specifically, T cells, B cells, monocytes, and macrophages express receptors for
glucocorticoids, substance P, neuropeptide Y, prolactin, growth hormones, catechol-
amines (including adrenaline and noradrenaline), and serotonin. T cells also express
receptors for corticotropin-releasing hormone. Ultimately, the binding of a stress
hormone to a cell-surface receptor triggers a cascade of signals within the cell that
can rapidly lead to changes in cell function.

Stress hormones also modulate immune responses indirectly, by altering the pro-
duction of cytokines, such as IL-1, IL-2, IL-6, and TNF (Glaser and Kiecolt-Glaser
2005). These cytokines have many functions and affect different target cells; thus,
dysregulation of these cytokines can cause later downstream effects. Importantly,
although not discussed in detail here, these interactions are bidirectional such that
cytokines produced by immune cells can feedback and modulate the brain
(Fig. 5.1c)—including the SNS and HPA axis (Dantzer et al. 2008; Irwin and Cole
2011; Miller et al. 2009a).

5.3.4 Parasympathetic Activity: Vagal Withdrawal

The sympathetic and parasympathetic nervous systems (PNS) act in tandem to
change the state of the body, often by promoting one system and actively withdraw-
ing the other system. The PNS uses primarily the vagus nerve and acetylcholine
(cholinergic receptors) as its primary effectors. There is emerging evidence that
PNS activity modulates immune responses at the local level to prevent excessive
inflammation through both the efferent and afferent fibers of the vagus nerve
(Borovikova et al. 2000; Sternberg 2006; Tracey 2009).

The cholinergic anti-inflammatory pathway is the efferent arc of the inflammatory
reflex, meaning that its purpose is to send signals down to the periphery to change the
response and progression of inflammation. This neural mechanism inhibits macro-
phage activation through parasympathetic outflow (Borovikova et al. 2000; Tracey
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2002, 2009). Specifically, messages sent via action potentials are transmitted by
efferent vagus nerve activity to the periphery, including the liver, heart, spleen, and
gastrointestinal track, which leads to acetylcholine release. Acetylcholine then inter-
acts with a-bungarotoxin-sensitive nicotinic receptors (ACh receptors) on tissue
macrophages and effectively downregulates inflammation by inhibiting the release
of TNF, IL-1, and other cytokines (Fig. 5.1f) (Tracey 2002, 2009).

Although the inflammatory reflex is typically described as rapid response to
localized inflammation, it may also induce systemic humoral anti-inflammatory
response; vagus nerve activity can be relayed to the medullary reticular formation,
locus coeruleus, and hypothalamus, leading to increased release of acetylcholine
from the anterior pituitary and ultimately a systemic effect to downregulate inflam-
mation (Tracey 2002). Interestingly, based on both in vivo and in vitro experiments,
the vagus nerve is selective in that it downregulates the production of proinflamma-
tory cytokines, but not anti-inflammatory cytokines (Tracey 2009). In fact, one
abundant peptide, vasoactive intestinal polypeptide (VIP), inhibits TNF-a and IL-12
production and stimulates the secretion of the anti-inflammatory cytokine IL-10,
primarily through VPACI receptors on immune cells (Ganea and Delgado 2001).
Because lymphoid organs receive peptidergic/sensory innervation, this could be one
method by which there is a systemic anti-inflammatory effect.

Vagal withdrawal in response to stress might therefore promote inflammation,
given the evidence that vagal activity inhibits NF-xB activation (and the release of
TNF-alpha from macrophages) via cholinergic signaling through the alpha-7 sub-
unit of the nicotinic acetylcholine receptor (Pavlov and Tracey 2005). Indeed,
decreased vagal tone, as manifested by reduced heart rate variability, has been asso-
ciated with increased inflammatory markers in women with coronary-artery disease
(Janszky et al. 2004), healthy controls (Thayer and Fischer 2009), and those with
cardiovascular diseases (Haensel et al. 2008).

5.4  When the System Goes Awry: Adaptive
and Maladaptive Responses to Stress

The stress response can vary and even go awry, depending on the nature of the
stress. In the following section, we discuss how the stress response is typically adap-
tive in acute stress situations but maladaptive when faced with chronic stressors.

5.4.1 Acute Stress

Psychological acute stressors, such as giving a public speech, and physical acute
stressors, such as receiving a cut from a sharp knife, employ the same pathway to
activate the stress response system (Maier and Watkins 1998). In both of these
hypothetical acute stress situations, the stress response (including activation of the
sympathetic nervous system and effects on the immune system) is typically healthy
and adaptive for survival.
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Acute or short-term stress induces a large-scale redistribution of immune cells in
the body. Typically, immune cells stay in certain compartments of the body, includ-
ing the marginated pool, spleen, bone marrow, and lymph nodes; when acute stress-
ors occur, stress hormones initiate a cascade of events and induce the trafficking of
immune cells (e.g., lymphocytes) out of these compartments and into the blood, to
ultimately reside in target organs where an individual is most likely to be injured
(e.g., skin, gastrointestinal track, urogenital tract, lungs) (Dhabhar et al. 2012). In
doing so, the body has increased the immune cell’s ability to do defensive
maneuvers.

In sum, the body’s activation of the sympathetic nervous system and the immune
system and concomitant reduction in PNS activity is its way of appropriately
responding to the stressor and preparing the body for survival. In the example of
public speaking, the brain perceives a stressor, which then warns the body of danger.
To promote survival, the body then mounts an immune response to “prepare” for
anticipated activation of the immune system (wounding or infection). Although in
reality, we do not expect to be physically wounded, for example, when giving a
presentation, across evolutionary time stress was a reliable enough signal of impend-
ing physical danger that it was adaptive to respond to all fight-or-flight situations
(both psychological and physical stressors) by mounting an appropriate biological
response, to ultimately ensure survival. Similarly, in the example of receiving a cut,
especially prior to modern medicine and hygiene, the immune-enhancement effect
of activating the stress response system is advantageous to mount a response against
any pathogens that may have entered the wound, as well as to begin the recovery
process.

All stress is not necessarily harmful, and all stress is not immunosuppressive.
One caveat to this adaptive response to acute stress is that a stress-induced enhance-
ment of the immune system could be harmful if it exacerbates existing inflamma-
tory or autoimmune diseases (Dhabhar and McEwen 2007), possibly due to chronic
stress, which we turn to next.

5.4.2 Chronic Stress

Chronic stressors, such as caring for a spouse with dementia, concealing a sexual
identity, or coping with childhood physical, or sexual abuse, tell a different story for
the stress response system. These types of stressors are considered to be the most
toxic because they so often result in long-term changes in the emotional, behavioral,
and physiological responses that lead to the risk, development, or progression of
diseases (Cohen et al. 2007). In addition to emotional and behavioral changes due
to the stressor, such as difficulty in coping with the stressor or changes in health
behaviors such as sleeping, physiological changes also occur.

Prolonged or repeated activation of the HPA and SAM axes can disrupt the regu-
lation of other body processes, including the immune system. Individuals experi-
encing chronic stressors have less effective immune functioning, as demonstrated
by their increased susceptibility to the common cold (Cohen et al. 1998), impaired
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immune response to vaccination, and delayed healing after standardized wound
inductions (Glaser et al. 1998, 1999). Additionally, they also experience low-grade,
nonspecific inflammation (Segerstrom and Miller 2004). This increase in inflamma-
tion is likely due to decreased anti-inflammatory feedback. As previously men-
tioned, the HPA axis plays an important negative feedback role in suppressing the
immune response when it is no longer needed. However, in chronic stress situations,
glucocorticoid resistance or insufficient glucocorticoid signaling may occur, which
lead to HPA axis-related increases (as opposed to decreases) in inflammation.
Possible effects include (1) the adrenal gland can get exhausted and therefore pro-
duce less cortisol, which corresponds to decreased anti-inflammatory feedback, or
(2) the HPA axis is hyperactivated and the adrenal gland pumps out so much cortisol
that the cells’ receptors, which typically recognize the cortisol and shut down,
become resistant and do not “hear” the cortisol as well (i.e., they are less sensitive)
(Hénsel et al. 2010).

In sum, autonomic and neuroendocrine activation in response to stressors is ben-
eficial up to a point, but excessive activation may also have long-term costs. The
metabolic requirements posed by psychological stressors to which people are typi-
cally exposed in contemporary society are often minimal (Cacioppo 1998). As such,
strong autonomic and neuroendocrine activation to psychological stressors is often
not needed for effective coping and instead may contribute to chronic diseases over
time (Miller et al. 2009b; Robles et al. 2005).

5.5 Intrapersonal Processes and Imnmune Functioning

How individuals view the world and appraise their own situations and stressors can
influence their physiological response to stress. Certain patterns of thought or
appraisal of emotions are intrapersonal (i.e., within person) processes that can gen-
erate a chronic perception that the world is dangerous, which can create an immune
response that “runs hot” and is extra vigilant. Other intrapersonal processes may
buffer the effects of stress on immune functioning. In the following section, we
discuss various intrapersonal factors that may be associated with, or moderate, the
effects of stress on immunity.

5.5.1 Rumination

Rumination is defined as conscious, spontaneous, and recurrent thoughts or images
or both about past negative information. For those who ruminate, stress responses
may last longer (i.e., slower recovery), based on the Perseverative Cognition
Hypothesis (Brosschot et al. 2006). In one study that experimentally induced either
rumination or distraction after a public speaking task, the participants in the rumina-
tion condition demonstrated sustained increases in inflammation (measured in
plasma CRP) that did not return to prestressor levels by the end of the visit.
Conversely, participants’ CRP in the distraction group increased post-stressor and
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then returned to prestressor levels by the end of the visit (Zoccola et al. 2014).
Additionally, in a cross-sectional study, older adults who reported being highly
ruminative also had greater numbers of leukocytes, lymphocytes, and B cells than
those who reported lower rumination (Thomsen et al. 2004), suggesting that rumi-
nation may be related to an activation of the acquired immune system and thus may
be associated with a more prolonged immune response to stress.

5.5.2 Emotion Regulation

Emotion regulation refers to the processes by which individuals influence which
emotions to have, when to have them, and how to experience and express them
(Gross 1998). Two common emotion regulation strategies include cognitive reap-
praisal and expressive suppression. Cognitive reappraisal, considered an adaptive
strategy, involves altering how to think about an emotion-eliciting situation in order
to change its emotional impact. In contrast, expressive suppression, generally con-
sidered a maladaptive emotion regulatory strategy, involves inhibiting emotional
expression in response to an emotion-eliciting event (Gross and John 2003).

To date two studies have examined these emotion regulation strategies in relation
to immune functioning and cardiovascular disease (CVD). In one study, CRP levels
(a known marker of CVD risk) and reappraisal and suppression were assessed in
379 adults. Reappraisal was associated with lower CRP, and suppression was asso-
ciated with higher CRP after controlling for demographics, suggesting that adaptive
emotion regulation strategies may promote healthy outcomes by lowering inflam-
matory mechanisms (Appleton et al. 2013). In the second study, IL-6 mediated the
association between reappraisal-related engagement of the dorsal anterior cingulate
cortex (dACC, a brain region involved in governing the release of neurohormones
and neurotransmitters of the HPA axis, SNS, and PNS) and atherosclerosis (Gianaros
et al. 2014). One interpretation offered was that elevated inflammation, as reflected
by increased IL-6, might have upregulated negative affect or arousal processes that
consequently increased the cognitive demands required for the regulation of emo-
tion at the neural level (e.g., there might have been more negative affect to regulate).
However, this was a cross-sectional design and so additional research is needed to
examine the directionality and pathways linking emotion regulatory processes and
immune functioning in clinically relevant populations.

Another emotion regulation strategy, emotional approach coping (EAC), has also
been examined in relation to inflammation. EAC is comprised of emotional process-
ing (purposive attempts to acknowledge, explore, and understand one’s emotions)
and emotional expression (active verbal and nonverbal efforts to communicate emo-
tional experiences) (Stanton et al. 1994). In a sample of 41 men who had undergone
prostatectomy or radiation therapy for localized prostate cancer, emotional process-
ing at baseline predicted lower IL-6, sSTNF-RII, and CRP 4 months later, whereas
emotional expression was associated with higher levels of sSTNF-RII (Hoyt et al.
2013). Interestingly, the interaction of emotional processing and expression
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suggested that expression of emotion is associated with higher inflammation (CRP
and sTNF-RII) only in the context of low emotional processing. The expression of
emotions without efforts to understand them might promote emotion dysregulation
and higher inflammation.

Master et al. (2009) examined emotional approach coping and inflammation
before and after a standardized laboratory stressor, the Trier Social Stress Test
(TSST). Participants in the TSST paradigm were asked to prepare and give an
impromptu public speech and to perform difficult mental arithmetic to a nonrespon-
sive, socially rejecting panel of raters. Findings revealed that, in response to the
stressor, higher levels of emotional approach coping, particularly emotional pro-
cessing, were associated with a less pronounced increases in soluble tumor necrosis
factor receptor type-II (sSTNF-RII) in oral mucosal transudate. These findings sug-
gest that people who are more likely to cognitively reappraise and cope with stress-
ors by approaching their emotions, particularly through emotional processing and
related emotional expression, may demonstrate lower inflammatory outcomes,
which could promote more optimal health.

5.5.3 Alexithymia

Alexithymia is a personality trait characterized by impairments in cognitive pro-
cessing and regulation of emotions that is typically measured using the 20-item
Toronto Alexithymia Scale (TAS-20). It is hypothesized that this deficit in affective
and cognitive-emotional processing leads to prolonged and amplified physiological
arousal to stress thus disturbing the autonomic system and HPA axis and ultimately
the immune system (Guilbaud et al. 2003). Rather than there being a clear shift
towards either pro- or anti-inflammatory mediators in alexithymic individuals, cir-
culating cytokine profiles and Th1/Th2 responses may be affected (Guilbaud et al.
2003; Mandarelli et al. 2011).

Alexithymia has been linked to lower circulating levels of IL-2R and IL-4a in
somatoform disorders (Pedrosa Gil et al. 2007) and IL-6 in healthy participants
(Mandarelli et al. 2011). Others have found significant positive correlations between
alexithymia and serum levels of TNF-a in patients suffering from rheumatoid arthri-
tis (Bruni et al. 2006), as well as serum levels of IL-4 (a type 2 cytokine) in healthy
female participants (Corcos et al. 2004). Alexithymia has also been linked to
decreased in vitro production of IL-1f, IL-2, and IL-4, and a skewed Th1/Th2 (IL-2/
IL-10) response towards Th2 response (Guilbaud et al. 2009). In addition, various
lymphocytes have been found in very low levels in alexithymic men (for the natural
killer subset: CD57 — CDI16+ and killer effective T-cell CD8+CD11a+cells)
(Dewaraja et al. 1997) and women (CD2, CD3, CD4, and CD19) (Todarello et al.
1994, 1997). Lastly, alexithymic patients with HIV exhibited increased
norepinephrine-to-cortisol ratio and viral load (McIntosh et al. 2014), suggesting a
greater vulnerability to disease progression in these patients. Taken together, these
findings suggest that alexithymia may be associated with lower cell-mediated
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immunity and a skewed Th1/Th2 ratio towards Th2 response. Thus, it has been sug-
gested that the neuroendocrine and immune responses of alexithymics may follow
a similar pattern as in persons with chronic stress (Guilbaud et al. 2003).

5.5.4 Psychological Stress

Across a number of studies over the years, psychological stress has been found to
be associated with changes in physiological functioning, including changes in
immunity. Measures of psychological stress include the Perceived Stress Scale
(PSS) (Cohen et al. 1983) and the Life Events and Difficulties Schedule (LEDS)
(Brown and Harris 1978). Higher levels of perceived psychological stress have been
associated with reduced control of latent herpesviruses, blunted humoral responses
to immunization, greater susceptibility to infectious disease, and poorer wound
healing (Cohen et al. 2001; Dyck et al. 1999; Glaser and Kiecolt-Glaser 2005;
Glaser et al. 1998, 1999; Kiecolt-Glaser et al. 1996a). Interestingly, measures of
objective stress do not always yield the same health findings. For example, Cohen
and colleagues reported that both perceived stress and stressful live events (objec-
tive measure of stress) predicted greater risk for developing the common cold.
However, these two measures produced different associations with illness and were
mediated by different biological processes (Cohen et al. 1993). Thus, measures of
stress based upon the objective environment versus those based upon subjective
appraisal relate to different biological mechanisms, predict different aspects of ill-
ness, and may ultimately be associated with different disorders and disease (Monroe
2008).

5.5.5 Positive Psychological Well-Being: Optimism and Positive
Affect

Positive psychological well-being, including dispositional optimism and positive
affect, has also been associated with immune functioning. Evidence suggests that
higher levels of optimism and positive affect are generally associated with better
immune functioning and may ultimately be protective for health during times of
heighted stress, whereas lower levels of these are generally associated with poorer
immune functioning.

5.5.5.1 Dispositional Optimism

Dispositional optimism reflects the extent to which individuals hold generalized
favorable expectancies for their future and is most often assessed by the Life
Orientation Test (LOT (Scheier and Carver 1985)). Greater optimism has been asso-
ciated with lower levels of IL-6 cross-sectionally (Roy et al. 2010) and IL-6 and
soluble intercellular adherence molecule pooled across multiple time points (Ikeda
et al. 2011). In a double-blind placebo-controlled study in which men underwent
either a placebo or real vaccine and then completed two mental stress tasks, those
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who reported high levels of dispositional optimism had smaller IL-6 responses to
the stress task (independent of age, BMI, trait depression and baseline IL-6) (Brydon
et al. 2009). Additionally, in the vaccine/stress group, there was a strong positive
association between optimism and antibody responses, indicating that stress accen-
tuated the antibody response to vaccine in optimists (Brydon et al. 2009). Another
interesting study examined immune functioning and telomeres, a biological marker
of immunosenescence, as related to optimism in men. Men who had shorter telo-
meres with high telomerase activity (indicative of active cell stress) were less opti-
mistic and showed blunted post-stress recovery in autonomic measures as well as
monocyte chemoattractant protein-1 in comparison to men with longer telomeres or
men with shorter telomeres and low telomerase activity (Zalli et al. 2014). Together
these findings provide support for the stress-buffering hypothesis: optimism may
help to buffer the negative effects of stress on immune functioning.

