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  Pref ace     

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

   Environment (\in-ˈvī-rə(n)-mənt) 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 infl uence 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 fi rst 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 infl uence the immune system. 
The infl uence 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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 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 fi nal 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 fi eld 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 fi elds. It will serve both scientists and those who make decisions in the 
fi eld of public health to better understand the breadth and importance of understand-
ing the infl uence 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 fi nancial support by the Deutsche Forschungsgemeinschaft towards my lab 
over the years.  

  Düsseldorf, 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 
et al.  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 refl ected 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. 1  

1   Cell surface proteins are often used to name or characterize immune cells. Cell surface proteins 
were fi rst 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 fl uids, 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  infl ammation  . 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 specifi cally to the type of pathogen), its intensity, its duration, or 
its spread. Usually the immune cells are classifi ed 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 affi nity and high specifi city 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 fl agellin; 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-specifi c innate lymphoid cells. Upon recognition of such 
structures, innate immune cells immediately fi ght the infection by, e.g., phagocytiz-
ing the bacteria and oxidative burst or by infl ammatory 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-specifi c 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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spleen

bone marrow

thymus

lymph nodes

lymphatic vessels

GALT

BALT

  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 fl uid 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)       
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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 fi ght a new response faster and more 
vigorously than at the fi rst encounter.  Memory   can last lifelong; thus, one gets some 
infectious diseases only once. The measles are well known for this. On the fl ip side, 
also autoimmune disorders and allergies can last as long as the specifi c memory T 
cells and long-lived plasma cells survive; allergies will fl are 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 infl ammation 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 specifi c 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 infl ammation 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 infl ammation 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.  

time
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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 infl ammatory 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, fl agellins, unmethylated CpG, or dsRNA. Upon recognition of 
such structures, innate immune cells immediately fi ght the infection by, e.g., phago-
cytosing the bacteria and oxidative burst. Secretion of various cytokines generates 
either a tolerogenic or infl ammatory 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 proinfl ammatory 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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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 specifi c for a single antigen. The 
process generates also T or B cells with specifi city 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 specifi c, 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-γ and are needed for 
fast response against intracellular parasites. ILC2 secrete IL-4 and IL-13 and have 
special roles in fi ghting worm infections and contribute to allergies. ILC3 produce 
IL-17 and IL-22, are needed to fi ght 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-κB, 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 specifi c 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 effi cacy, regulation, 
or production – by environmental factors or by medical interventions – affect the 
immune response and thus can have unwanted adverse or desired benefi cial effect. 
Originally cytokines were identifi ed and named for function; by now most of them 
are simply numbered (currently IL-1 to IL-38). Cytokines operate at every stage in 
infl ammation, 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-
cifi c 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 
amplifi cation 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 specifi c 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 Immunology 

 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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Immunotoxicology became a fi eld 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 

   Table 1.2    Major signaling pathways in immune cells   

  Receptor   Receptor kinase  G protein- 
coupled 
receptors 
(>1000 
members in 
this family) 

 Latent cytoplasmic  Immunoglobulin 
superfamily 

  Typical 
ligand 
(immune 
system 
relevant)  

 Cytokines  Chemokines  Small molecular 
weight chemicals 
(e.g., 
glucocorticoids, 
dioxins) 

 Peptide on MHC 
molecule ( T cell) 
 Any other molecule 
(B cell) 

  Effects   Phosphorylation of 
tyrosines on key 
signaling 
molecules, e.g., 
STATs 

 G protein 
activation, 
generation of 
second 
messengers 
(cAMP; 
di-acyl- 
glycerat 
(DAG); 
inositol-3 
phosphate; 
cyclic GMP; 
nitric oxide) 

 Transformation of 
receptor, which 
becomes 
transcription 
factor; gene 
induction 

 Antigen sensing 

  Example   EGF, TGF, 
erythropoietin, 
cytokine; IL-2, 
IL-4, IL-6, IL-7, 
IL-7, IL-10; 
interferons 

 CCR5, 
CXC3R 

 Arylhydrocarbon 
(Ah) receptor, 
glucocorticoid 
receptor, estrogen 
receptor 

 T-cell receptor, 
B-cell receptor 
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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 effi ciency 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 ineffi cient vaccination. Epidemiologically, 
immunosuppression can be measured by comparing the average healthy population 