A growing number of studies, however, have demonstrated that difficult stressors
have more potentially detrimental effects on the immune systems of more optimistic
people (Cohen et al. 1999; Segerstrom 2001, 2005, 2006; Segerstrom et al. 2003).
For example, during stressors that are complex, persistent, and uncontrollable, more
optimistic people had smaller delayed-type hypersensitivity responses, indicative of
less robust in vivo cellular immunity (Segerstrom 2006). This effect may be due to
optimists’ greater engagement, fatigue, and ultimately physiological stress during
difficult stressors. The relation between optimism and immunity is complex and
dependent on the duration and type of stressor involved, as well as the individual
dealing with the stressor.

5.5.5.2 Positive Affect

There is contention in the field of emotion about how to precisely define positive
affect. However, positive affect is broadly defined as reflecting pleasant engagement
with the environment (Pressman and Black 2012). Overall, results from investiga-
tions into naturally occurring positive affect indicate an association between posi-
tive affect and immune function, where higher levels of positive affect are generally
associated with enhanced immune function (Pressman and Black 2012). In cross-
sectional studies, greater trait positive affect was related to lower levels of circulat-
ing IL-6 in the Whitehall study, a large-scale population based study on health
(Steptoe et al. 2008), as well as lower levels of stimulated IL-6 in adults after
accounting for age, gender, race, BMI, and white blood cell count (Prather et al.
2007). Additionally, the presence of low-grade inflammation (as measured by
higher levels of IL-6) and the absence of positive affect were independently predic-
tive of worse subjective health in 347 women of the general population aged 45-90
years (Andreasson et al. 2013).

In other studies, researchers have examined positive affect in the context of an
immune challenge and laboratory stressor. In individuals who were experimentally
infected with rhino virus, those who had a higher positive emotional style (assessed
before infection) demonstrated less symptoms and signs of rhinovirus infection
(Doyle et al. 2006); specifically, higher positive emotional style was associated with
lower IL-6 levels and lesser symptom and sign responses. Another study examined
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the maintenance of a positive outlook in the midst of an acute laboratory stress (the
Trier Social Stress Test; TSST) in 35 postmenopausal women. Greater acute stress-
induced declines in positive outlook were significantly associated with increased
IL-1p reactivity, which significantly predicted increases in depressive symptoms
over the following year, controlling for age, body mass index, chronic stress, anti-
depressant use, and baseline depressive symptoms (Aschbacher et al. 2012). In sum,
difficulty maintaining positivity under stress and heightened proinflammatory reac-
tivity may be markers and/or mechanisms of risk for future increases in physical and
mental disorders.

5.5.6 Summary

In this section, we identified key intrapersonal factors that are directly or indirectly
associated with stress effects on individuals’ immune functioning. See Table 5.1 for
a summary of intrapersonal factors and their effects on immune parameters.
Rumination, the emotion regulation technique of suppression, alexithymia, and per-
ceived psychological stress are generally associated with poorer immune function-
ing. Interestingly, objective psychological stress may not be associated with the
same immune outcomes, or immune pathways. Conversely, the emotion regulation
technique of reappraisal and emotional approach coping (particularly emotional
processing), optimism, and positive affect are generally associated with better
immune functioning and may ultimately be protective for health during times of
heightened stress.

5.6 Interpersonal Processes and Imnmune Functioning

An important extension to the study of relationships between intrapersonal pro-
cesses and stress and immune functioning acknowledges that individuals live in a
social environment and continually interact with others. Individuals’ health and
emotions influence, and are influenced by, significant others, including, for exam-
ple, spouses, partners, parents, and children, as well as the broader social ecological
contexts in which they live. The following section focuses on how interpersonal
processes relate to stress and immune regulation and functioning.

5.6.1 Close Relationships

Broadly, the strength and quality of a person’s social connection to other people can
predict risk for mortality: stronger social bonds (i.e., better social integration and/or
social support) decrease risk for morality by up to 50 % (Holt-Lunstad et al. 2010).
Results from another meta-analytic review of 126 published empirical articles over
the past 50 years indicate that greater marital quality is related to better health,
including lower risk of mortality and lower cardiovascular reactivity during marital
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Table 5.1 Summary of intrapersonal factors and effects on immune parameters

Intrapersonal factors

Rumination

Emotion regulation
Reappraisal
Suppression
Emotional approach
coping

Emotional processing
Emotional expression

Alexithymia

Perceived
psychological stress

Dispositional
optimism

Positive affect

Associated effects on immune parameters and functioning

1 CRP, leukocytes, lymphocytes, and B cells (Thomsen et al. 2004;
Zoccola et al. 2014)

| CRP (Appleton et al. 2013)
1 CRP (Appleton et al. 2013)

| IL-6, sTNF-RII, CRP (Hoyt et al. 2013; Master et al. 2009)

1 sTNF-RII (Hoyt et al. 2013)

| IL-2R, IL-4a, IL-6, in vitro production of IL-1f, IL-2, and IL-4,
lymphocytes (Dewaraja et al. 1997; Guilbaud et al. 2009; Mandarelli
et al. 2011; Pedrosa Gil et al. 2007; Todarello et al. 1994, 1997)

1 TNF-a, IL-4, in vitro production of IL-1p, IL-2, and IL-4, and Th2
response (Bruni et al. 2006; Corcos et al. 2004; Guilbaud et al. 2009)
| control of latent herpesviruses, blunted humoral responses to
immunization, poorer wound healing

1 susceptibility to infectious disease (Cohen et al. 2001; Dyck et al.
1999; Glaser and Kiecolt-Glaser 2005; Glaser et al. 1998, 1999;
Kiecolt-Glaser et al. 1996a)

| IL-6, soluble intercellular adherence molecule (Brydon et al. 2009;
Ikeda et al. 2011; Roy et al. 2010)

1 antibody response to vaccine (Brydon et al. 2009)

| circulating and stimulated IL-6, | symptoms and signs of rhinovirus
infection (Steptoe et al. 2008; Doyle et al. 2006)

Declines in positive affect: 1 IL-1p (Aschbacher et al. 2012)

CRP C-reactive protein, /L interleukin, 7NF tumor necrosis factor, sTNF-RII soluble tumor necro-
sis factor (receptor II), Th2 T-helper cell type 2

conflict (Robles et al. 2014). Findings from Whisman and Sbarra (2012) suggest
that lower marital satisfaction is related to elevated inflammation. It is apparent that
close relationships influence health outcomes, and recent growing evidence sug-
gests that immune functioning may be one potential pathway linking close relation-
ships and health (Robles and Kiecolt-Glaser 2003).

5.6.2 Negative Relationship Processes: Anger, Hostility,
and Conflict

Negative close relationship processes involving stressful encounters, such as marital
strain, conflict, or abuse, can affect immune functioning (Robles and Kiecolt-Glaser
2003). Specifically, how we interact with our close relationship partners (e.g., show-
ing anger, hostility, conflict, blaming or interrupting our partner) may be particu-
larly detrimental and increase both circulating proinflammatory cytokines and
stimulated immune inflammatory responses.
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For example, couples who displayed higher levels of hostile behaviors during
marital conflict showed larger increases in circulating markers of inflammation,
including IL-6 and TNF-a, and slower wound healing at 60 % the rate of low-hostile
couples (Kiecolt-Glaser et al. 2005). Additionally, high-hostile partners had greater
decrements in 24 h immune cell functioning than participants who exhibited fewer
negative behaviors (Kiecolt-Glaser et al. 1993). These effects are beginning to be
examined longitudinally: Couples who were in more distressful marriages at base-
line had larger declines in cellular immune function (proliferative responses to two
mitogens, concanavalin A and phytohemagglutinin) 2 years later when compared to
spouses in less distressful marriages (Jaremka et al. 2013b). Looking specifically at
adaptive immunity, low marital satisfaction and greater hostility during marital con-
flict were associated with higher Epstein-Barr virus (EBV) antibody titers, indicat-
ing poorer ability to control this latent herpesvirus that infects most adults
(Kiecolt-Glaser et al. 1987, 1988, 1993, 1997).

There are interesting gender effects in this literature: When comparing a func-
tional measure of the immune system (proliferative response to mitogen) of men and
women over the course of a conflict induction, one study found that men’s immune
functioning increased and women’s immune functioning decreased from pre- com-
pared to post-conflict induction (Mayne et al. 1997). These results are corroborated
by other findings with similar gender effects, especially for women (Kiecolt-Glaser
et al. 1996b, 1998; Malarkey et al. 1994). Taken together, these findings suggest that
women may be more sensitive to negative marital interactions than men.

5.6.3 Supportive Relationship Processes

Just as distressing relationships can dysregulate immune function, supportive rela-
tionship processes may be immunoprotective. For example, increased positive
behaviors exhibited by couples during a social support interaction task predicted
faster wound repair from suction blisters (Gouin et al. 2010); positive behaviors
were behaviorally indexed by aggregating measures of acceptance, relationship-
enhancing attribution, self-disclosure, and humor exhibited during the interaction
task. Other behaviors, including warm physical contact, may also be immune
enhancing; circulating levels of interferon (IFN)-y decreased significantly in cou-
ples after an hour-long experimental induction of warm physical contact (hugging
and kissing), whereas levels did not change in the control condition (couples who
read books in separate rooms) (Matsunaga et al. 2009). In other work on HPA and
ANS responses to stress, which have important implications on immune function-
ing, women who received positive physical partner contact (standardized neck and
shoulder massage) before undergoing a TSST exhibited significantly reduced sub-
sequent cortisol responses to stress, as well as reduced heart rate increase in response
to the stressor (Ditzen et al. 2007).

Supportive communication patterns also promote healthy immune functioning
and may be one way to mitigate the stressful effects of martial conflict—or other
every-day stressors—on inflammation. Couples who displayed more cognitive
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engagement, assessed by the number of cognitive processing words used, during a
marital conflict discussion had lower systemic IL-6 responses 24 h after the discus-
sion than did those displaying less cognitive engagement (Graham et al. 2009). In
another study, researchers examined the effect of communal orientation, which is
marked by first-person pronoun use (we talk)—as opposed to singular first-person
pronoun (I talk)—on the trajectory of congestive heart failure, an immune-related
disease. Specifically, in couples in which one partner had congestive heart failure,
we talk by the spouse, but not by the patient (with congestive heart failure), indepen-
dently predicted positive change in the patient’s heart failure symptoms and general
health over the next 6 months (Rohrbaugh et al. 2008). Thus, supportive and posi-
tive relationship processes, including warm contact and supportive communication
patterns within couples, may prove to be a significant area of research for generating
interventions to improve partners’ health by mitigating inflammatory responses.

5.6.4 Ambivalence

Much research focuses on how the positive or negative aspects of relationships influ-
ence health. However, a small but growing area of research examines the effect of
ambivalence on health outcomes. Ambivalence is described as simultaneously feel-
ing positive and negative emotions towards a close relationship partner (Uchino et al.
2001). Perceiving ambivalence towards one’s spouse in a support context was linked
to greater inflammation (higher IL-6 and fibrinogen and marginally higher CRP lev-
els) even when considering health behaviors, relationship-specific romantic attach-
ment style, spouse negativity/positivity ratings, and overall marital satisfaction
(Uchino et al. 2013). Perceptions of ambivalence during support may be a particu-
larly important relational context in which close relationship ties influence health.
Further work is needed to examine ambivalence in other contexts (e.g., in response
to daily stressors and longitudinal assessments of ambivalence ratings, which may
change over time), as well its relation to other indicators of immune functioning.

In related work, coronary-artery calcification scores were highest for individuals who
both viewed and were viewed by their spouse in an ambivalent manner (Uchino et al.
2014). Importantly, coronary-artery calcification is correlated with the extent of plaque
buildup in the coronary arteries and is a robust predictor of cardiovascular disease and
stroke—both of which are associated with chronic inflammation (Danesh et al. 2004).
Future work that examines inflammatory mediators associated with ambivalence and
other clinically relevant diseases may provide insight on possible interventions to
improve health outcomes by fostering interpersonal relationship functioning.

5.6.5 Social Rejection and Social Isolation/Loneliness
Social rejection is a major life event that is related to immune functioning. This

interpersonal process is often studied in the context of depression due to the sus-
tained inflammatory process that may elicit sickness behaviors and precipitate
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depression for vulnerable individuals (Slavich et al. 2010). In a longitudinal study
of 147 adolescent girls at elevated risk for depression, participants had significantly
higher levels of mRNA for both proinflammatory transcription factor NF-xB and
inhibitor of kB (I-kB), which regulates the effects of NF-«B, at visits when they had
experienced a recent targeted rejection life event compared to visits when no such
event had occurred (Murphy et al. 2013). A growing body of research suggests that
stressors involving social rejection and exclusion activate neural regions involved in
processing negative affect, including the dorsal anterior cingulate cortex (dACC)
and anterior insula (Slavich et al. 2010). These neural regions activate multiple bio-
logical systems, including, in particular, the HPA axis and sympathetic-adrenal-
medullary axis, which produce cortisol and catecholamines that can bind to receptors
on immune cells, which then modulate the release of proinflammatory cytokines.
Thus, social stress-related implications on the neurocognitive pathway involving the
dACC and anterior insula may be one mechanism linking social threat and rejection
with elevated inflammation and risk for depression (Slavich et al. 2010).

Social isolation, or loneliness, is another interpersonally distressing state that dys-
regulates immune function (Jaremka et al. 2013c). Interestingly, social isolation is
not broadly immunosuppressive but instead selectively suppresses some groups of
immune-response genes (e.g., type I interferons and specific immunoglobulin genes)
while simultaneously activating others (e.g., proinflammatory cytokines); social iso-
lation has been related to a downregulation of genes involved in antibody production
and an upregulation of expressed genes involved in proinflammatory immune
response (Cole et al. 2011). Indeed, lonelier people had smaller antibody responses
to an influenza virus vaccine than those who were less lonely (Pressman et al. 2005).
Additionally, among healthy adults and posttreatment breast cancer survivors, stimu-
lated TNF-a, IL-6, and IL-1p were higher after laboratory stress tasks (including the
TSST and Stroop task) among those experiencing greater loneliness compared with
those who were less lonely (Hackett et al. 2012; Jaremka et al. 2013a). Thus, social
isolation/loneliness has immune consequences that may be especially relevant to
clinical populations, such as women undergoing breast cancer treatment.

5.6.6 Early Life Environment and Adversity

A very well-developed area of research has focused on inflammation and early life
adversity. Early life adversity is a term ranging in meaning from poverty and abuse
to parental loss and is characterized by unpredictability and interpersonal stress
(Slavich and Irwin 2014). Childhood adversity can cause long-term alterations in
HPA axis functioning that ultimately affects the immune system. In this context,
early life adversity programs the brain and body to run inflammation “hot,” likely
as a result of evolutionary pressure linking stress to danger of wounding and tissue
damage (Raison and Miller 2013). This results in chronically elevated inflamma-
tion that, although modest, contributes to shaping the brains and bodies of these
individuals to be especially vulnerable to mental and physical health problems,
including major depressive disorder, cardiovascular disease, and dementia.
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Results from research have demonstrated that adults who experienced early life adver-
sity show exaggerated inflammatory responses to stress (Carpenter et al. 2010; Danese
et al. 2007, 2008; Pace et al. 2006). Maltreated children develop higher levels of IL-6 in
response to a standardized social stressor (TSST) when tested as adults in comparison to
a non-maltreated control group (Carpenter et al. 2010; Pace et al. 2006). Additionally,
findings from longitudinal studies showed that greater cumulative stress exposure before
age 8 predicted higher levels of IL-6 and CRP at age 10 and higher levels of CRP at age
15 in a sample of 4600 children (Slopen et al. 2013). Additionally, maltreated children
tended to have higher levels of CRP 20 years later (Danese et al. 2007).

Interestingly, exposure to coevolved microorganisms in childhood may play an
important role in how early life adversity affects immune functioning. Recently,
researchers in the Philippines have found that even a childhood trauma as severe as
maternal deprivation can fail to result in a raised background CRP in adulthood in
those individuals who were heavily exposed to a microbe-rich environment and
animal feces in childhood (McDade et al. 2013), whereas individuals raised in clean
childhood environments in the Philippines showed strong correlations between
early life adversity and elevated CRP in adulthood. In the USA, such adverse child-
hood events tend to have serious consequences for later health, as previously dis-
cussed. These findings suggest that exposure to animal-derived microbes might
improve regulation of inflammation and so increase stress resilience, though this
observation needs to be confirmed in other populations (Rook et al. 2014). We
return to this issue in the Future Considerations below.

5.6.7 Summary

In this section, we have attempted to elucidate interpersonal and interdependent fac-
tors that may influence health and immune functioning. See Table 5.2 for a sum-
mary of interpersonal factors and their effects on immune parameters. Negative
relationship processes, including behaviors such as anger, hostility, and conflict,
ambivalence, social rejection, social isolation/loneliness, and early life adversity,
are generally associated with poorer immune functioning. Importantly, microbial
exposure in childhood may play an important role in moderating the effects of early
life adversity on inflammation such that it minimizes the effects of adversity and
lessens inflammation. On the other hand, supportive relationship processes, includ-
ing positive behaviors, supportive communication patterns, and warm touch, are
generally associated with better immune functioning and may provide insight on
possible interventions to improve health outcomes.

5.7 Conclusions and Future Directions

Immune functioning is essential to health and well-being. Understanding how stress
influences the immune system requires knowledge of not only the biological path-
ways and mechanisms by which stress can “get under the skin” but also the multiple
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Table 5.2 Summary of interpersonal factors and effects on immune parameters

Interpersonal factors Associated effects on immune parameters and functioning
Negative relationship 1 IL-6, TNF-a, EBV-titers (Kiecolt-Glaser et al. 1987, 1988,
processes 1993, 1997, 2005)

| wound healing, cellular immune functioning (Kiecolt-Glaser
et al. 1993, 2005; Jaremka et al. 2013b)
Cellular immune functioning: men >females (Mayne et al.

1997)

Supportive relationship 1 wound repair (Gouin et al. 2010)

processes | IFN-y, IL-6 (Graham et al. 2009; Matsunaga et al. 2009)

Ambivalence 1 IL-6, fibrinogen, CRP (Uchino et al. 2013)

Social rejection 1 mRNA for NF-kB and I-kB (Murphy et al. 2013)

Social Isolation/loneliness | antibody response to influenza; downregulation of genes
involved in antibody response (Cole et al. 2011; Pressman
et al. 2005);

1 stimulated TNF-a, IL-6, and IL-1p; upregulation of genes
involved in proinflammatory immune response (Cole et al.
2011; Hackett et al. 2012; Jaremka et al. 2013a)
Early life environment and 1 IL-6, CRP (Carpenter et al. 2010; Danese et al. 2007, 2008;
adversity Pace et al. 2006)

IL interleukin, TNF tumor necrosis factor, EBV Epstein-Barr virus, /FN interferon, CRP C-reactive
protein, mRNA messenger ribonucleic acid, NF nuclear factor, / inhibitor

intrapersonal and interpersonal factors that may exacerbate or buffer the effects of
stress on immune functioning. Certain factors may prolong or exacerbate the effects
of stress, including rumination, emotional suppression, alexithymia, psychological
distress, negative relationships processes, ambivalence, social rejection, social iso-
lation/loneliness, and early life adversity. Other factors may mitigate the effects of
stress, including emotional reappraisal, emotional approach coping, dispositional
optimism, positive affect, and supportive relationship processes. More research is
needed in these areas to further uncover the biological and behavioral mechanisms
by which these intrapersonal and interpersonal factors exert their effects on the
immune system and ultimately overall health and well-being. In the following sec-
tions, we highlight some new substantive and methodological considerations rele-
vant to future research on the effects of stress on immunity.

Research findings on stress and immunity may benefit from being understood
and approached from an evolutionary perspective. Evolution can provide a guiding
framework to help answer why individuals have certain behavioral and immunologi-
cal responses. For example, Raison and colleagues have put forward the Pathogen
Host Defense (PATHOS-D) hypothesis, which suggests that the constellation of
behaviors observed in major depression (i.e., symptoms associated with elevated
levels of inflammatory cytokines or sickness behavior) should be viewed as having
been adaptive, rather than socially maladaptive, across human evolution because
they allowed the organism to utilize limited metabolic resources for immune activa-
tion and recovery (Raison and Miller 2013). The lens of human evolution can be
applied to related work on stress and immune functioning, particularly in the
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context of interpersonal and group processes. Using this framework, we can begin
to address various questions, including, for example, what is the evolved immunol-
ogy of group processes? In other words, what is advantageous about how couples
respond to a conflict? Why might it be advantageous (in an evolutionary sense) that
women are seemingly more sensitive to negative social interactions than men?
Much of the research reviewed here addresses the “what” (e.g., what factors are
associated with altered immune functioning) and “how” (e.g., how does positive
social interactions moderate the effects of stress on immune function). The theory
of evolution can clarify the underlying logic connecting these issues by beginning
to address why variables are associated with each other the way that they are.
Furthermore, evolution allows us to see stress in a new light—that is, the coordi-
nated stress response is not only a risk factor and source of physiological and behav-
ioral dysregulation but also serves an adaptive and evolutionary function to aid
survival. Using this perspective will allow us to continue to move the field forward
and examine how and why stress affects immune functioning in individuals, cou-
ples, families, and communities.

Future research on stress and immunity may also benefit from accounting for
ecological factors, such as exposure, or lack of exposure, to an array of microbes
and helminths with which we coevolved and which—while lacking to a large degree
in the industrialized world—are still relevant to immune/stress interactions in other
geographical and cultural contexts. Much of the present research on stress and
inflammation has been conducted exclusively in higher-income, industrialized pop-
ulations with regimes of sanitation and hygiene that have reduced the frequency and
diversity of microbial exposures and burdens of infectious disease (McDade et al.
2013). In other words, we have been studying humans in environments quite differ-
ent from that in which humans evolved, due to our reconfigured relationship with
the microbial and parasitic world. Exposure to these “Old Friend” immunoregula-
tory organisms may play a paramount role in optimal immune function and should
therefore be studied from developmental and life-span perspectives to further
advance our knowledge of stress and the immune system.

These “Old Friends” include elements of the gut microbiota, as well as certain
pseudocommensal environmental bacterial and helminthes. Exposure to certain
ancient viruses at appropriate stages of development also likely programmed appro-
priate immune function (Rook et al. 2013). Individuals from high-income countries,
including the USA, may receive inadequate exposure to immunoregulation-
inducting Old Friends. Importantly, infectious exposures in infancy may have last-
ing effects on the regulation on inflammation in adulthood; to the extent that these
pathways become established and carried forward, inflammatory stressors in adult-
hood may be handled in a similar manner (McDade 2012). Lack of exposure to Old
Friends may increase the likelihood of immunoregulatory deficits and uncontrolled
inflammation, which, in concert with psychosocial stressors, could contribute to
chronic inflammatory and psychiatric diseases (Raison et al. 2010; Rook et al.
2013). As previously discussed, empirical evidence suggested that recent psychoso-
cial stress did not cause detectable increases in CRP in adults who received heavy
microbial exposures as infants (McDade et al. 2013). Future research is needed that
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explores how other ecological factors (including exposure to Old Friends) may help
buffer the negative health effects of stress, with possible implications for interven-
tion and prevention in the US and other Westernized cultures.

Lastly, there are a variety of key methodological considerations that can be
incorporated into future research on stress and immune functioning. In the current
chapter, we focused mostly on one piece of the puzzle—mainly stress effects on
immune functioning. However, as shown in some of the research findings reviewed
here, changes in immune functioning are mediated by bidirectional and interacting
effects of the central nervous system (CNS) and endocrine system. Thus, to further
tease apart the mechanisms of action and gain a more complete understanding of the
physiological and health impacts of stress, advanced computational modeling that
accounts for stress-related changes in multiple, dynamic systems (CNS, immune,
and endocrine systems) within and between individuals and ecological contexts,
over time, should be employed (Reed et al. 2013; Sturmberg and Martin 2013).
Ultimately, these methodological advances may allow us to better understand the
mechanisms by which intrapersonal and interpersonal factors may moderate and
mediate the regulatory effects of stress on immune functioning. Application of these
statistical and design methods can help inform future research and practice regard-
ing optimal, targeted ways to improve immune functioning and treat immune-
related conditions to improve health.
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6.1 Introduction

It is widely accepted that the stress caused by acute and chronic exercise can alter
our immune system. These responses can be observed by alteration in the numbers
and temporal pattern of circulating immune mediators, which include the measure-
ment of total white blood cell counts, and concentration and percentage of white
cell subsets (Chinda et al. 2003; Kakanis et al. 2010; Scharhag et al. 2005), immu-
noglobulins (IgA, IgD, IgE, IgG, IgM) and cytokines (Allgrove et al. 2008; Reid
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et al. 2004; Tongtako et al. 2012). In addition, measurements of changes in func-
tional parameters of the immune system — leucocytes’ oxidative burst and phago-
cytic functions and lymphocyte phenotype, activity and proliferation — are also
assessed to evaluate changes in the immune system (Gleeson and Bishop 2005;
Kakanis et al. 2010; Sureda et al. 2009; Syu et al. 2012; Tvede et al. 1994; Woods
et al. 1998).

6.2  Part 1: Exercise and Respiratory Infection Risk

Upper respiratory tract infections (URTI), which includes throat infections,
coughs and colds, are of concern to the athletic and general population. URTI can
negatively affect athletes’ well-being, increasing fatigue and decreasing perfor-
mance during training and competitions or can even cause inability to perform
(Pyne et al. 1999, 2000; Reid et al. 2004). Due to considerable personal and
economic investment when preparing athletes for competition, it is important to
identify factors that make athletes susceptible to URTI. In fact, these types of
infections are the most common illnesses reported by athletes at medical centres
(Engebretsen et al. 2010; Ruedl et al. 2012). The relationship between risk of
URTI and exercise has been suggested as following a J-shaped curve model
(Nieman 1994). This model suggests that athletes engaged in prolonged, heavy-
intensity exercise or strenuous exercise training periods are more prone to devel-
oping URTI compared to their moderately active counterparts. On the other end
of the curve, sedentary individuals are shown to also have higher risk of develop-
ing URTI compared to their moderately active counterparts. Since this J-shaped
model was proposed, there have been various researches that have provided fur-
ther evidence of its validity.

A number of these studies have had as foundation surveyed-based epidemio-
logical data of signs and symptoms reported by a large cohort of participants
(Kostka et al. 2000; Matthews et al. 2002; Nieman et al. 1990). Extensive clinical
investigations of URTI with samples collected and pathogens (virus and/or bac-
teria) being identified are rare, mostly due to the high financial and time costs
associated with this kind of investigation (Reid et al. 2004; Spence et al. 2007;
Cox et al. 2008). Changes in some immune parameters as a result of exercise do
add to the body of evidence that support the J-shaped curve model (discussed
below). Nonetheless, the debate on whether URTI are indeed infections caused
by a pathogen or a result of upper respiratory inflammation associated with exer-
cise still remains. It is clear though that exercise-induced immune suppression
does lead to performance decrements due to an increase in URTI-symptom sus-
ceptibility. It is also important to point out that other factors may have influence
and should also be considered when investigating possible explanations for the
relationship between exercise intensity/volume and URTI risk. These factors
include psychological stress, nutritional status and exposure to pathogens.
Possible reasons are expanded on below.
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6.2.1 Altered Mucosal Immunity

The mucosal immune system is arguably the largest immune component of the body and
can be viewed as our body’s first line of defence. The innate mucosal defences — immu-
noglobulins (Ig), lysozyme, lactoferrin and a-amylase, amongst other immune media-
tors — interact with a variety of potentially infectious antigens, defending not only the
respiratory system but also the reproductive system, mouth, gastrointestinal tract and eyes
against infections (Gleeson and Pyne 2000; Gleeson 2006). This immune response is
mediated mainly by the secretory immunoglobulin A (SIgA) present in the saliva and the
predominant antibody in seromucous secretions (Roitt and Delves 2001). IgA appears to
function as a multilayered mucosal host defence by three different processes: (1) Immune
exclusion: IgA inhibits the adherence and penetration of antigens to body tissues. (2)
Intracellular neutralization: 1gA interrupts the replication of intracellular pathogens dur-
ing transcytosis through epithelial cells. (3) Immune excretion: IgA binds antigens to the
lamina propria facilitating their excretion through the epithelium back into the lumen of
the gut (Lamm 1998). The mucosal immune system has been extensively investigated to
determine its link to exercise and URTL In fact, there is evidence to imply a negative
relationship between saliva SIgA and the risk of developing URTI. That is to say that
individuals who present low levels or a transient decrease in SIgA have been shown to
present a higher risk of developing URTI and vice versa (Carins and Booth 2002; Fahlman
and Engels 2005; Gleeson et al. 1995, 1999; Neville et al. 2008).

Salivary SIgA response to exercise is variable and has been studied in different
contexts be it through training sessions (Fahlman and Engels 2005; Gleeson et al.
1999; Gleeson and Pyne 2000; Neville et al. 2008), competitive events (Nieman et al.
2002; Libicz et al. 2006; Palmer et al. 2003) or laboratory-based exercise testing
(Reid et al. 2004; Li and Gleeson 2004; Allgrove et al. 2008). The consensus in the
literature is that an intense and prolonged bout (1.5 h) of exercise decreases saliva
SIgA, but a short-duration high- intensity exercise bout increases the secretion rate
of salivary SIgA (Allgrove et al. 2008; Blannin et al. 1998; Nieman et al. 2002;
Palmer et al. 2003; Steerenberg et al. 1997; Walsh et al. 1999). Moderate bouts of
exercise will have little effect on mucosal immunity (Allgrove et al. 2008; Blannin
et al. 1998; Sari-Sarraf et al. 2006), but exercise training of moderate intensity has
been shown to increase saliva SIgA in previously sedentary individuals (Akimoto
et al. 2003; Klentrou et al. 2002). Contrary to that, periods of intense training will
impair mucosal immunity which could increase the risk of URTI as suggested in the
J-shaped model (Carins and Booth 2002; Fahlman and Engels 2005; Gleeson et al.
1995, 1999, 2002; Neville et al. 2008). Resistance exercise does not seem to affect
salivary SIgA levels (Koch 2010), although more studies investigating this type of
exercise are necessary. The discrepancies that exist in the literature in relation to
these changes in mucosal immunity following exercise can be due to the following
factors: training status and physical activity history of the participants, exercise stim-
uli used in the research, psychological stress, methodological differences between
assays, source of saliva or the collection method used, hydration and nutritional sta-
tus of the participants (Gleeson et al. 2004; Bishop and Gleeson 2009).
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The mechanism by which exercise influences mucosal immunity still needs fur-
ther clarification. Saliva secretion is under neural control, an important factor that
affects the saliva flow rate during exercise which is regulated by sympathetic activ-
ity: when there is sympathetic stimulation, the blood vessels which supply the sali-
vary glands vasoconstrict, reducing thus saliva secretion. In addition, other
variables that might influence the saliva flow rate during exercise are dehydration
and evaporative loss of saliva through hyperventilation (Chicharro et al. 1998).
Changes in saliva SIgA, following a bout of exercise, appears to be linked to an
increase in the transepithelial transport mechanism rather than a regulation at the
level of IgA production by plasma cells in the submucosa (Bosch et al. 2002;
Proctor et al. 2003). The latter is a process that requires days to develop and, there-
fore, could explain the SIgA alteration in a training situation (Bishop and Gleeson
2009; Bosch et al. 2002). Proctor et al. (2003) have shown that short-term regula-
tion of saliva IgA secretion is stimulated by sympathetic nerves in a process-
denominated transcytosis. Furthermore, they showed that IgA secretion increases
in response to acute stimulation of B-adrenoreceptors, above a certain threshold, in
a dose-independent manner. However, prolonged stimulation appeared to reduce
the secretion of IgA. Consequently, taking into consideration the duration of the
exercise protocols in this study, it is interesting to note that the sympathetic stimu-
lation can be enough to increase the IgA in the glandular pool, but not to decrease
saliva flow rate. Indeed, the different durations, intensities and types of adrenergic
stimulation and the interaction with their receptors could explain the inconsisten-
cies in the literature previously cited.

Other innate mucosal defences present in the saliva have also been shown to
be affected by exercise. Salivary a-amylase selectively binds to oral bacteria,
interrupting its adherence and growth (Scannapieco et al. 1993; West et al. 2006).
This antimicrobial protein, produced mainly by the parotid gland, is sensitive to
changes in the adrenergic activity showing responsiveness to both psychological
(Kivlighan and Granger 2006; Nater et al. 2006) and physiological stressors
(Chatterton et al. 1996; Walsh et al. 1999). In fact, salivary a-amylase activity
increases with an increase in exercise intensity (Allgrove et al. 2008; Bishop
et al. 2000; Li and Gleeson 2004; West et al. 2006). Similarly, salivary lysozyme
and lactoferrin concentrations seem to rise with an increase in exercise intensity
of both long and short duration (Allgrove et al. 2008; West et al. 2006, 2010).
Lysozyme and lactoferrin are also antimicrobial enzymes — present not only in
saliva but also in phagocytic cell granules and tears — they digest peptidoglycans
of bacterial cell walls and inhibit bacterial growth and metabolism (Roitt and
Delves 2001; Schenkels et al. 1995). The increased concentration of antimicro-
bial defences in saliva might provide enhanced protection and could be a conse-
quence of a compensatory mechanism within the mucosal immune system. It
should be pointed out that if someone has a period of immune deficiency, they
will not necessarily develop an infection. This would occur if they enter in con-
tact with a microorganism capable of surviving and reproducing in their body.
Therefore, simple measures, such as washing hands, not sharing water bottles
and avoiding crowded or enclosed places, can decrease the likelihood of acquir-
ing a pathogen.
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6.2.2 Viral llinesses

Frequent episodes of URTT and/or long-term fatigue in athletes might not be due to
an altered mucosal immune system. In fact, studies have shown that the risk of
developing URTI symptoms could be due to the presence of herpes group viruses,
e.g. cytomegalovirus (CMV) or Epstein-Barr Virus (EBV) (Yoda et al 2000; Gleeson
et al. 2002; Reid et al. 2004). CMV is a highly transmittable and prevalent virus,
having been shown to affect 30-70 % of the population (Bate et al. 2010). Once
infected, this virus is never completely cleared from the organism and, although it
usually remains latent, it affects the whole immune system (Britt 2008; Jarvis and
Nelson 2002). Recent studies have linked CMV prevalence to a variety of chronic
inflammatory diseases such as cardiovascular-related diseases, cancer and increased
mortality (Gkrania-Klotsas et al. 2013; Roberts et al. 2010; Simanek et al. 2011).