   Table 1.3    Some known immunotoxic chemicals causing…   

 Immunosuppression  Allergy 
 Autoimmunity 
(disease) 

 2,3,7,8-tetrachlorodibenzo- p - dioxin   
and other polycyclic aromatic 
hydrocarbons 

 Urushiol (from poison ivy)  Gold salts (rheumatoid 
arthritis) 

 Mercury salts   Penicillin    D-Penicillamine 
(Pemphigus vulgaris) 

 Organotin compounds (antifungal 
ship paint) 

 Formaldehyde  Procainamide (systemic 
lupus) 

 Arsenic (salts and organic arsenic)  Nickel (jewelry, dental braces, 
implants) 

 Vinyl chloride 
(sclerodermia) 

 Asbestos   Mercury   salts  D-Methyldopa 
(hemolytic anemia)  Various insecticides  Volatile organic compounds 

 Benzene  p-Phenylenediamine 
(compound in many hair 
dyes) 

 Cyclophosphamide (drug) 

 FK506 (drug) 

 Glucocorticoids (stress) 

 UV irradiation b  

   a It 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 
  b 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 )  
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with a particular subgroup, e.g., workers exposed to a toxic substance. However, no 
easily accessible and universally accepted markers for immunosuppression have 
been identifi ed 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.  

Age

Air 
pollution

life-style 
chemicals

Nano-
particles

pollutants

Diet/
Nutrition 

status
stress

genes

Immune 
experience

exercise

metals

Challenges: 

• Prediction and Prevention

• Human rights perspectives

drugs

UV/sun
exposure

Hygiene
„germ

exposure“

  Fig. 1.3    Environmental infl uences. Factors infl uencing 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 infl uenced ( turquoise 
boxes ). Some factors can be infl uenced 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       
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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 unspecifi c 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 specifi city 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 proinfl ammatory 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 benefi t for the immune 
system, impairing or boosting its function. It is important to understand these envi-
ronmental infl uences 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.     

   References 

    Abbas A, Lichtmann AHH, Pillai S (2015) Cellular and molecular immunology. Elsevier, 
Philadelphia  

    Descotes J (2005) Immunotoxicology: role in the safety assessment of drugs. Drug Saf 
28:127–136  

    Griem P, Panthel K, Kalbacher H, Gleichmann E (1996) Alteration of a model antigen by Au(III) 
leads to T cell sensitization to cryptic peptides. Eur J Immunol 26:279–287  

    Hibi T, Dosch HM (1986) Limiting dilution analysis of the B cell compartment in human bone 
marrow. Eur J Immunol 16:139–145  

    Hirano M, Das S, Guo P, Cooper MD (2011) The evolution of adaptive immunity in vertebrates. 
Adv Immunol 109:125–157  

    Janeway CA, Medzhitov R (2002) Innate immune recognition. Annu Rev Immunol 20:197–216  
    Kerkvliet NI (2012) TCDD: an environmental immunotoxicant reveals a novel pathway of immu-

noregulation – a 30-year odyssey. Toxicol Pathol 40:138–142  
    Luster MI, Munson AE, Thomas PT, Holsapple MP, Fenters JD, White KL Jr, Lauer LD, Germolec 

DR, Rosenthal GJ, Dean JH (1988) Development of a testing battery to assess chemical- 
induced immunotoxicity: national toxicology program’s guidelines for immunotoxicity evalu-
ation in mice. Fundam Appl Toxicol 10:2–19  

    Luster MI, Portier C, Pait DG, Rosenthal GJ, Germolec DR, Corsini E, Blaylock BL, Pollock P, 
Kouchi Y, Craig W (1993) Risk assessment in immunotoxicology. II. Relationships between 
immune and host resistance tests. Fundam Appl Toxicol 21:71–82  

    Navid F, Bruhs A, Schuller W, Fritsche E, Krutmann J, Schwarz T, Schwarz A (2013) The aryl 
hydrocarbon receptor is involved in UVR-induced immunosuppression. J Invest Dermatol 
133:2763–2770  

    Paul W (2013) Fundamental immunology, 7th edn. Lippincott, Williams & Wilkins, Philadelphia  

C. Esser



17

    Putman E, van der Laan JW, van Loveren H (2003) Assessing immunotoxicity: guidelines. Fundam 
Clin Pharmacol 17:615–626  

    Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, Koyasu S, Locksley RM, 
McKenzie AN, Mebius RE, Powrie F, Vivier E (2013) Innate lymphoid cells – a proposal for 
uniform nomenclature. Nat Rev Immunol 13:145–149  

    Zola H, Swart B, Banham A, Barry S, Beare A, Bensussan A, Boumsell L, Buckley D, Buhring HJ, 
Clark G, Engel P, Fox D, Jin BQ, Macardle PJ, Malavasi F, Mason D, Stockinger H, Yang X 
(2007) CD molecules 2006 – human cell differentiation molecules. J Immunol Methods 
319:1–5    

1 Principles of the Immune System: Players and Organization



       

   Part I  

  Age and Lifestyle 



21© Springer-Verlag Wien 2016
C. Esser (ed.), Environmental Infl uences on the Immune System, 
DOI 10.1007/978-3-7091-1890-0_2

        L.  A.   Boule    •    B.  P.   Lawrence ,  PhD      (*) 
  Department of Environmental Medicine, University of Rochester School of Medicine & 
Dentistry ,   575 Elmwood Avenue ,  Rochester ,  NY   14642 ,  USA   
 e-mail: Paige_Lawrence@urmc.rochester.edu  

  2      Influence of Early-Life Environmental 
Exposures on Immune Function Across 
the Life Span                     

       Lisbeth     A.     Boule     and     B.     Paige     Lawrence     

    Contents 

2.1   Receptor Binding Chemicals  .........................................................................................   21 
2.1.1   Aryl Hydrocarbon Receptor  ...............................................................................   22 
2.1.2   Peroxisome Proliferator-Activated Receptors  ....................................................   26 
2.1.3   Hormone Receptors  ...........................................................................................   27 

2.2    Smoke    ............................................................................................................................   29 
2.2.1   Cigarette Smoke  .................................................................................................   30 

2.3   Biomass Fuel Smoke  ......................................................................................................   31 
2.4   Heavy Metals  .................................................................................................................   32 

2.4.1   Mercury  ..............................................................................................................   32 
2.4.2   Arsenic  ...............................................................................................................   34 
2.4.3    Cadmium    ............................................................................................................   35 
2.4.4   Pharmaceuticals  .................................................................................................   36 

2.5   Maternal  Diet    .................................................................................................................   37 
2.5.1   Nutritional Restriction  .......................................................................................   38 
2.5.2   High-Fat  Diet    .....................................................................................................   38 
2.5.3   Dietary Supplementation  ...................................................................................   39 

2.6   Conclusions and Future Directions  ................................................................................   39 
  References  ...............................................................................................................................   41 

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 specifi c 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 biofl avonoids, bind to the AHR (Nguyen and Bradfi eld 
 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 fi rst 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 ). Specifi cally, 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 profi les, 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 infl uence 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 receptor  s (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 infl ammation (Ferre  2004 ). PPARs also bind some 
anthropogenic chemicals, including di-n-octyltin dichloride (DOTC), perfl uori-
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, fi re-fi ghting 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 perfl uori-
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, PFC 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 confl icting 
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-specifi c downstream consequences of PPAR activa-
tion are possible explanations for these disparate results. In addition to directly 
affecting immune cells, organotins may infl uence 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 specifi c 
PPAR ligands are necessary. Studies should include a wide range of environmen-
tally relevant doses, examine sex-specifi c 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 infl uence 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 defi ned 
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 infl uence each other, attention 

2 Infl uence of Early-Life Environmental Exposures on Immune Function Across



28

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 infl ammation (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 infl uenza A virus, but had no measurable effect on adaptive immune parame-
ters or viral clearance (Roy et al.  2012 ). While fi ndings 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 fi rst 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- 
specifi c 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- 
specifi c 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 infl uence 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, infl uence 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 infl ammatory responses in human 
pulmonary cell cultures and in mouse models (Mehra et al.  2012 ). This suggests that 
some of the fi ndings 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 
(Wu et al.  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 specifi c 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 
et al.  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 
specifi c 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.  