Similarly to CMV, EBYV is very predominant being present in over 90 % of the
population worldwide (Chang et al. 2009). Even though the levels of this virus are
tightly regulated by our immune system, it persists in our organism as a lifelong low-
level infection in lymphocytes, more specifically in the memory B cells (Hochberg
et al. 2004; Thorley-Lawson et al. 2013). This herpesvirus has a significant patho-
logical role because it is associated with several benign and malignant conditions:
mononucleosis (glandular fever), multiple sclerosis, certain autoimmune diseases
and neoplasias such as Hodgkin lymphoma and nasopharyngeal carcinoma (Chang
et al. 2009; Thorley-Lawson and Gross 2004; Toussirot and Roudier 2008).

As with the general population, a large number of athletes are infected by CMV
and EBV. Nevertheless, viral illness as a cause of URTI symptoms or long-term
fatigue often goes undetected, unless specific investigations are requested (Reid
et al. 2004). It is thought that intensive training periods can lead to the reactivation
of these viruses by alterations in immune mechanisms responsible for their control
(Gleeson et al. 2002). The presence of CMV and EBV are not always associated
with symptoms of URTI, as elucidated in the study by Cox and colleagues (2004).
These researchers administrated an antiviral drug (Valtrex) used in the management
of most species of the herpesvirus family — including EBV and CMV - to a group
of elite distance runners. The authors reported that even though the treatment was
successful in reducing the specific viral load in participants that were EBV positive,
it did not affect their upper respiratory symptoms. Therefore, it is important to keep
in mind that URTI symptoms are multifactorial and vary between individuals, and
hence this should be taken into account when conducting a medical assessment of
an athlete and when designing management strategies for URTI.

6.2.3 Allergic Rhinitis

Allergic rhinitis is a global health problem and it is estimated that about 10-25 % of
the population is affected by it (Dykewicz and Hamilos 2010). Patients with allergic
rhinitis present an exacerbated response of the immune and nervous system to an
inhaled allergen. Specific IgE antibodies are released and stimulate mast cells,
eosinophils and basophils to produce and release histamines and other allergy
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mediators into the blood and surrounding tissue. This allergic cascade response is
also mediated by neural activity (D’ Alonzo 2002; Sarin et al. 2006).

Symptoms of allergic rhinitis, which include sneezing, rhinorrhoea, congestion
of the nasal passages, increase in mucus production and watery eyes, can be mis-
taken for a URTI episode (D’ Alonzo 2002). In-depth investigation of athletes with
persistent fatigue and recurrent infections showed that 15 % of the participants
investigated actually had an episode of allergic rhinitis and not URTI (Reid et al.
2004). The former has shown to be successfully treated with the use of intranasal
steroid spray (Reid et al. 2004; Nair 2012) and also with moderate-intensity exer-
cise (Tongtako et al. 2012). The latter has shown to have beneficial effects on the
concentration of cytokines in nasal secretions.

6.2.4 Airway Inflammation

Athletes, who are engaged in an endurance training regime, have, at baseline, a higher
neutrophil number in the airways compared with the general population. This sign of
airway inflammation has been shown to occur with athletes from different sports such
as running, cross-country skiing swimming and rowing (Bonsignore et al. 2001;
Morice et al. 2004; Belda et al. 2008; Bougault et al. 2009). The number of inflamma-
tory cells in the airways is also higher after competition or intense training, indicating
that lung inflammation can be stimulated by both acute and chronic exercise
(Denguezli et al. 2008). This occurs because athletes engaged in high-intensity long-
duration exercise present a high ventilatory rate. This intense airflow might cause
epithelial damage through shear stress on the epithelial wall which triggers an inflam-
matory process (Bonsignore et al. 2001; Morice et al. 2004). If the air inhaled is of a
low temperature, it can cause — in addition to the problems mentioned above — the
drying of the airways, consequently leading to repeated thermal or osmotic airway
trauma, stimulating a local inflammatory process (Helenius et al. 2005).

The inhalation of air pollution during exercise can also cause airway inflamma-
tion. This can happen because some air pollutants, such as ozone and particulate
matter, have oxidative properties. This means they react with cells and mediators in
the lungs, a process which can lead to local inflammation and oxidative stress
(Blomberg 2000; Gomes et al. 2010, 2011). When individuals exercise, they elicit
high ventilatory rates, which means that the amount and depth of inspired air is
increased, and in an environment with air pollution, this implies that high doses of
pollution reach deeper into the lungs, exacerbating the detrimental health effects of
air pollution (Bates 2005; Brunekreef and Holgatek 2002).

Airway hyperresponsiveness is a prevalent type of airway inflammation that
occurs when there is an exacerbated response to large amounts of inhaled irritants
during periods of training. This can lead to airway obstruction and remodelling due
to chronic inflammation. Individuals with asthma present similar features, although
in athletes it can be asymptomatic (Cockcroft and Davis 2006; Bougault et al. 2010).
Some elite athletes have airways hyperresponsiveness, with competitive swimmers
being the most affected: about 70 % of them present airway hyperresponsiveness
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(Langdeau et al. 2000; Bougault et al. 2009). These individuals, due to long periods
of exposure to high volumes of inhaled chlorine, present exacerbated airway inflam-
mation during high-intensity training periods (Boulet et al. 2005a, b; Pedersen
2009). Fortunately, the airway inflammation is reversible in many athletes after, at
least, 2 weeks of training cessation (Bougault et al. 2011).

6.2.5 Conclusionto Part1

Moderate exercise has been shown to exert positive changes in the immune system,
and this includes mucosal immunity. Such exercise leads to a decreased risk of URTI
and other conditions that present similar symptoms. However, athletes, during intense
training periods, may experience multiple stressors — physical, physiological and psy-
chological — that are likely to induce immune, endocrine and neurological alterations
that may result in URTI or other conditions with similar symptoms, all of which have
a detrimental effect on the athlete’s wellbeing and performance. It is important to keep
in mind, however, that not all upper respiratory distress is caused by a pathogen.
Finally, it should be emphasized that by decreasing sedentary behaviour, the likeli-
hood of experiencing upper respiratory distress symptoms is also decreased.

6.3  Part 2: Effect of Acute Exercise on Innate and Acquired
Immune Function

If a pathogen is able to overcome the physical barriers of our body, it soon encoun-
ters our first line of defence: the innate immune system. This subsystem, also known
as nonspecific immunity, provides immediate protection. Soluble factors and the
following immune cells are part of the innate immune system: macrophages, mono-
cytes, neutrophils, eosinophils, basophils, dendritic cells, natural killer cells and
mast cells. If these cells are unsuccessful in destroying the invading pathogen, the
acquired immune system is activated. This subsystem is also known as adaptive or
specific immunity and is composed of highly specialized processes and cells — T-
and B-lymphocytes. Contrary to the innate response, the acquired immunity
strengthens upon repeated exposure. These two immune subsystems have been
studied in the context of exercise; nevertheless, given the short history of exercise
immunology research, there is still a great deal to be learned about these responses.
This chapter gives an overview on the response of some immune cells to exercise
with a focus on neutrophils and lymphocytes.

6.3.1 Innate Immune Function
6.3.1.1 Neutrophils’ Response to Acute Exercise

Exercise causes an initial rapid increase in blood neutrophil counts (neutrophilia).
This rise in numbers continues, though with a smaller magnitude, for a few hours
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after exercise cessation. The amplitude and temporal pattern of this neutrophilia
depend both on the intensity and duration of the exercise (Blannin et al. 1996; Peake
2002; Sand et al. 2013). Even a very short exercise burst lasting just 60 s, but at
maximal intensity, results in an increase in the circulating numbers of neutrophils
peaking at around 15 min postexercise (Gabriel et al. 1992).

Various mechanisms are responsible for exercise neutrophilia. The initial rapid
increase is explained by a rise in the concentration of circulating catecholamines
(adrenaline and noradrenaline). As soon as an exercise bout initiates, there is an
increase in catecholamines that quickly returns to basal level when exercise ceases,
so its effect on circulating cells also occurs rapidly. Catecholamines elevate cardiac
output, stimulates the opening up of capillaries — for higher blood flow to muscles
and skin — and releases neutrophils from sites such as spleen, lungs and lymphatic
tissue (Benshop et al. 1996; Tvede et al. 1994). The elevated cardiac output and the
opening up of capillaries during exercise means that the shear stress within blood
vessels mechanically removes adhered neutrophils increasing their numbers in the
central circulation (Foster et al. 1986; McCarthy et al. 1992; Pyne 1994). In contrast
to catecholamines, an increase in the stress hormone cortisol occurs some time after
the exercise has initiated but remains above pre-exercise levels postexercise.
Therefore, cortisol and its action on immune cells is more prolonged, with it being
the hormone responsible for the continued neutrophilia observed several hours after
the termination of an endurance exercise. This hormone mobilizes neutrophils from
the bone marrow into the circulation (McCarthy and Dale 1998; McCarthy et al.
1992; Steensberg et al. 2002) (Fig. 6.1).

It has been established that circulating blood neutrophil counts increase after
exercise. Yet, what about their function? Neutrophil function can be assessed by its
chemotaxis and adherence capacity, by its phagocytosis function and also by its
degranulation and oxidative burst activity. Most studies have shown that a moderate
or exhaustive exercise bout does not affect neutrophil capacity to adhere to the
endothelium — an essential step in the process of transendothelium migration to the
inflamed tissue (Lewicki et al. 1987; Ortega et al. 1993). Both moderate and intense
exercise bouts have been shown to exert a positive effect on neutrophil chemotaxis,
though moderate exercise seems to result in greater benefit (Giraldo et al 2009;
Ortega et al. 1993). In fact, exercise to exhaustion seems not to affect the chemo-
taxis capacity (Rodriguez et al. 1991; Syu et al. 2012).

The benefits of moderate exercise on neutrophil function includes a higher
phagocytic capacity, degranulation and oxidative burst activity that can last for up to
24 h (Robson et al. 1999; Peake and Suzuki 2004; Ortega et al. 2005). A higher
phagocytic capacity has also been observed as a response to intensive and prolonged
exercise (over 2 h). Most studies, however, show a decreased capacity to destroy
bacteria — seen by the reduced lipopolysaccharide-stimulated elastase release — and
also a decreased phagocytic function commencing 2 h after this type of endurance
exercise (Nieman et al. 1998; Bishop et al 2003; Kakanis et al. 2010). Exercise
increases the number of circulating neutrophils, and it seems that — despite the
phagocytosis being increased — when this capacity is analysed per number of neu-
trophil, their individual phagocytic capacity is reduced (Blannin 2006).



6 Exercise and the Immune System 135

Resting state

N .
Blood Neutrophils

vessel

~2.5x 109 cell/L

1

EXERCISE

Demargination = 1 circulating catecholamine
/N cardiac output
M shear stress

¥

Immediately post-exercise

Neutrophils
~4.5 x 109 cell/lL

Fig. 6.1 Effect of exercise on circulating neutrophil numbers

Different mechanisms are involved in shaping the neutrophil function after acute
exercise. Although they need to be further elucidated, it is known that catechol-
amines, cortisol and IL-6, released during exercise, are important regulators, and so
is the activation of complement (Ortega et al. 2005; Blannin 2006; Camous et al.
2011). The various aspects of neutrophil function are influenced, independently of
each other, by exercise intensity, duration and mode; thus, it is tricky to analyse the
pertaining literature. All things considered, moderate-intensity exercise seems to
exert a positive effect on neutrophil function.

6.3.1.2 Natural Killer (NK) Cells’ Response to Acute Exercise

Similar to neutrophils, NK cells are very responsive to a bout of exercise, pre-
senting a sharp increase in circulation. The magnitude of NK cell mobilization
seems to be positively related to exercise intensity, with it having been reported
to increase by around 480 % (Gabriel et al. 1991; Hoffman-Goetz et al. 1990;
Kakanis et al. 2010; Nieman et al. 1993). The downregulation of the expression
of adhesion molecules on NK cells, which occurs with rising catecholamine lev-
els, is one of the factors resulting in their increased mobilizing. Another factor
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would be shear stress of blood to the vessels’ walls (Kappel et al. 1991; Timmons
and Cieslak 2008; Tvede et al. 1994).

The function of NK cells, assessed by its cytolytic activity, appears to follow a
biphasic pattern in response to exercise: there is an enhancement immediately
postexercise; however, as short as 1 h after exercise cessation, suppression in its
activity has been reported (Woods et al. 1998; Kappel et al. 1991; Nieman et al.
1993). This initial rise in cytolytic activity is largely due to higher NK cell numbers
in the circulation and occurs following moderate and intense exercise. Factors that
have been proposed as influencing NK cell cytolytic activity include circulation
levels of prostaglandins, catecholamine and IL-2 (Kappel et al. 1991; McFarlin
et al. 2004a; Walsh et al. 2011).

6.3.1.3 Eosinophil Response to Acute Exercise

Eosinophils are involved in the control mechanisms of asthma and allergies. Its
increase with exercise has been shown predominantly in the context of airway
inflammation. Eosinophil numbers seem to start rising in the circulation some hours
after exercise cessation. Kakanis et al. (2010) reported an increase in eosinophil
levels 4 h after a prolonged (2 h) intense cycling exercise, remaining elevated for
4 h, up to the 8 h time point. This is thought to occur due to the release of specific
cytokines (I1-3 and IL-5).

6.3.1.4 Monocytes Response to Acute Exercise

Monocytes are one of the main antigen-presenting cells found in the circulatory
system, and like neutrophils, they provide important phagocytic function. These
cells differentiate into macrophages once they enter into a tissue. Monocytes pres-
ent on their surface a transmembrane protein that recognizes pathogens and are
capable of activating both innate and acquired immune responses (Akira and Hemmi
2003; Brown et al 2011). These proteins are known as toll-like receptors (TLRs).
Both monocytes and its TLRs have been studied in the context of exercise.
Macrophages have also been investigated, but most studies are with animal model
due to the invasive assessment methods (Ortega et al. 1997; Woods et al. 1997,
Murphy et al. 2004). Yet, to which extent the results can be extended to the human
population remains unknown.

Similar to some of the studies previously mentioned, there is a rise in the circula-
tion counts of monocytes following a bout of exercise, the magnitude of which has
not been linked to exercise intensity (Gabriel et al. 1992; Okutsu et al. 2008).
Nevertheless, this monocytosis is thought to occur as a result of circulating cate-
cholamines, cortisol and an increase in blood flow in the vessels (Okutsu et al. 2008;
Tvede et al. 1994). Although monocytes’ phagocytic capacity has been shown to be
enhanced following exercise, the same cannot be said about its oxidative burst activ-
ity, which seems to remain unaltered (Nieman et al. 1998). As for macrophages,
they seem to increase their function, which includes antitumour activity and phago-
cytosis, as a response to exercise (Murphy et al. 2004; Ortega et al. 1997).

In addition to the role in recognizing and responding to a variety of pathogen-
associated molecular patterns, TLRs also help in the control — duration and
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magnitude — of inflammatory responses (Brown et al. 2011). Studies have shown a
decrease in TLR expression in response to an acute bout of exercise (Lancaster et al.
2005a; Oliveira and Gleeson 2010; Simpson et al. 2009). This lower expression is
thought to be associated with reductions in accessory signal molecule expression
and antigen-presenting cell activation that occur after a bout of exercise. Such alter-
ations may contribute to impaired postexercise immune surveillance (Gleeson et al.
2006). However, Booth et al. (2010) reported an increased expression of TLRs, and
consequently further research is needed to fully understand the response of TLRs to
exercise based upon the type, duration and intensity of exercise.

6.3.2 Acquired Immune Function

6.3.2.1 Lymphocytes

Lymphocytes have a very distinct biphasic response to exercise. During and imme-
diately after exercise, these immune cells are mobilized from peripheral lymphoid
organs. This results in an increase in the number of lymphocytes in the circulation.
The magnitude of this lymphocytosis will depend on the type, duration and intensity
of the exercise performed (Mooren et al. 2002; Kakanis et al. 2010; Simpson et al.
2006; Steensberg et al. 2002). Nevertheless, the extent of this lymphocytosis is
lower than the typical three to fourfold increase in neutrophil numbers following
intense exercise. Similarly, an increase in circulating catecholamines is responsible
for this immediate rise in the circulating numbers of lymphocytes. These hormones
have an effect on the shear stress in the blood vessels and also on lymphocytes’
adhesion molecules — present on the surface of the cells and through which they
attach to the vascular endothelium (Pedersen et al. 1997; Shephard 2003).

The second phase of the lymphocyte response occurs around 1-3 h after exercise
cessation. The lymphocytosis is substituted by lymphopenia, resulting in lympho-
cyte levels below pre-exercise values for several hours (Simpson et al. 2006; Kakanis
et al. 2010). The severity and duration of this decrease will again depend on type,
duration and intensity of the exercise performed, as well as the training status of the
individual (Steensberg et al. 2002; Mooren et al. 2002; Simpson et al. 2006). This
decline in lymphocyte count creates an “open window” of decreased host protection
which is speculated to increase the susceptibility to URTI and other infections. The
stress hormone cortisol has been shown to contribute to this postexercise lymphope-
nia, possibly by a redistribution of lymphocyte to other regions of the body (Nieman
1994; Pedersen et al. 1997). The levels of lymphocytes return to baseline 24 h
postexercise (Kakanis et al. 2010).