2.4     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  fi sh   (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 et al.  1999 ; Hu et al.  1999 ; Pollard et al.  2001 ; Via et 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 specifi c 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-specifi c 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  -specifi c 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 defi ne 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-specifi c 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 
fi ghting 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 defi ne the consequences of developmental exposure to mercury 
much later in life. Finally, given that all forms of mercury have different toxicologi-
cal profi les (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 infl ammation 
and stress responses. Another study examined gene expression profi les in cord 
blood leukocytes after developmental exposure to arsenic and showed increased 
expression levels of genes involved in infl ammatory 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 specifi c 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 profi les 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 profi les 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 affi rm 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 infl uence 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 defi ned. One study 
showed a sex-specifi c change in DNA methylation and expression of DNA methyl-
transferase (DNMT) enzymes. Specifi cally, male offspring had higher levels of 
DNMT3a and hypermethylation of DNA at specifi c 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 specifi cally, it suggests that cadmium has the poten-
tial to alter the DNA methylation profi les 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 specifi c 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 specifi c pharmaceuticals for which there has been consideration of the effects 
of developmental exposures on immune function later in life. The fi rst 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-infl ammatory  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 confl icting 
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 fi rm, 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-infl ammatory 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-specifi c 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 fi rm 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 infl uence 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 insuffi cient 
epidemiological evidence to defi ne 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 infl ammation in the offspring (Silva et al.  2010 ). 
General nutritional restriction, not just restriction of one specifi c 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 
defi ne 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 infl ammation 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 proinfl ammatory 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 fi nding 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 defi ne 
whether and how other dietary changes during pregnancy infl uence 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 naïve 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 
a lower overall “infl ammatory 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 fi ndings 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 
infl ammatory 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 defi ned 
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 

Direct exposure

Exposure to 
fetus/neonate

Exposure to babies’ 
reproductive organs

Reduced immune function:
• Poorer vaccine responses
• More frequent or more severe 

infections

• Poorer tumor surveillance
• More frequent cancer

Enhanced immune function:
• Deregulation of tolerance
• Increased autoimmune disease
• Greater allergic and 

hypersensitivity diseases

• Poorly controlled inflammation

Environmental 
factors

Pollutants, 
pharmaceuticals, 
altered maternal 

or early life 
nutrition, stress

Immunological consequences throughout the lifespan

Baby Adolescent Adult Elderly

  Fig. 2.1    Early life exposures infl uence 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 defi ne how developmental exposures infl u-
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 (benefi cial 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 infl ammatory 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 identifi ed 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 classifi ed as one of the major global challenges of the 
twenty-fi rst 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 
infl uenza are ranked under the leading causes of death in persons over the age of 65. 
More than 85 % of fatal outcomes due to infl uenza 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 identifi ed 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 infl uences, 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 effi cient 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, 
effi cient 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 diffi cult or even impossible to determine what comes fi rst: 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-specifi c immunological 
differences in both innate and adaptive immune functions have been discovered, 
emphasizing the need of fi nding alternative strategies to understand human immu-
nosenescence (Seok et al.  2013 ; Goronzy and Weyand  2013 ).  

3.2     The Evolutionary 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 fi tness. In terms of the immune system, the 
energetic investment made into its establishment and maintenance needs to be suf-
fi cient 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 effi cient 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 benefi cial 
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 infl ammation, being referred to as 
“infl amm-aging” by some sources (Franceschi et al.  2000 ). The underlying sub-
clinical and mostly asymptomatic infl ammatory circuits have been suspected to be 
highly infl uential in the induction and/or chronifi cation 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 infl ammation 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 fi ght infections by mounting infl ammatory 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 profi ting from 
coordinated pro- and anti-infl ammatory profi les. A balanced control of infl amma-
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 fi nding, 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 infl ammation can set in (Franceschi et al.  2000 ). Pro-infl ammatory cytokines, 
such as interleukin-6 (IL-6), interleukin-1-beta ( IL-1β  ), and tumor necrosis factor 
alpha (TNFα), 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 fi rst and for decades, such micro-infl ammations 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 infl uencing factors too. The exact underlying mechanisms are still incompletely 
understood and highly complex (Morrisette-Thomas et al.  2014 ). However, there is 
a clear infl ammatory 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 infl ammatory disposition, which may be benefi cial for establishing a 

J.N. Mälzer et al.