To assess the exercise-induced changes in lymphocyte function, the majority of
studies have conducted in vitro analysis. The functions assessed include investigat-
ing the activation of T cells, by looking at the expression of protein markers on its
surface; investigating T-cell cytokine release; and assessing proliferation capacity.
However, what must be taken into account is that other factors and changes that
occur in the body might affect the cells’ function differently than what is observed
in a petri dish. In addition, most studies assess the lymphocytes taken from the
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peripheral circulation, so changes that occur with these cells might not reflect
changes of the same cell type in other tissues and organs (Bishop 2006).

There is evidence that an acute exercise bout leads to an increase in T-cell activa-
tion (Fry et al 1992; Walsh et al. 2011). This might occur by an increase in the
number of already activated T cells present in the circulation (during the lymphocy-
tosis phase) or by an activation of the T cells due to changes in hormone concentra-
tion as a result of the exercise. Probably, it is a combination of both processes. The
production of cytokines (IL-2 and IFN-y) per T cell has been shown to decrease
after exercise; however, because of the higher T-cell numbers in the circulation, this
function might not be impaired (Starkie et al. 2001a; Lancaster et al. 2005b). Finally,
adecrease in T-cell proliferation (mitogen and antigen stimulated) has been reported
following acute exercise, including resistance exercise (Fry et al. 1992; Miles et al.
2003). Nonetheless, caution should be taken when analysing the literature pertain-
ing to T-cell proliferation because of confounding factors, such as the presence of
other cells (NK cells and B cells) that do not respond to the proliferation stimulus
applied for the T cells. All of the changes in lymphocyte functions mentioned are
subject to the intensity and duration of the exercise bout, as with all the other men-
tioned immune responses.

6.3.3 Conclusion to Part 2

Exercise duration and intensity has a direct effect on circulating numbers and func-
tion of immune cells. Immediately after exercise, there is an increase in circulating
cell numbers as a result of a demargination process mainly caused by a direct and
indirect effect of increased circulating levels of catecholamines. Around 1-3 h after
exercise cessation, lymphocyte blood counts decrease below pre-exercise levels,
whilst neutrophil numbers remain on the rise, albeit at a slower rate compared to
immediately postexercise. These responses are mediated by cortisol. This stress
hormone is responsible for the further recruitment of neutrophils from the bone
marrow whilst stimulating circulating lymphocytes to enter into tissues and prevent
other cells from entering the circulation. Although there are more neutrophils in the
circulation, their individual phagocytic capacity appears to be impaired; however, it
is increased when all neutrophils are taken into account. A similar pattern is
observed for lymphocyte activation. As for neutrophil respiratory burst activity,
moderate exercise has a positive effect, whilst exhausting exercise seems to have a
negative effect. Finally, lymphocyte production of IL-2 and INF-y is reported to
decrease following intensive exercise.

This decline in lymphocyte count and other alterations in the immune system,
observed during early recovery from certain types and high-intensity exercise, cre-
ate an “open window” of decreased host protection. This open-window period of
weakened immunity, which can last between 3 and 72 h, represents a vulnerable
time period for the individual, during which there might be an increased susceptibil-
ity to contracting and developing an infection if there is contact with any pathogen
(Nieman and Bishop 2006).
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6.4  Part 3: Immunological Effects of Chronic Exercise

Elite athletes, at resting state, have similar counts and functions of immune cells and
mediators as nonathletes (Gleeson and Bishop 2005; Nieman 2000). Nevertheless
chronic exercise of moderate intensity and periods of heavy training have been
shown to elicit changes in the immune system of the general population and of the
athletic population, respectfully. In the third part of this chapter, we initially discuss
the positive anti-inflammatory changes that occur with people who regularly take
part in physical activity; whilst in the second part of the chapter, we outline immune
function suppression that can be associated with periods of heavy training.

6.4.1 The Anti-inflammatory Effects of Chronic Exercise

Physical inactivity has been linked to various deleterious health effects. Over the
last decades, the relationship between physical inactivity, obesity, metabolic dys-
function and chronic diseases has been widely investigated (Gleeson et al. 2011;
Leggate et al. 2010; Pedersen et al. 2001; Peel et al. 2009a; Gratas-Delamarche
et al. 2014). Although a great deal of research is still required in this area, it is clear
that regular exercise decreases the incidence of chronic diseases by exerting a posi-
tive effect on the body’s immune system. Chronic diseases, which include cardio-
vascular diseases, cancers, chronic respiratory diseases, depression and dementia,
are responsible for over 80 % of global deaths from noncommunicable diseases
(Heymann and Goldsmith 2012; World Health Organization 2012). Interestingly, all
have the same predictor of risk: a chronic state of low-grade inflammation. In addi-
tion, in 2012, the World Health Organization (2012) released data stating that, con-
sidering all deaths around the globe, hypertension was accountable for 13 %,
hyperglycaemia for 6 %, physical inactivity for 6 % and obesity for 5 %.

The practice of exercising regularly can be as effective as medicines pre-
scribed to treat the above mentioned conditions (Heymann and Goldsmith 2012;
Naci and Ioannidis 2013; Nguyen et al. 2014). In fact, in a recent meta-analysis
study (Naci and Ioannidis 2013), data from 305 trials were analysed, involving
almost 340,000 patients, for the outcome of drug or exercise treatments in mor-
tality risk. The authors’ conclusion was that both exercise and drug treatments
have similar outcomes in prevention of coronary heart disease and diabetes, but
exercise is more effective for preventing deaths in individuals who suffered a
stroke compared with patients using medications. Moreover, scientific evidence
shows that the development of endometrial, colon, prostate, lung and breast can-
cer have an inverse relationship with physical activity, i.e. the more frequent and
intense the exercise, the lower the risk of developing these types of cancers
(IARC 2002; Slattery 2004; Lee and Oguma 2006; Discacciati and Wolk 2014).
Another important factor is how aerobically fit a person is, which is reflected by
their cardiorespiratory capacity. When eliminating confounding factors, men
with higher cardiorespiratory fitness have a lower probability of death from can-
cers of the digestive tract, liver and lungs (Peel et al. 2009b; Sui et al 2010).
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Regular physical activity is also associated with an improvement in the quality of
life reported by cancer patients (Wiggins and Simonavice 2009).

The recognition of skeletal muscle as an endocrine organ capable of producing a
variety of metabolic factors when stimulated has increased the knowledge base
within this topic. The potential protective mechanisms of regular physical exercise
against chronic diseases include reductions in body mass (adipose tissue), increases
in endogenous antioxidants concentrations and alterations in functions of the
immune system (Walsh et al. 2011). All these contribute to a shift from an inflam-
matory state to an anti-inflammatory state in the organism as a result of exercise
training (Beavers et al. 2010). These mechanisms are further detailed below.

6.4.2 Changesin Immune Functions

6.4.2.1 Reduction in Inflammatory Biomarkers

An increase in circulating levels of inflammatory biomarkers can be used to assess
an individual’s inflammatory state. These biomarkers include C-reactive protein
(CRP) and inflammatory cytokines, such as tumour necrosis factor alpha (TNF-),
IL-1B, IL-8 and IL-6 (Beavers et al. 2010). Observational studies have shown that
individuals performing more intense and more frequent bouts of exercise (and this
includes leisure-time physical activity) and individuals presenting higher cardiore-
spiratory fitness present a lower concentration of inflammatory biomarkers (Beavers
et al. 2010). In addition, data from interventional studies reinforce the anti-
inflammatory effects of exercise, and the inconsistencies between studies can be
related to differences in study methodology including, type, duration, intensity and
frequency of the exercise training. Although further well-controlled intervention
studies are necessary; overall, the studies indicate that regular aerobic exercise
enhances the positive decrease in the inflammatory state of individuals who present
higher inflammation at baseline. This occurs even without changes in fat mass. In
healthy individuals, within the normal inflammatory range, exercise does not seem
to have any effect on inflammatory biomarkers, though it could work by preventing
increases in these harmful pro-inflammatory biomarkers (Beavers et al. 2010).

The concentration of the IL-6 cytokine is the one marker that is most affected by
exercise. Studies show that it can have over a 100-fold increase in the postexercise
period (Pedersen et al. 2001). This cytokine is the first to respond to exercise, in a
consistent manner depending on exercise mode, duration and intensity (Ostrowski
etal. 1998, 2001; Starkie et al. 2001b; Febbraio and Pedersen 2002). Initially it was
thought that immune cells — monocytes — were the ones responsible for releasing
IL-6 in response to exercise-induced muscle injury. Nevertheless, research studies
have shown that this is not the case and that the contracting muscles are responsible
for this cytokine’s release (monocytes release IL-6 during sepsis) (Febbraio and
Pedersen 2002; Pedersen et al. 2001; Starkie et al. 2001b). Therefore, IL-6 is also
considered as being a myokine in exercising situations (Pedersen and Fischer 2007).
This myokine has an important metabolic role in maintaining homeostasis during
episodes of altered metabolic demand. During exercise, IL-6 increases the hepatic
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glucose production and stimulates lipolysis acting in a neuroendocrine hormone-
like manner. In addition, this myokine also has an important anti-inflammatory
effect due to its role in the suppression of pro-inflammatory cytokines — TNF-a and
IL-1 - and in the increase of circulating levels of anti-inflammatory cytokines, such
as IL-10 and IL-Ira and soluble TNF receptors (Pedersen et al. 2001; Tilg et al.
1997). IL-6 also stimulates the production of (CRP), and even though this biomarker
is linked with inflammation, it affects immune cells by suppressing the synthesis of
pro-inflammatory cytokines by macrophages and inducing anti-inflammatory cyto-
kine release by monocytes (Pue et al. 1996). Whereas immune-cell-derived 1L-6
presents pro-inflammatory characteristics, muscle-derived-IL-6 can have positive
immunological anti-inflammatory effects. This is achieved by an acute bout of exer-
cise; however, when exercising chronically, individuals maintain a pronounced anti-
inflammatory milieu. This in turn protects them against low-grade inflammatory
processes, decreasing the risk of chronic diseases. Other immunomodulatory fac-
tors that might be released during exercise, such as hormones and heat-shock pro-
teins, also contribute towards an anti-inflammatory state.

6.4.2.2 Reduction of Toll-Like Receptor (TLR) Expression
on Monocytes and Macrophages

As mentioned in Sect. 6.2, TLRs have an important role in modulating inflammatory
processes. Over the last decade, it has been shown in the majority of studies that regu-
lar exercise can lead to a downregulation of TLRs expression on monocytes and mac-
rophages cell surfaces. In fact, active individuals have a reduced TLR 4 expression
compared to their less active counterparts. This decrease in TLR, due to chronic exer-
cise, has been observed in both the young and the elderly (Flynn et al. 2003; McFarlin
et al. 2004b; Stewart et al. 2005). In addition, a shift in macrophage phenotype from
MI-type, which produces inflammatory cytokines, to M2-type, which produces anti-
inflammatory cytokines, has also been shown to occur with chronic exercise, conse-
quently leading to an anti-inflammatory milieu (McFarlin et al. 2004b; Gleeson et al.
2006; Timmerman et al. 2008; Coen et al. 2010). These adaptations may occur with a
more prolonged training period, as a 2-week study with a high-intensity interval train-
ing regimen, in previously sedentary individuals, had the opposite effect — potentially
representing a transitory adaptation (Oliveira-Child et al 2013).

6.4.2.3 Reduction of Adipose Tissue

Individuals with a high percentage of body fat will possibly present low-grade
inflammation due to their inflamed adipose tissue. This happens because this tissue
can produce over 75 inflammatory proteins, amongst which are pro-inflammatory
cytokines (adipokines) such as TNF-a, leptin, IL-6 and IL-18 (Wood et al. 2009;
Nimmo et al. 2013). Adipocyte hypertrophy, which occurs with obesity, has a key
role in initiating a cascade of inflammatory events: adipocytes’ volume expansion
promotes tissue hypoxia, which leads to cellular stress, resulting in necrosis. This
process stimulates T-cell and pro-inflammatory activated macrophage (M1) recruit-
ment into this tissue (Gleeson et al. 2011). Depending on the intensity of this pro-
cess, the local inflammatory mediators enter into the blood circulation causing
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Fig. 6.2 Adipocyte volume change triggering inflammation

systemic inflammation. Fortunately, exercise is a potent stimulus for visceral adi-
pose tissue lipolysis, and regular exercise has been shown to decrease adiposity,
even without overall weight change (Lee et al. 2005). The same is true for a reduc-
tion in inflammation observed with exercise training, independent of changes in fat
mass, because of alterations in the previously mentioned inflammatory pathways. It
is important to point out that small adipocytes are insulin sensitive and metaboli-
cally healthy, not stimulating health-related issues (Nimmo et al. 2013) (Fig. 6.2).

6.4.3 Increases in Endogenous Antioxidants Concentrations

Pertaining literature provides evidence that performing an exercise bout can lead to
oxidative stress. This occurs because, during muscle contraction, there is an
increased production in reactive oxygen species and free radicals which might not
be buffered by the body’s antioxidant defences (Fisher-Wellman and Bloomer 2009;
Gomes et al. 2012). The mechanisms of increased reactive species during exercise
include (1) ischaemia-reperfusion and activation of endothelial xanthine oxidase,
(2) electron leak at the mitochondrial electron transport chain, (3) activation of neu-
trophils and other phagocytic cell due to muscle injury, (4) activation of NADPH
oxidase and (5) auto-oxidation of catecholamines.

Oxidative stress can lead to DNA modification, inhibition of NK cells and of
neutrophils’ bactericidal activity and locomotion, reduction of T-lymphocytes and
B-lymphocytes proliferation capacity and injury of cellular membranes and com-
pounds (Sen and Roy 2001; Niess and Simon 2007). In addition, oxidative stress is
known to trigger an inflammatory process, which is why chronic diseases also have
as an underlying cause chronic oxidative stress (Chow et al. 2003; Chung et al.
2011; Halliwell and Gutteridge 2007). Although one bout of intense exercise can
promote oxidative stress, regular exercise provides a favourable adaptation that pro-
tects our body against oxidative stress. This occurs via the reactive species, pro-
duced during exercise, acting as signalling molecules. This leads to an up-regulation
of the body’s antioxidant network system by the enhancement of antioxidants’ gene
expression and the modulation of other oxidative stress pathways. Both aerobic and
anaerobic training have been shown to cause an increase in the antioxidant enzyme
activity not only in the muscles but also systemically; hence, this beneficial adjust-
ment also protects vital organs such as the liver and the brain (Gomez-Cabrera et al.
2008; Radék et al. 2003; 2008; Wilson and Johnson 2000).
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6.4.4 Heavy Exercise Training

A great number of athletes go through intensified periods of training, sometimes
with more than 1 session per day and consequently with insufficient recovery peri-
ods. When this happens, the period of suppressed immunity, which occurs after an
intense exercise bout (mentioned in Sects. 6.2 and 6.3 of this chapter), is amplified
by the subsequent exercise bout. This means that the athletes might remain in a
constant “open-window” period, making them more susceptible to infections. Both
innate and acquired immune functions have been shown to alter when athletes
engage in long periods of intensified training:

e Innate immune function: Athletes usually present, at rest, a clinically normal
level of blood-circulating neutrophil number, but some studies have reported
lower neutrophil counts in trained distance cyclists (Blannin et al. 1996) and elite
distance runners (Hack et al. 1994). Elite runners presented a lower neutrophil
count at rest during a period of intense training (102 km-wk™!) compared with
nonathletes. This baseline difference, however, was not apparent when the train-
ing was of moderate intensity (89 km-wk!) (Hack et al. 1994).

¢ Neutrophil respiratory burst activity can be impaired by heavy training and can
last for several days once training is ceased (Hack et al. 1994; Pyne et al. 1995).
Intense training has also been shown to reduce NK cells cytotoxicity (Gleeson
et al. 1995; Suzui et al. 2004). Nonetheless, no changes and no increase in NK
cells cytotoxicity have been reported in a moderate-intensity training regime in
previously sedentary individuals (Nieman et al. 1990; Shephard and Shek 1999;
Woods et al. 1999).

e Acquired immune function: At rest, lymphocyte count and functions are not dif-
ferent between athletes and nonathletes (Nieman 2000). Studies have shown that
when athletes engage in a period of intensified training, they can present a
decrease in circulating T cells and a reduction in T-cell proliferative responses
and cytokine production. This kind of training also affects the B-cell subsets, by
impairment in the synthesis of immunoglobulins when these cells are stimulated
(Lancaster et al. 2004). Factors such as circulating levels of stress hormones and
an increase in the inflammatory milieu seem to be the triggers to this decrease in
acquired immune function.

*  Mucosal immunity: salivary IgA and other markers of the mucosal immune sys-
tem can go through a phase of suppression when athletes are engaged in a heavy
training period (Gleeson and Robson-Ansley 2006).

Another health-related problem that can happen, during periods of intense train-
ing without adequate recovery, is termed overtraining syndrome. Although this con-
dition is not fully understood, it is known that when it occurs, athletes are in a
constant fatigue state, with decrease in performance and increase in injury rates and
infections. The overtraining syndrome is thought to be mediated by low-grade sys-
temic inflammation, characterized by increased circulation levels of pro-
inflammatory cytokines and depressed function of the immune system. Other
symptoms that can occur are depression, anorexia and sleep disturbance that are
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thought to be caused by the effect of high pro-inflammatory cytokines acting on the
brain (Smith 2000).

6.4.5 Conclusionto Part3

Moderate exercise training has been shown to have a variety of health-related ben-
efits including a reduction in chronic diseases. Within the mechanisms that lead to
this positive outcome, the following are prevalent: a reduction in adipose tissue, an
increase in antioxidant defences and immunological alterations that result in attenu-
ation of the inflammatory milieu. A heavy period of exercise training, on the other
hand, can exert a detrimental effect on athletes’ health if an adequate recovery
period is not present. This occurs because an intense exercise bout reduces different
aspects of immune functions, and if the body is not given enough time to return to
normal levels before another intense exercise bout, the immune functions are further
impaired. This state of decreased immunosurveillance can increase the susceptibil-
ity to infections. Nevertheless, outside a heavy training period, an athlete’s resting
immune system appears be similar to nonathletes.

6.5 Summary and Conclusion

* Moderate levels of regular exercise have a positive effect on the working of the
immune system in humans. The stress that results from this exercise requires
the body to adapt, and as a result, individuals are better placed to withstand
other stressors that may come their way. There is an issue with some individu-
als who stress the body too much through intensive exercise bouts, and they
can open themselves up to breakdown as opposed to adaptation — which can
manifest initially in the form of upper respiratory tract infections and similar
symptoms.

* The response of the immune system to the exercise stress is dependent on the
duration, type and intensity of the exercise. On cessation of an exercise, bout
circulating cell numbers of lymphocytes and neutrophils are increased, but
around 1-3 hr postexercise, the lymphocyte numbers decrease as they enter the
tissues, whilst neutrophil numbers continue to rise. These responses appear to be
mediated by circulating levels of catecholamines and cortisol.

e The alterations of the immune system postexercise create a period of time,
known as an open window were the individual is more prone to contracting
infections if exposed to pathogens. Repeated bouts of exercise can stress the
immune system, further weakening the individual’s ability to adapt to the
exercise stress and hence increasing the number of open windows. If appro-
priate rest and recovery between training bouts is not scheduled to allow the
body to adapt, then a negative state of under-performance or overtraining can
result.
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7.1 What Wavelengths of UV Radiation Provide the Toxic
Effect?

The UV radiation present in sunlight is divided into three bands: UVC (100-
290 nm), UVB (290-320 nm), and UVA (320-400 nm). Because UVC is absorbed
by the ozone layer, and its toxic effect on humans is limited to those who are exposed
to artificial sources of sunlight (mercury arc lamps and germicidal lamps), it will not
be discussed here. Most of the UV radiation reaching the earth’s surface is UVA
(~95 %), and approximately 5 % is in the UVB range. There is a wealth of data in
the scientific literature indicating that UVB radiation is responsible for carcinogen-
esis and immunosuppression in experimental animals and in humans (Halliday
2005; Ullrich 2005). The immunosuppressive role of UVA has perplexed photobi-
ologists and dermatologists over the years, but it is safe to say that the most recent
findings indicate that UVA is immunosuppressive and carcinogenic (for a more
complete review of this subject, see Halliday et al. 2011). Some basic differences
between the immunosuppressive properties of UVB and UVA may partially explain
some of the past controversy. Unlike UVB, which suppresses primary immune reac-
tions, UVA suppresses the recall response (Nghiem et al. 2001; Moyal and Fourtanier
2001). Also, unlike UVB, in which the UV dose-response curve is linear (Kim et al.
1998; Matthews et al. 2010), UVA-induced immunosuppression displays a bell-
shaped dose-response curve (Byrne et al. 2002). Moreover, studies with human vol-
unteers suggest that doses of UVA that are not suppressive by themselves (i.e., the
ends of the bell-shaped curve) can cooperate with UVB to enhance immunosup-
pression (Poon et al. 2005). Regardless of the exact mechanisms involved, most
photoimmunologists readily accept that wavelengths in both the UVB and UVA
regions of the solar spectrum can cause immunosuppression.

7.2  Interaction with Photoreceptors in the Skin, First Step
in the Induction of Inmunosuppression

The first step in the process is the activation of photoreceptors in the skin that con-
vert the electromagnetic energy into a biological signal. For many years only two
photoreceptors were recognized, urocanic acid and DNA. However, over the past
few years, a number of other UV photoreceptors have been identified. These include
membrane phospholipids, tryptophan and the aryl hydrocarbon receptor,
7-dehydrocholesterol, and the elements in the complement pathway (Table 7.1).

7.2.1 Urocanic Acid

In 1983 based on the analysis of an action spectrum for UV-induced suppression of
contact hypersensitivity (CHS) in mice, De Fabo and Noonan proposed that trans-
urocanic acid, a compound that is abundant in the outermost layers of the skin, is a
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Table 7.1 UV photoreceptors in the skin that activate immunosuppression

Photoreceptor

Urocanic acid

Nucleic acids
DNA

RNA
Membrane lipid
oxidation

Tryptophan

7-dehydrocholestrol

Complement

Mode of action

APC function
Cytokine secretion

APC function

Cytokine secretion

Cytokine secretion
PAF agonists

Metabolites bind
Aryl-hydrocarbon
receptor

Vitamin D
production

Cytokine secretion

Downstream target

Dendritic cells/mast
cells

Dendritic cells/mast
cells

Keratinocytes

Cytokine secretion
and mast cell
migration

Cytokine secretion
and Treg induction

APC function/Treg
activation

Keratinocytes

Reference

Gibbs and Norval
(2013), Gibbs et al.
(2008)

Vink et al. (19964, b)

Nishigori et al. (1996),
Stege et al. (2000),
Wolf et al. (2000)
Bernard et al. (2012)
Walterscheid et al.
(2002), Chacén-Salinas
et al. (2014)

Fritsche et al. (2007),
Navid et al. (2013),
Bruhs et al. (2015),
Esser et al. (2013)
Kurtitzky et al. (2007),
Hart et al. (2011)

Esser et al. (2013),

Yoshida et al. (1998)

UVB photoreceptor (De Fabo and Noonan 1983). Upon UV exposure trans-uroca-
nic acid is converted to the cis-isomer, and subsequent studies by De Fabo and
Noonan and many others confirmed that cis-urocanic acid is immunosuppressive
(Ullrich 2005; Gibbs and Norval 2013; Gibbs et al. 2008; Walterscheid et al. 2006).
More recent studies have indicated that the receptor for cis-urocanic acid is the
serotonin receptor (Walterscheid et al. 2006; Correale and Farez 2013). Serotonin
receptors are expressed on a variety of skin cells, including Langerhans cells, mast
cells, and keratinocytes (Nordlind et al. 2008). What is not entirely clear is the cel-
lular target of cis-urocanic acid. Studies have indicated that cis-urocanic acid can
trigger mast cell activation (Wille et al. 1999) and can interfere with antigen-
presenting cell function (Noonan et al. 1988). It also triggers cytokine release by
primary human keratinocytes, but in this case, the serotonin receptor does not
appear to be involved (Kaneko et al. 2009).

7.2.2 DNA and UV-Modified Nucleic Acids

A series of papers from Margaret Kripke’s laboratory demonstrated that that
UV-damaged DNA serves as a photoreceptor for UV-induced immunosuppression.
In these studies liposomes containing DNA repair enzymes were applied to the skin
after UV exposure, and the reversal of immunosuppression, abrogation of
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T regulatory (Treg) cell induction, and the reversal of cytokine release provided
evidence supporting a role for DNA as a photoreceptor for immunosuppression
(Kripke et al. 1992; Vink et al. 1996a, 1997, 1998; Nishigori et al. 1996). Similarly,
applying liposomes containing HindIII to the skin, which causes double-stranded
breaks in the DNA, resulted in cytokine release and the induction of immunosup-
pression (O’Connor et al. 1996). A number of studies done with human volunteers
confirmed that UV-induced DNA damage triggers cytokine secretion and immuno-
suppression in humans (Stege et al. 2000; Wolf et al. 2000; Kuchel et al. 2005).

A more recent finding has provided evidence that UV-damaged RNA also plays a
role in the cellular response to UV radiation (Bernard et al. 2012). Normal human
epidermal keratinocytes were exposed to UV radiation, and lysates from these cells
were added to nonirradiated keratinocytes or peripheral blood mononuclear cells
(PBMC). Lysates from the irradiated cells induced the production of proinflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-6 by the
nonirradiated keratinocytes. When the lysates were treated with RNase, proinflamma-
tory cytokine release was ablated. In addition, treating the nonirradiated keratinocytes
with RNA from the UV-treated cells induces the upregulation of toll-like receptor 3
(TLR3) on the surface of the treated cells. RNA sequencing studies indicated that
UV-induced modifications in the Ul stem-loop structure of noncoding RNA gener-
ated ligands for TLR3. Subsequent studies with synthetic RNA confirmed these
results and also indicated that the synthetic Ul RNA activated inflammation in vivo.
These findings provide yet another example of the role that UV-modified nucleic acids
play in UV-induced inflammation and potentially immunosuppression.

7.2.3 Membrane Lipid Oxidation

UV exposure modulates the function of a variety of molecules. The transformation
of trans-urocanic acid to the immunosuppressive cis-isomer (De Fabo and Noonan
1983) and UV-induced DNA damage, which triggers the induction of immunosup-
pression, are two prominent examples (Kripke et al. 1992). Early studies using cell-
free cytosolic extracts (Devary et al. 1993), or agents that modulate membrane
redox potential (Simon et al. 1994), suggested that UV-induced oxidative stress and
membrane lipid oxidation could contribute UV modulation of cellular function.
One prime example is platelet-activating factor (PAF, 1-alkyl-2-acetyl-sn-glycero-
3-phosphocholine). Keratinocytes release bona fide PAF and PAF agonists (i.e., oxi-
dized phosphocholine) following UV exposure (Marathe et al. 2005; Travers et al.
2010), which is inhibited by antioxidant treatment in vivo (Sahu et al. 2012).
UV-induced osmotic stress also results in the release of PAF by keratinocytes
(Rockel et al. 2007). A number of reports have indicated that PAF plays a critical
role in UV-induced immunosuppression (Rockel et al. 2007; Walterscheid et al.
2002; Wolf et al. 2006; Zhang et al. 2008). The mechanisms by which PAF activates
immunosuppression will be described below.
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7.2.4 7-Dehydrocholesterol and Vitamin D

The photosynthesis of previtamin D3 in UV-irradiated skin is well known
(MacLaughlin et al. 1982). Vitamin D can affect immune cells and modulate
immune reactions, supporting a role for 7-dehydrocholesterol as a photoreceptor for
immunosuppression. However, the literature regarding the effects of vitamin D on
the immune system is somewhat controversial and somewhat reminiscent of the
early reports describing UVA-induced immunosuppression. Some reports indicate
that vitamin D can suppress immune reactions, and others indicate it can enhance
immune reactions (Kurtitzky et al. 2007). Also it is very clear that vitamin D is not
the only factor involved in UV-induced immunosuppression, in that immunosup-
pression is found in UV-irradiated vitamin D receptor knockout mice (Schwarz
et al. 2012). Vitamin D can also suppress photocarcinogenesis (Dixon et al. 2011),
in part by enhancing cellular defense mechanisms in the skin (Gordon-Thomson
et al. 2012). Vitamin D insufficiency has also been associated with an increased risk
of nonmelanoma skin cancer (Eide et al. 2011) (for more detail on this subject, see
Hart et al. 2011).

7.2.5 Tryptophan and the Aryl Hydrocarbon Receptor (AhR)

Exposing aqueous solutions of tryptophan to UV light results in the formation of
6-diformylindolo[2,3-b]carbazole (FICZ), a tryptophan dimer that binds to the AhR
(Rannug et al. 1987). Studies by Fritsche and colleagues demonstrated that
UV-induced FICZ binds to the AhR receptor, which then translocates from the cyto-
sol to the nucleus and induces CyplAl and cyclooxygenase-2 (COX-2) gene
expression. Moreover, no activation of CyplAl or Cox-2 mRNA expression was
found in the skin of AhR-deficient mice (Fritsche et al. 2007). These findings iden-
tify AhR as a cytoplasmic target for UV radiation. A subsequent study from this
group confirmed a role for AhR in UV-induced immunosuppression. In these exper-
iments, AhR antagonists blocked immunosuppression and the induction of Tregs in
UV-irradiated mice. Conversely, the introduction of AhR agonists activated sup-
pressive activity, and UV-induced immunosuppression was significantly reduced in
AhR knockout mice (Navid et al. 2013).

The mechanism involves a modulation of dendritic cell function. Dendritic cells
were activated with an AhR receptor agonist (4-n-nonylphenol: NP) and then cou-
pled with a hapten. When the NP-treated antigen-presenting cells were injected
into the mice, rather than antigen sensitization, immunosuppression was noted.
The suppression was associated with the induction of negative costimulatory mol-
ecules (B7-H4) on the surface of the dendritic cells and the activation of T regula-
tory cells (Bruhs et al. 2015). AhR also regulates a number of functions in
UV-irradiated skin, including melanogenesis, tanning, and cytokine production
(Esser et al. 2013).
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7.2.6 Complement

Two interesting papers published a number of years ago implicated a role for acti-
vated complement in UV-induced immunosuppression. No immunosuppression
was found in complement (C3)-deficient UV-irradiated mice (Hammerberg et al.
1998). The activated C3 fragment, iC3b, is found in UV-irradiated human skin, and
binding of iC3b to CD11b on skin monocytes activates increased IL-10 secretion
and decreased IL-12 secretion (Yoshida et al. 1998). Stapelberg and colleagues
(Stapelberg et al. 2009) provided additional data supporting complement as a UV
photoreceptor. Mice were exposed to an immunosuppressive dose of UVA radia-
tion, and 24 h later, the skin was removed and RNA isolated for microarray analysis.
The authors report activation of genes involved in the alternative complement path-
way (C3, complement factor B, and properdin). These findings, and the data indicat-
ing that no immunosuppression is found in UV-irradiated C3-deficient mice,
indicate that components of the complement pathway serve as environmental sen-
sors for UV radiation.

7.3 How Is the Inmunosuppressive Signal Transmitted
from the Skin to the Immune System?

Once the photoreceptors are activated, and an immunosuppressive signal is gener-
ated in the skin, that signal must be transmitted to the immune system. To date, most
findings support a role for migrating immunocytes and immune modulatory soluble
factors as prominent mediators of immunosuppression (Table 7.2).

7.3.1 Langerhans Cells

Once considered to be the primary antigen-presenting cell of the skin, recent find-
ings have led immunologists to question their understanding of the role of
Langerhans cells in initiating immune reactions. It now appears that the primary
function of Langerhans cells is immune regulation (Kaplan et al. 2005; Bennett
et al. 2005; Ritter et al. 2004; Fukunaga et al. 2008; Shklovskaya et al. 2011).

Table 7.2 Transmitting the suppressive signal from the skin to the immune system

Activating
Cell signal Mechanism Reference
Langerhans cell RANKL Treg 1 Loser et al. (2007)
Mast cell PAF Mast cell derived Byrne et al. (2008, 2011),
IL-10 1 Sarchio et al. (2014), Chac6n-
Salinas et al. (2014)
Bone marrow derived PGE, APC function | Ngetal. (2010, 2013a, b),
CD11c+ dendritic cell DNA methylation T | Scott et al. (2014), Prasad and

Katiyar (2013)
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Fundamental studies in photoimmunology clearly demonstrated many years ago
that Langerhans cells play an important role the induction of immunosuppression
(reviewed in Ullrich 2005). Data from more recent studies, using selective depletion
of Langerhans cells, confirm that Langerhans cells are absolutely required for
UV-induced immunosuppression (Yoshiki et al. 2010; Schwarz et al. 2010;
Fukunaga et al. 2010). Keratinocyte-derived gene products activate epidermal
Langerhans cells to migrate from the skin to draining lymph nodes to induce immu-
nosuppression, in part by activating Tregs. Loser and colleagues (Loser et al. 2007)
noted that the expression of receptor activator of NF-kf§ (RANK) and its ligand
(RANKL) was upregulated in psoriatic skin and following UV exposure of kerati-
nocytes in vitro. Vitamin D may serve as the photoreceptor for this reaction because
others have shown that vitamin D upregulates RANKL expression (Kitazawa et al.
2008). The role of RANKL in CHS was addressed by generating a transgenic mouse
in which the keratin-14 promoter was employed to drive the expression of RANKL
in keratinocytes. They noted a meager CHS response in mice where RANKL was
overexpressed. They also observed a dramatic increase in CD4+ CD25+ Tregs in
the lymph modes of RANKL+ mice. Because Langerhans cell trafficking from the
skin to the lymph nodes is a well-known phenomenon, Loser and colleagues sur-
mised that epidermal Langerhans cells were migrating from the skin of the RANKL+
mice to the lymph nodes and activating the Tregs. To directly address this hypoth-
esis, two experiments were performed. In the first, dendritic cells from the RANKL+
mice were cultured with wild-type naive CD4+ CD25+ T cells. Proliferation of the
CD4+ CD25+ T cells indicated that the dendritic cells from the RANKL+ mice
could activate T-cell proliferation. This study was confirmed by an in vivo experi-
ment in which depleting Langerhans cells from the skin of RANKL+ mice with
mometasone furoate blocked the upregulation of CD4+ CD25+ cells in the lymph
nodes of these mice.

To confirm that this mechanism was involved in UV-induced immunosuppres-
sion, two further experiments were performed. The first skin from RANKL-deficient
mice was grafted onto the backs of wild-type mice and exposed to UV radiation. No
immunosuppression was found in this situation. In the second, wild-type
UV-irradiated mice were injected with RANK-Fc, which blocks the binding of
RANK to its ligand. Because this procedure blocked the induction of immunosup-
pression, Loser and colleagues concluded that upregulation of RANKL on
UV-irradiated keratinocytes modulated the function of epidermal Langerhans cells,
which suppressed CHS in vivo, resulting in the activation of Tregs in the draining
lymph node. They propose that “RANKL expressed on inflamed or activated kera-
tinocytes seems to rewire local Langerhans cells that then have the capacity to regu-
late the number of peripheral regulatory T cells” (Loser et al. 2007).