61

good level of immune protection in the young, may later in life result in a harmful 
state of chronic infl ammation (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 
signifi cantly 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 ++ /CD16 − , 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-infl ammatory cytokines (Tacke and 
Randolph  2006 ; Zimmermann et al.  2010 ). Elderly individuals show a signifi cant 
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 TNFα levels is likely contributing to the pheno-
type of infl amm-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 III IFNs and TNFα (Panda et al.  2010 ; 
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Qian et al.  2011 ; Sridharan et al.  2011 ). There is confl icting 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 infl amm-aging, a low-level expression of pro-
infl ammatory cytokines such as IL6 and TNFα 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-infl ammatory cytokines such as IFNγ. 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 CD56 bright  
CD16 dim  and CD56 dim  CD16 bright  NK cells can be distinguished (Cooper et al.  2001 ). 
CD56 dim  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 bright  NK cells have 
only minimal cytotoxic activity but are able to produce cytokines like IFNγ. 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.

Granulocytes
number =

ROS production ↓
phagocytosis ↓

Dendritic cells
number ↓↓

TLR signaling ↓

NK cells
CD56bright ↓
CD56dimm ↑
cytotoxicity ↑↓

Macrophage/Monocyte
number =

ROS production ↓
phagocytosis ↓

  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 refi ned 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 modifi ed 
by external infl uences: stress, illness, malnutrition, or also pregnancy can lead to 
transient thymic regression, potentially infl uenced by infl ammatory 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 fi ghting 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 
benefi cial 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 infl ammatory 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-infl ammation 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 suffi ciently diverse repertoire of T-cell 
specifi cities 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-
β- 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 effi cacy 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 defi ned 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 infl uence primary immune responses against 
various pathogens (Al-Harthi et al.  2000 ; Blackman and Woodland  2011 ; Čičin-Šain 
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 specifi c 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 signifi cant 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 infl ation therefore needs to be considered as a further 

J.N. Mälzer et al.



65

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 specifi c 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 infl ammation. 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 profi le of T 
cells. Some studies have found Th2 cytokines to be increased in the elderly 
(Mansfi eld et al.  2012 ), while others found increased levels of Th1 cytokines 
(Sakata-Kaneko et al.  2000 ). However, it is undoubted that a fi ne balance between a 
generally pro-infl ammatory Th1 profi le, needed for effective responses toward bac-
terial and  viral infections  , on the one hand and the rather anti-infl ammatory 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 effi cient 
generation of immunological memory (Seder et al.  2008 ). The number of antigen-
specifi c 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 signifi cantly fall at higher age (ListÌ et al.  2006 ), although amounts of 
vaccination- induced specifi c 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 fi nding 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 defi cient pri-
mary response (Kapasi et al.  2002 ). A good example of immunological memory 
being resilient to  immunosenescence   could be observed during the 2009 H1N1 
infl uenza pandemic. In 1957, a very similar infl uenza 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 specifi c for the fi rst 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 affi n-
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 effi cient 
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 immunodefi ciency 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 infl ammatory 
phenotype by higher levels of interleukin-6 and TNFα found in seropositive persons 
(Trzonkowski et al.  2003 ; Roberts et al.  2010 ) and to negatively impact vaccination 
outcomes as it has been observed for fl u  vaccinations   (Moro-García 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 infl uence of EBV on the T-cell 
compartment is milder if compared to  CMV   infection. However, up to 10 % of 
CD8 +  T cells in healthy EBV-seropositive individuals can be specifi c 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  Immunosenescence   