7.3.2 MastCells

Our understanding of mast cells in the immune response has undergone a minor
revolution in the past few years. The conventional view of mast cells was that they
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were limited to immune reactions associated with allergy and protection against
parasites, but more recent studies have clearly demonstrated that these cells have
potent immunoregulatory function (Kalesnikoff and Galli 2008; Galli et al. 2005).
One of the very first indications that mast cells can regulate adaptive immune reac-
tions came from a study published by Hart and colleagues demonstrating that mast
cells were essential for UV-induced suppression in vivo. In this seminal study, Hart
and colleagues observed no immunosuppression in mast cell-deficient UV-irradiated
mice. Moreover, when the mast cell-deficient mice were reconstituted with normal
bone marrow-derived mast cells, UV-induced immunosuppression was restored
(Hart et al. 1998). Others have confirmed these observations over the years (Alard
et al. 2001), and mast cells have also been shown to play an essential role in UVA-
induced suppression of secondary immune reactions (Ullrich et al. 2007). Mast cell
density in the skin correlates with the incidence of basal cell carcinoma and mela-
noma, suggesting that the immunoregulatory function of mast cells may contribute
to skin carcinogenesis in humans (Grimbaldeston et al. 2000, 2004 ), similar to what
has been demonstrated in mice (Sarchio et al. 2012).

One of the most intriguing questions regarding UV-induced immunosuppression
is how can a physical substance like UV radiation, that barely penetrates past the
dermal-epidermal junction of the skin, induce system-wide immunosuppression?
Studying the role of mast cells in UV-induced immunosuppression provides some
unique insights into the mechanisms involved. Like Langerhans cells, mast cells
migrate from the dermis to the draining lymph nodes, and blocking mast cell migra-
tion in vivo will block UV-induced immunosuppression. Evidence to support the
migratory role of mast cells in UV-induced immunosuppression was first provided
by Byrne and colleagues (Byrne et al. 2008). They observed that mast cells quickly
accumulate in the skin following UV exposure, a phenomenon latter shown to be
dependent upon UV-induced IL-33 (Byrne et al. 2011). This was expected because
UV irradiation induces skin inflammation, and mast cells migrate to areas of inflam-
mation. What was surprising was the finding that within 24 h, the dermal mast cell
density returned to normal, with a concomitant increase in mast cell density in skin
draining lymph nodes. This suggested that mast cells were migrating away from the
inflamed skin to the draining lymph nodes. To prove this was the case, skin from
green fluorescent protein-positive mice was grafted onto the backs of syngeneic
mast cell-deficient mice and the animals were then exposed to UV radiation. The
appearance of green fluorescent protein-positive mast cells in the lymph nodes of
the UV-irradiated mice, and not in the nodes of skin-grafted, nonirradiated control
mice, demonstrated that the mast cells were indeed migrating from the skin to the
lymph nodes. Because the CXCR4-CXCL12 axis is important for mast cell migra-
tion, an attempt was made to use a selective CXCR4 antagonist, AMD3100, to
block in vivo mast cell migration. Abrogation of mast cell migration as well as
immunosuppression in UV-irradiated, AMD3100-treated mice confirmed that mast
cells carry the immunosuppressive signal from the skin to the immune system.
Recently, Sarchio and colleagues confirmed that blocking mast cell migration with
AMD3100 prevents immunosuppression in UV-irradiated mice and further found
that blocking mast cell migration suppresses tumor development (Sarchio et al.
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2014). These observations once again confirm the association between UV-induced
immunosuppression and UV-induced skin carcinogenesis.

The signal that triggers mast cell migration from the skin to the draining lymph
nodes is PAF. This was shown in a series of experiments recently published by
Chacoén-Salinas and colleagues (Chacén-Salinas et al. 2014). As mentioned above,
mast cell-deficient mice are resistant to the immunosuppressive effects of UV radia-
tion, and the immunosuppression can be restored by reconstituting mast cell-
deficient mice with bone marrow-derived mast cells (Hart et al. 1998; Byrne et al.
2008). However, when mast cell-deficient mice were reconstituted with bone
marrow-derived mast cells taken from PAF receptor knockout mice, no immuno-
suppression was observed. Further, when mast cell-deficient mice were reconsti-
tuted with bone marrow-derived mast cells isolated from PAF receptor knockout
mice, and then exposed to UV radiation, no mast cell migration from the skin to the
lymph node was noted. Similarly, no mast cell migration was observed in
UV-irradiated PAF receptor-deficient mice. Alternatively, injecting wild-type mice
with PAF activates mast cell migration, and this migration was suppressed by the
use of selective PAF receptor antagonists. Chacén-Salinas and colleagues also
found that injecting wild-type mice with PAF causes the upregulation of CXCR4 on
mast cells and the upregulation of its ligand CXCL12 on lymph node cells (Chac6n-
Salinas et al. 2014).

Once mast cells arrive at the draining lymph node, they suppress by releasing
interleukin (IL)-10 (Chacén-Salinas et al. 2011). Many of the papers in the literature
documenting UV-induced immunosuppression employ in vivo measures of cell-
mediated immunity (Ullrich 2005; Halliday et al. 2011). UV exposure also sup-
presses antibody formation in vivo, particularly T-dependent antibody reactions
(Ullrich 1987; Brown et al. 1995). Chacén-Salinas et al. took advantage of this
phenomenon when studying the effects of UV exposure on germinal center forma-
tion (Chacén-Salinas et al. 2011). They found that UV exposure suppresses anti-
body formation and germinal center formation in wild-type UV-irradiated mice.
The mechanism involves suppressing the function of T follicular helper cells, which
are the unique T helper cells found in the lymph nodes that are essential for germi-
nal center formation. No suppression of antibody formation, T follicular helper cell
function, or germinal center formation was found in mast cell-deficient mice.
Reminiscent of the situation found in UV-induced suppression of CHS, reconstitut-
ing mast cell-deficient mice with wild-type bone marrow-derived mast cells recon-
stituted UV-induced suppression of T follicular helper cell function, germinal center
formation, and antibody formation in vivo. However, when the mast cell-deficient
mice were reconstituted with mast cells derived from IL-10-deficient animals, UV
exposure did not suppress T follicular helper cell function, germinal center forma-
tion, and antibody formation, indicating that mast cell-derived IL-10 is essential for
immunosuppression in vivo.

The interaction between PAF and mast cells provides an excellent example of the
process that mediates the induction of systemic photo-immunosuppression. UV
exposure causes the production of PAF by keratinocytes. Presumably the photore-
ceptor is membrane lipid oxidation or UV-induced osmotic stress. PAF then
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activates mast cell migration from the dermis to the B-cell region of the draining
lymph node (Byrne et al. 2008). Once there the PAF-activated mast cells secrete
IL-10, which depresses the function of T follicular helper cells, thus suppressing
germinal center formation and antibody production in vivo. Moreover, since
UV-induced IL-10 has been shown to suppress cell-mediated immune reactions,
such as delayed type hypersensitivity (Rivas and Ullrich 1992), it is reasonable to
assume that mast cell-derived IL-10 is playing a role here as well Fig. 7.1.

A similar story can be constructed when considering the mechanisms governing
Langerhans cell migration and the induction of systemic immunosuppression. For
many years photoimmunologists have recognized that UV irradiation of the skin
alters the morphology and function of epidermal Langerhans cells (Toews et al.
1980). Under steady-state conditions, Langerhans cells normally migrate from the
skin to the lymph nodes (Ginhoux et al. 2007), but UV exposure drives increased
migration of Langerhans cells into the draining lymph nodes (illustrated in Fukunaga
et al. 2010). Studies by Kripke and colleagues clearly show that UV-induced DNA
damage is a trigger for altering Langerhans cell function (Vink et al. 1996a, 1997).
Similarly, UV-induced DNA damage signals increased cytokine production by kera-
tinocytes (Nishigori et al. 1996), and whether DNA damage plays a role in upregu-
lating other factors that alter Langerhans cells function, such as RANKL, remains
to be seen. It is also interesting to note that one report in the literature indicates that
PAF regulates in vivo Langerhans cell migration (Fukunaga et al. 2008).
Immunohistochemical analysis of lymph nodes from UV-irradiated mice indicates
that Langerhans cells migrate to the T-cell area of the node (Fukunaga et al. 2010),
where they activate T cells that have suppressive activity, namely, Tregs (Schwarz
2008) and natural killer T (NKT) cells (Moodycliffe et al. 2000) (Fig. 7.1).

7.3.3 UV-Induced Alteration of Bone Marrow-Derived Dendritic
Cells by a Prostaglandin-Dependent Mechanism

Both Langerhans cells and mast cells reside in the skin (epidermis and dermis,
respectively) and migrate to the lymph nodes to mediate their suppressive effects.
However, a recent series of reports from Hart and her colleagues have shed light on
another mechanism by which UV exposure induces systemic immunosuppression
(Fig. 7.1). The data indicates that prostaglandin produced in response to epidermal
UV exposure alters the antigen-presenting function of bone marrow-derived den-
dritic cells to induce immunosuppression. In the first series of experiments, mice
were exposed to UV radiation, and 3 days later their bone marrow cells were iso-
lated. CD11c+ cells were propagated by culturing the bone marrow cells in IL-4 and
granulocyte macrophage colony-stimulating factor (GM-CSF), a standard tech-
nique for generating dendritic cells. The dendritic cells were pulsed with hapten
(dinitrobenzene sulfonic acid) and injected into the ears of nonirradiated mice. After
7 days a cross-reacting contact allergen (dinitrofluorobenzene) was applied to the
ears, and the elicitation of CHS was measured 24 h later. Bone marrow-derived
CDl1c+ cells were isolated from nonirradiated controls and treated in an identical
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UV radiation
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Fig. 7.1 Mechanisms by which UV exposure induces systemic immunosuppression. For details
see references and relevant text

fashion. As expected, CD11c+ derived from nonirradiated mice presented the hap-
ten to the immune system and generated a vigorous CHS response. On the other
hand, when antigen-presenting CD11c+ cells were propagated from the bone mar-
row of UV-irradiated mice, their ability to present antigen was significantly sup-
pressed (Ng et al. 2010). Both primary and secondary immune reactions were
suppressed, and the effect was long lasting (Ng et al. 2013a, b). Characterization of
the CD11c+ cells isolated from UV-irradiated mice failed to find any obvious defect
(i.e., decreased maturation, altered antigen uptake, differential expression of costim-
ulatory or regulatory molecules) to explain the decreased antigen-presenting cell
function (Ng et al. 2010, 2013b). The authors did note that the dendritic cells
secreted IL-10 and PGE,; however, subsequent studies showing decreased antigen
presentation when the CD11c+ cells were isolated from IL-10-deficient mice sug-
gest that IL-10 secretion by the CD11c+ cells is not responsible (Ng et al. 2013a).
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Production of prostaglandin, presumably by UV-irradiated skin cells (kerati-
nocytes and/or mast cells), appears to be the signal that activates deficient anti-
gen presentation by bone marrow-derived dendritic cells isolated from
UV-irradiated mice. The suppressive effect was reversed when the UV-irradiated
mice were treated with indomethacin, and the effect could be mimicked when
the UV irradiation was replaced by PGE, (Ng et al. 2010; Scott et al. 2014).
Moreover, inhibiting the effect by treating the UV-irradiated mice with 5-aza-
2’-deoxycytidine suggests that an epigenetic mechanism may be involved (Ng
et al. 2013a). One other recently published paper supports a role for epigenetic
mechanisms in UV-induced immunosuppression. Prasad and Katiyar report that
UV-induced PGE, promotes immunosuppression by altering DNA methylation,
in particular by increasing the expression of DNA methyltransferases in the
skin. Here also, treating UV-irradiated mice with 5-aza-2’-deoxycytidine
reversed the upregulation of the DNA methyltransferases in the skin and reversed
the induction of immunosuppression (Prasad and Katiyar 2013). Hart and col-
leagues suggest that upon UV irradiation of the skin, dermal dendritic cells and
Langerhans cells migrate from the skin to the draining lymph node. These cells
are then replaced by bone marrow-derived dendritic cells whose ability to pres-
ent antigen is impaired. This novel mechanism may explain longlasting immune
tolerance following in vivo UV exposure. It is interesting to note that inflamma-
tory insults other than UV radiation that also activate PGE, production promote
the development of immunoregulatory CD11c+ cells in the bone marrow, sug-
gesting this maybe a widespread homeostatic mechanism to check inflammation
(Scott et al. 2012).

7.4  Advantageous Effects of UV-Induced Inmunosuppression

The term that is most often used regarding UV-induced modulation of immunity is
immunosuppression, primarily because UV exposure suppresses inflammatory T
helper-1 (Th1)-mediated immune reactions, which are protective in skin cancer and
drive cell-mediated immune reactions. I have used the conventional nomenclature
throughout this chapter, but the more appropriate term is UV-induced immune devi-
ation. Not all immune reactions are suppressed by UV irradiation. The best example
of this is the immune response to infectious agents. When immune reactions that are
mediated by Th1 cells are examined, such as the immune response to Mycobacterium
bovis (Jeevan et al. 1996; Cestari et al. 1995), Candida albicans (Denkins and
Kripke 1993; Denkins et al. 1989), or Herpes simplex virus (Ross et al. 1986), to
name a few, UV is immunosuppressive. However, when the immune response to
parasitic infections is examined, such as the response to Schistosoma mansoni
(Jeevan et al. 1992) or Leishmania (Giannini 1992), UV exposure of infected indi-
viduals does not reduce infectivity, nor does it reduce pathogenesis. Similarly,
UV-induced suppressor T cells (now known as Tregs) suppress antibody production
to T-dependent, but not T-independent, antigens (Ullrich 1987). This may reflect the
fact that UV irradiation suppresses Th-1-mediated reactions and shifts the immune
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response toward a T-helper 2 (Th2)-mediated immune reaction, in part through a
differential effect on cytokine production (Ullrich 1996). In this section I will dis-
cuss some examples where UV exposure provides a beneficial effect, primarily by
suppressing Th1 and T helper-17 (Th17)-mediated immune reactions.

7.4.1 Phototherapy

Phototherapy, either narrow band UVB or psoralen plus UVA (PUVA), is the first-
line treatment for psoriasis and is considered to be the most safe and most effective
treatment regimen for this disease (Lapolla et al. 2011), even when compared to
newer systemic biological treatments (Inzinger et al. 2011). The potential mecha-
nisms involved have been nicely reviewed in the past (Weichenthal and Schwarz
2005), so a detained discussion will not be provided here. However, recent reports
using a transgenic animal model that spontaneously develops psoriasis have pro-
vided some new information regarding the mechanisms of immunosuppression.
Singh et al. find that PUVA treatment suppresses the production of inflammatory
cytokines including IL-1o and IL1 and IL-6, IL-12, IL-17, and IL-23 by suppress-
ing the expression of two relevant transcription factors: STAT3 and the orphan
nuclear receptor RORyt. At the same time PUVA treatment activates IL-10-secreting
Tregs that suppress the disease (Singh et al. 2010). Injecting PAF accelerates psoria-
sis induction in these mice, and injecting PAF receptor antagonists blocked psoria-
sis, by suppressing inflammatory cytokine (IL-6, IL-12, IL-17, IL-23) production
in vivo (Singh et al. 2011). These data shed new details on how phototherapy sup-
presses psoriasis and may provide new insights into novel therapeutic targets.

7.4.2 Multiple Sclerosis (MS)

MS is a debilitating inflammatory autoimmune disease characterized by demyelin-
ation and destruction of axons in the central nervous system. It has been recognized
for years that genetic and environmental risk factors contribute to MS, including
sunlight exposure. A recent meta-analysis using data generated in nations populated
by people of European descent confirmed a positive association between increased
prevalence of MS and higher latitudes (Simpson et al. 2011). Because MS is medi-
ated by Thl and Th17 cells (Petermann and Korn 2011), higher MS prevalence at
higher latitudes suggest UV-induced immunosuppression, or lack thereof, may play
arole.

One of the first questions addressed was the role of UV-induced vitamin D.
Studies with large cohorts of volunteers (Nurses’ Health Study I and II) indicated a
protective effect of vitamin D on the incidence of MS and suggested that a low
serum level of vitamin D is a risk factor (Munger et al. 2004). This would suggest
that UV-induced vitamin D and the immune regulation that results from increased
vitamin D serum levels may limit autoimmune inflammation, thereby playing a pro-
tective role. As discussed above, vitamin D has been shown to suppress immune
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reactions (Hart et al. 2011). What is not clear is whether high-dose vitamin D sup-
plementation affects MS. A phase I/II dose escalation trial with high-dose vitamin
D (10,000-40,000 international units/day for 28 days) indicated that high-dose
supplementation was safe, serum levels of 413 nmol/l were achieved, and no signifi-
cant adverse effects were noted. The authors report that “clinical outcomes appeared
to favor the treatment group,” but because the trial was small and insufficiently
powered, no conclusions as to the efficiency of dietary vitamin D supplementation
on MS risk could be made (Burton et al. 2010). A much larger placebo-controlled
randomized clinical trial is needed to adequately address this question.