 Without doubt, the various changes associated with  immunosenescence   do not 
affect all individuals equally, and the numerical age of a person is not a suffi cient 
indicator for his or her immunological competence. It is therefore of scientifi c but 
also clinical interest to establish tools for assessing individual  immune-age  risk pro-
fi les. 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 quantifi cation of TRECs. An alternative option to 
indirectly assess thymic activity is the analysis of CD31 expression on naive CD4 +  
T cells by fl ow 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 profi les” 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 profi le had a higher mortality during the 2–6 years of follow-up. 
In contrast, centenarians usually display risk profi les 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 CMV-specifi c 
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 infl uences 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 fi nding 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 benefi cial (Chandra  2004 ). When defi cient, 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) (Sportès 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 benefi cial effects for the process of aging. Studies are 
preliminary and have demonstrated their anti-infl ammatory 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 effi cacy 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 defi nitely infl uence 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 infl uenza 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 effi cacy of infl uenza vaccine in the elderly: while provid-
ing protection in 65–90 % of young vaccinees, seasonal infl uenza 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 effi cacy 
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 infl uenced vaccination 
outcome, suggesting a benefi cial 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 effi ciency 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 effi ciencies 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 H1N1 vaccine in response to a 30 mcg dose, but not a 15 mcg dose 
(Busse et al.  2011 ). For the seasonal infl uenza vaccination in 2010, a vaccine con-
taining four times as much antigen than the conventional fl u 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 infl uenza-specifi c 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 effi ciency 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 effi cacies and 
an altered ability of the immune system to control autoimmunity and chronic infl am-
mation. Immunosenescence occurs with physiological aging: however, it contrib-
utes to numerous immunopathological age-related disorders and modifi cations. 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 fi eld 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 infl ammatory 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 (T H 1), away from T H 2 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 T H 2 paradigm (Mrabet-Dahbi and 
Maurer  2010 ; Eyerich and Novak  2013 ). These observations include that IFN-γ, 
IL-17, and neutrophils are found in the lungs of  asthma   patients, and treatments 
targeting T H 2 cells failed to be effective as hoped in many clinical trials (Kim et al. 
 2010 ). Moreover, not only T H 2-associated diseases have increased over the past 
decades in parallel with elevated hygiene conditions but also T H 1-associated infl am-
matory and autoimmune diseases (Marshall et al.  2004 ; Feillet and Bach  2004 ; 
Loftus  2004 ). Furthermore, regulation of T H 1/T H 2 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 fi rst 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 
et al.  1997a ,  b ; Ball et al.  2000 ; Bodner et al.  1998 ). In line with these fi ndings, 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 T H 1 responses 
might limit allergic T H 2 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 T H 1 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 T H 2 cytokines, as well as higher levels of IFN-γ, a T H 1 cyto-
kine (Shirakawa et al.  1997 ). Further, vaccination with bacillus Calmette-Guerin 
(BCG) 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-γ 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 fi ndings 
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 
fi rst 6 months of life were signifi cantly associated with reduced levels of  IgE   in 
adolescence (McDade et al.  2004 ). 

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

 Allergic diseases are chronic infl ammatory disorders, and high-sensitivity C-reactive 
protein (hsCRP) is a sensitivity marker of chronic low-grade infl ammation. Interestingly, 
studies in developing countries have shown low levels of chronic infl ammation, 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 infl ammation 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 infl amma-
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 T H 1 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 

     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-β 

 Infections/vaccination  IFN-γ 
 IL-10 

 Microbes  TLR 
 SOCS 
 IRAK 
 IL-10 
 Less IFN-γ and IL-4 

 Nutrition ( farm   milk)  BSA, α-lactalbumin, β-lactoglobulin 

 Nutrition (fi bers, SCFA)  Less infl ammation 

 Probiotics  Regulatory T cells (RALDH) 
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et al.  1999 ; von Mutius and Vercelli  2010 ). The fi rst 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 fi nd-
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 
et al.  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 signifi cantly 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 fi rst 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 fi rst 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 fi rst 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-γ, resulting in a T H 1-skewed cytokine pattern at birth (Pfefferle 
et al.  2010 ). A number of previous studies had reported that decreased levels of 
IFN-γ 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 fi ndings suggest that the farming environment may infl uence 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 signifi cant 
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 fi rst 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 fi nd-
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 fi rst 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 infl u-
ence the development of  allergy  . 

 Cells of the  innate immunity   like dendritic cells or macrophages raise the fi rst 
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 infl ammation 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-β, or the differentiation of regulatory T cells (T REG ). 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 Immune 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 TLR5 and TLR9 at birth had an increased risk to develop  atopic 
dermatitis   in the fi rst 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 lwoffi i 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-γ and TNF-α 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 T H 2-associated cytokine, IL-5, the 
regulatory cytokine, IL-10, and the T H 1-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 (T REG ) (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 T REG  cell count in cord blood, as well as an increased level of 
FOXP3, a transcription factor of T REG  cells (Schaub et al.  2009 ). Moreover, this 
study showed that T REG  cell function was more effective in controlling T H 2 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-γ 
levels together with more T REG  might guide the newborn’s immune system in a more 
regulated and less T H 2 shifted status (von Mutius and Vercelli  2010 ). Besides T H 2 
cells, it was shown that T H 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 T H 17 differentia-
tion, T REG  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 Immune 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 fi rst 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 overinfl ammation or 
insuffi cient 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-β, was 
found among farmer’s children (Frei et al.  2014 ). At the same time, farmers’ chil-
dren express less T H 1- and T H 2-associated cytokines, INF-γ and IL-4, in white 
blood cells. Furthermore, farmers’ children have less allergen-specifi c  IgE   in serum, 
and their blood leukocytes secrete less infl ammatory cytokines such as TNF-α, INF-
γ, 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 +  T REG  cells, and 
this is associated with fewer incidences of  asthma   and allergen-specifi c IgE (Lluis 
et al.  2014b ). 