What other mechanisms may be involved? The immunological profile of MS
patients is characterized by low serum IL-10 (Salmaggi et al. 1996), increased pro-
duction of inflammatory cytokines such as IL-12 (Salmaggi et al. 1996) and TNF-«
(Sharief and Hentges 1991), and loss of Treg function (Viglietta et al. 2004). A
recent study suggests that sunlight-induced cis-urocanic acid may modulate the pro-
file of MS patients in a positive way (Correale and Farez 2013). Correale and col-
leagues report that plasma levels of cis-urocanic acid were significantly lower in MS
patients compared to healthy controls. When myelin basic protein and/or myelin
oligodendrocyte glycoprotein-specific T cell lines from MS patients were stimu-
lated in vitro with cis-urocanic acid, they secreted more IL-10 and IFN-y production
was suppressed. When PBMC were cultured with cis-urocanic acid, the number of
CD4+ CD25+ FoxP3+ Tregs in the culture increased, and the treated cells secreted
more IL-10 than cells treated with trans-urocanic acid. This resulted regardless of
whether the PBMC were isolated from MS patients or healthy controls and con-
firmed an early report using murine T cells (Holan et al. 1998). The effects of cis-
urocanic acid on cytokine production (increased IL-10 with a concomitant decrease
in IFN-y production) were suppressed by adding either anti-serotonin (SHT) mono-
clonal antibody or serotonin SHT,, receptor antagonists to the cultures, confirming
an earlier report that cis-urocanic acid mediates its effects through the SHT,, recep-
tor (Walterscheid et al. 2006). These findings support the hypothesis that sunlight-
induced immunosuppression in humans may be suppressing the induction of MS.

7.4.3 UV Irradiation and Asthma

Asthma is as a chronic lung disease that inflames and constricts the airways, resulting
in shortness of breath, wheezing, and coughing. Asthma is triggered by many factors,
including allergens, irritants, cigarette smoking, air pollution, chemicals in our envi-
ronment, and viral upper respiratory tract infections, just to name a few. Data sup-
porting a latitude gradient for asthma prevalence is conflicting, some support a higher
prevalence of asthma close to the equator (Staples et al. 2003), and others support a
higher prevalence of asthma as one moves away from the equator (Krstic 2011). In
addition, findings from yet another study suggest that once the data is corrected for
average daily temperature, the latitude gradient disappears (Hughes et al. 2011).
Others have suggested that asthma prevalence correlates negatively with the time
spent in the sun (Hughes et al. 2011; Loh et al. 2011; Chen et al. 2006).
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Although not yet studied in man, data from a series of animal experiments sug-
gest that UV irradiation can suppress asthma incidence, albeit by using a mecha-
nism that is somewhat unique. In the initial report demonstrating that UV exposure
suppresses allergic lung disease, BALB/c mice were exposed to an erythemal
dose of UV prior to immunization by aspiration of a fungal antigen. UV exposure
prior to immunization suppressed immune-mediated inflammation as measured
by eosinophil influx and total IgE secretion. No suppression of either measure of
asthma was noted if the UV was applied after immunization (Ward et al. 2004). A
subsequent study by McGlade and colleagues confirmed the UV effect using an
ovalbumin (OVA) model of asthma. Here again, the mice were exposed to an
erythemal dose of UV radiation (8 kJ/m?) 3 days prior to intraperitoneal immuni-
zation with OVA. The mice were boosted 14 days later and challenged on day 21
by aerosol administration of OVA. A single UV exposure suppressed airway
hyperresponsiveness; suppressed the in vitro proliferation of lymph node cells to
OVA; suppressed the production of IL-4, IL-5, and IL-10 by lymph node cells;
and blocked the secretion of IL-5 into the lung lavage fluid. Also, adoptive trans-
fer of lymph node cells from the UV-irradiated mice could transfer suppression to
naive unirradiated-recipient mice, although the identity of the suppressor cells
was not determined (McGlade et al. 2007a). Similar results were observed when
C57BL/6 mice were used, and the failure to see UV-induced immunosuppression
in histamine-2 receptor-deficient mice, but not in histamine-1 receptor-deficient
mice, indicates a role for the histamine-2 receptor in immunosuppression
(McGlade et al. 2007b). As mentioned above, McGlade and colleagues found
evidence to support the existence of antigen-specific suppressor cells (McGlade
et al. 2007a), but in a subsequent report they failed to find any evidence for classic
Tregs (CD4+ CD25+, IL-10+) in the suppression of airway hyperresponsiveness.
Nor could they find evidence for the existence of other UV-induced “suppressor
cells” such as B regulatory cells (Matsumura et al. 2006; Byrne et al. 2005) or
NKT cells (Moodycliffe et al. 2000). Rather they found fewer activated CD4+ T
effector cells in the lymph nodes of UV-irradiated mice, and the few CD4+ cells
present had a defect in cytokine production and a lower rate of proliferation
(McGlade et al. 2010). The Treg-independent downregulation of immunity by
UV radiation in this model is unique. The reason for this unique method of
immune regulation may be derived from the fact that asthma is a complicated
immune reaction in which both Thl and Th2 cells contribute to its induction
(Randolph et al. 1999a, b).

7.5 IsaCommon Pathway to Immunosuppression Utilized
by Other Agents That Traumatize the Skin?

In the 1980s, the US Military, lead by the US Air Force, started converting to a
new universal fuel, jet propulsion (JP)-8. JP-8 was formulated to be a safer fuel
than JP-4, the fuel it replaced, in that its higher vapor pressure and higher flash
point rendered it less flammable and less likely to explode upon accidents. Also,
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JP-8 had a much lower concentration of carcinogenic benzene and neurotoxic
hexane than JP-4. The higher vapor pressure had the added advantage of reducing
evaporative loss during storage. Unfortunately, the higher vapor pressure and
higher flash point of JP-8 meant less evaporation when the fuel was released into
the environment, resulting in increased human exposure and increased risk of
toxicity. During the conversion to JP-8, individual complaints of health problems
prompted the US Air Force Office of Scientific Research to form a task force and
fund research to study the potential toxic effects of JP-8 (reviewed by Witten et al.
2011). My laboratory was funded to examine the immunotoxicity of dermal JP-8
exposure, and what was surprising to me was the similarity of the immune mecha-
nisms that were activated after exposure to UV radiation and JP-8. In the initial
experiments, we found that dermal exposure to JP-8, either one single large expo-
sure or multiple smaller exposures, over a short period of time resulted in immu-
nosuppression. Both delayed type hypersensitivity to a bacterial antigen and CHS
to a contact allergen were suppressed. T-cell proliferation was also suppressed,
but antibody production was not. IL-10 was found in the serum of JP-8-treated
mice, and antibodies to IL-10 blocked immunosuppression. Injecting IL-12,
which counteracts the activity of IL-10 into JP-8-treated mice, reversed immuno-
suppression, similar to its effects in UV-irradiated mice (Schmitt et al. 1995,
2000; Miiller et al. 1995; Schwarz et al. 1996; Schmitt and Ullrich 2000). In addi-
tion, when JP-8-treated mice received a selective COX-2 inhibitor, the induction
of immunosuppression was blocked (Ullrich 1999; Ullrich and Lyons 2000).
Applying JP-8 to the skin of mice also suppressed secondary immune reactions,
and here again, PGE, was involved since the use of a selective COX-2 inhibitor
overcame immunosuppression (Ramos et al. 2002). Because we knew that other
toxins besides UV radiation upregulate dermal PAF production, and because PAF
upregulates PGE, production by keratinocytes, we asked if PAF was involved.
Injecting a series of PAF receptor antagonists into JP-8-treated mice totally
reversed the induction of immunosuppression (Ramos et al. 2004). Like UV radi-
ation, JP-8 treatment activates oxidative stress, which activates NF-xf§ and con-
tributes to COX-2 expression and the production of PGE,. Treating JP-8-treated
mice with agents that scavenge reactive oxygen species or reverse NF-kf3 activa-
tion block COX-2 upregulation and block immunosuppression (Ramos et al.
2009). Finally, applying JP-8 to the skin of mast cell-deficient mice failed to
induce immunosuppression, and reconstituting these mice with normal bone mar-
row-derived mast cells restored the suppressive effect. We also found that JP-8
activated mast cell migration from the skin to the draining lymph nodes and
blocking this unconventional mast cell migration with AMD3100 blocked the
induction of immunosuppression (Limén-Flores et al. 2009). So even though the
two environmental immunotoxins are very different in composition, both have
amazingly similar consequences and modes of action. Do other environmental
agents that interact with the skin and induce immune regulation employ similar
mechanisms to limit immune reactivity? Do the mechanisms outlined above
reflect common homeostatic mechanisms to check inflammation?
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7.6  Summary

Skin cancer is the most prevalent cancer found in the industrialized world (Siegel
etal. 2012), and in the United States the cost of treating all skin cancers is estimated
to be in excess of 30 billion dollars a year (Housman et al. 2003; Bickers et al.
2006). The driving force behind studies designed to understand the mechanisms
underlying UV-induced immunosuppression is the association between skin cancer
induction and immunosuppression by sunlight (Kripke 1974; Yoshikawa et al. 1990;
Penn 2000). What I have attempted to do in this chapter is to follow a photon of UV
light after it activates a photoreceptor in the skin and then initiates a cascade of
events that lead to UV-induced systemic immunosuppression. Because UV-induced
systemic immunosuppression is a major risk factor for skin cancer induction, this
topic has been an active area of research for many years, and many outstanding
reviews have been published describing the mechanisms involved. Here I have
reviewed some of the more recent data concerning the mechanisms by which this
common environmental agent induces immunosuppression. I have also attempted to
outline some examples where UV-induced suppression of inflammatory immune
reactions may provide a beneficial effect on human health. Of course balancing the
harmful effects of UV-induced immunosuppression (skin cancer induction) versus
its beneficial effects (suppressing autoimmunity) will be the subject of many serious
debates in the future.

The lessons learned from studying the immune regulation induced by UV expo-
sure are relevant to anyone interested in environmental influences on the immune
system. First of all, the UV radiation in sunlight is the most common immunotoxin
in our biosphere. Second, although UV radiation is absorbed in the upper layers of
the skin, UV exposure causes systemic immunosuppression. We now know that
UV irradiation of the skin activates a cascade of effects that results in immunosup-
pression. What about other dermal immunotoxins? I find it curious that the mecha-
nism of immunosuppression activated by UV exposure is remarkably similar to
that seen following dermal application of jet fuel, a complex chemical mixture of
aliphatic and aromatic hydrocarbons. Do other agents that traumatize the skin and
induce skin inflammation activate the same immunosuppressive pathways? We can
see jet fuel-induced immunosuppression using repeated application of small vol-
umes of fuel that probably do not penetrate to the underlying immune tissues
(Ullrich 1999; McDougal et al. 2000). Does this imply that the toxin does not have
to directly interact with immune cells, but indirect mechanisms, as described here
are involved? Third, although most of the studies reviewed above used experimen-
tal animals, there is a wealth of information on UV-induced immunosuppression in
humans, and for the most part, the mechanisms are identical (Norval and Halliday
2011; Norval and Woods 2011). Finally, a better understanding of the mechanisms
involved has led to strategies to overcome the immunosuppressive effects. Besides
the obvious, and best strategy of avoiding the toxin by staying out of the sun, wear-
ing protective clothing or using a good broad band sunscreen, a number of thera-
pies have been designed to overcome the immunosuppressive effects of UV



172 S.E. Ullrich

radiation and in some cases suppress skin cancer induction. For example, lipo-
somes containing DNA repair enzymes block immunosuppression and progression
to skin cancer in humans (Stege et al. 2000; Yarosh et al. 2001). Nutritional supple-
ments that modulate cytokine production in the skin have been shown to block
immunosuppression and photocarcinogenesis (Katiyar 2007). Topical application
of nicotinamide (vitamin B3) has also been shown to reverse UV-induced DNA
damage and reverse immunosuppression (Surjana et al. 2013; Damian et al. 2007).
Applying PAF and/or serotonin receptor antagonists blocks immunosuppression
and photocarcinogenesis in mice (Walterscheid et al. 2006; Sreevidya et al. 2008,
2010). On the other hand, UV-induced vitamin D production may limit MS, so
perhaps vitamin D supplementation is a way to segregate the desired immunoregu-
latory effects from the carcinogenic potential of total body UV exposure. These are
just a few examples how understanding the basic immunological mechanisms lead-
ing to immunosuppression allows for the design of therapies that can be used
before and/or after UV exposure to prevent its toxic effects. Moreover, the infor-
mation gained by an in-depth understanding of the mechanisms underlying
UV-induced immunosuppression may also allow us to use the immunoregulatory
effects of UV in an advantageous way to suppress unwanted immune reactions
such as autoimmunity.
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8.1 Vaccinations

The immune system has evolved to combat the environmental influences to which
humans are constantly exposed, such as bacteria, viruses, fungi, and parasites.
Furthermore, immunization programs have helped the immune system to reach pro-
tection through vaccination against life-threatening diseases.

For generations, it has been known that there was no second occurrence after
suffering from certain illnesses. The modern history of vaccination began in England
in 1796, when Edward Jenner discovered that inoculation of children with cowpox
virus prevented smallpox disease (André 2003; Hilleman 2000; Plotkin and Plotkin
2011). Subsequent development of vaccines against various bacteria and viruses led
to substantial progress in prevention of infectious diseases, and today vaccinations
are widely used and considered one of the greatest successes of medical science.
Vaccination has led to the total extinction of smallpox and the nearly elimination of
polio, which now only exists in a few remote areas in Asia.

In developed countries, the structured programs of vaccination of small children
against severe childhood diseases such as diphtheria, tetanus, polio, pertussis, mea-
sles, rubella, and mumps have significantly reduced the mortality of infants as well
as the infection-associated morbidity caused by these diseases. Furthermore, vac-
cinations against viruses such as hepatitis, yellow fever, tick-borne encephalitis, etc.
have reduced the risk of traveling in endemic areas (André 2003).

In recent years, vaccines against microorganisms causing cancer, such as the
human papillomavirus, have been evolved, and a lot of effort is directed against the
development of vaccines against severe infections such as HIV and malaria (Plotkin
and Plotkin 2011).

The common goal of vaccinations is to reduce the high risk of mortality or
chronic disabilities caused by the natural diseases, which overcomes the side effects
of vaccination. Furthermore, establishment of herd immunity, with most individuals
in a population vaccinated against diseases, reduces the risk of epidemic outbreaks
and thereby also indirectly protects unvaccinated individuals such as small infants
and individuals with immunodeficiencies from transmission of the disease.

8.1.1 Immunological Control of Infections

Humans are constantly in contact with microorganisms, but the vast majority is
prevented from causing infections due to intact epithelial barriers on the body’s
surface. Microorganisms penetrating these barriers meet fixed mechanisms of the
innate immune system, such as the complement system, phagocytosis from macro-
phages and neutrophils, and inflammatory cytokines, which will overcome most
infections before they have caused symptoms. Medical practice is mostly concerned
with diseases that results from the small proportion of infections that the innate
immune system fails to terminate and for which the spread of the pathogen to sec-
ondary lymphoid tissues stimulates an adaptive immune response.
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Upon the first encounter with a pathogen, a primary adaptive immune response
is raised. This involves an extensive process in which pathogen-specific naive T-
and B-lymphocyte clones are selected, expanded, and differentiated into effector
cells within the lymphoid tissue. Effector CD4+ Thl cells and cytotoxic CD8+ T
cells travel from the lymphoid tissue to the infected site and activate macrophages
to destroy extracellular pathogens or kill infected human cells. Within the secondary
lymphoid tissue, T cells activate pathogen-specific B cells and drive isotype switch-
ing and somatic hypermutation to produce high-affinity plasma cells, from whence
secreted antibodies then travel to the site of infection.

In addition to successful clearance of the specific pathogen, an adaptive immune
response also establishes a long-term protective immunity. The next encounter with a
specific pathogen will provoke a faster and stronger response against the pathogen. This
is produced by circulating antibodies and clones of long-lived memory B and T cells
formed by the primary response and reactivated when confronted with the antigen. As a
consequence, the infection is cleared quickly by the secondary response, with few or no
symptoms of disease and little mortality from even life-threatening pathogens.

8.1.2 Immunological Stimulation by Inmunizations
and Vaccination Efficacy

Vaccinations are given to prime the human body against a specific pathogen, before
the pathogen itself is encountered. Successful vaccination involves a range of key
immunological processes involved in antibody formation. Establishment of long-
lasting protective immunology depends on isotype switch and affinity maturation of B
cells in the germinal center and on production of memory T and B lymphocytes,
which are maintained throughout life and will be recruited upon renewed exposure to
the antigen. Antibody titers can be used to measure any given vaccination’s efficacy
(Fig. 8.1). An antibody concentration >0.1 IU/mL is considered essential to achieve
full long-term protection against diphtheria and tetanus in accordance with the public
health purpose of routine vaccinations. However, the immunological response to rou-
tine prophylactic vaccinations varies substantially, and the reasons for this wide varia-
tion are poorly understood apart from well-known immune deficiencies.

8.1.3 Vaccine Subtypes

Vaccines can be divided into live (attenuated) or inactivated vaccines. Attenuated
vaccines cause a nonpathogenic infection (e.g., measles, rubella, mumps, and tuber-
culosis), mimicking a natural infection through replication of the microorganism
within the host and presentation of antigens on MHC class I and II to the adaptive
immune system, causing diverse and long-lasting immunity.

Inactivated vaccines consist of either dead microorganisms (killed bacteria or inac-
tivated viruses, e.g., polio, cholera, and rabies) or components of microorganisms.
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Component vaccines contain purified components of inactivated microorganisms
(e.g., influenza), recombinant antigens (e.g., hepatitis B), purified exotoxins processed
with formaldehyde to make them nonpoisonous (e.g., tetanus, diphtheria), or conju-
gated vaccines of carbohydrates linked to a toxoid (e.g., pneumococcus). Component
vaccines activate immunity against the sp