 All these fi ndings 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 ).
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  Fig. 4.1    Environment and immune system, time line: the infl uence 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 fi ndings 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 benefi t from a protective environmental factor if 
the subject has the susceptible genetic background. It has been shown that two 
polymorphisms in  CD14  together with exposure to endotoxin, contact to ani-
mals, or  farm   milk lead to lower levels of total and specifi c  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 specifi c 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 
specifi c genotype in a SNP of  TLR2  (Roduit et al.  2011 ). Another genetic varia-
tion in  TLR4  is associated with less specifi c IgE if endotoxin is present in the 
environment and a NOD1 polymorphism is associated with less specifi c 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 modifi cation, 
and the expression of noncoding RNA (Kabesch  2014 ). Farmers’ children have at 
birth hypomethylated regions in promoters of ORMDL1 and STAT6 genes, while 
RAD50 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 
lwoffi i  F78 to mice prevents the development of an asthmatic phenotype in the 
progeny of an IFN-γ- dependent way, whose promoter was protected against loss 
of histone 4 acetylation, which is closely associated with IFN-γ expression (Brand 
et al.  2011 ).   
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4.4     Helminths and Immune Responses 

4.4.1     Background 

  Helminths   are known to provoke a strong T H 2 response with their cytokines IL-4, 
IL-5, IL-9, IL-13, high level of tissue eosinophilia, mucosal mastocytosis, and 
production of  IgE  . Furthermore, T H 1 and T H 17 cells can be part of the immune 
response against parasites. On the other hand, helminth infections cause induction 
of a whole bunch of anti-infl ammatory cells and molecules to avoid hyper- 
infl ammatory responses such as regulatory B and T cells, IL-10, and TGF-β. 
Moreover, suppressor macrophages and regulatory dendritic cells characterized by 
expression of IL-10, TGF-β, and indoleamine 2,3-dioxygenase and 
cyclooxygenase-2 are induced. These regulatory responses are either antigen 
specifi c or unrelated to the antigen (Wiria et al.  2012 ).  

4.4.2     Allergy and  Asthma   

 Although helminth infections skew the immune response toward T H 2, they are 
inversely associated with allergies and  asthma  . This might be due to the unspecifi c 
regulatory response that goes in parallel with a helminth infection meaning that 
IL-10 and TGF-β 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-specifi c 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-specifi c 
IgE. Development of  allergy   treatment using helminths is not in use because of 
insuffi cient evidence on the effi cacy, 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 
infl ammatory bowel disease patients has been shown in a number of trials and in 
mouse models. These T H 1- and T H 17-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 infl ammation, 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 identifi ed. One reason could 
be the importance of the gene-environment interaction effect, with different envi-
ronmental factors having different infl uences 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 fi ndings show-
ing that the increased diversity of microbial exposures had a protective effect on 
asthma (Ege et al.  2011a ). 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 fi rst 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 fi rst 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-infl ammatory 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  fi ber   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 fi ber, 
such as prebiotic, was shown to be a major substrate for bacterial growth and 
increase the number of  Bifi dobacteria  (Boehm et al.  2002 ; Moro et al.  2006 ). 
Moreover, it was reported in a mouse model that the dietary fi ber content alters the 
gut microbiota and that a low-fi ber  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 T H 2 
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 T H 2 cytokines is several-
fold higher than that of classical T H 2 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 T REG  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. Specifi c bacterial strains which confer 
protection from allergic infl ammation were shown to be able to induce T REG  cells 
(Lyons et al.  2010 ). Results from several cross-sectional epidemiologic studies indi-
cate that atopic and nonatopic subjects differ in gut microfl ora 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 fi rst 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 fi rst 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-infl ammatory 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-fi ber  diet   increases circulating levels of 
SCFAs and thereby protects against allergic infl ammation in the lung. 

 These fi ndings 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 infl ammation 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 signifi cant health outcomes, it therefore seems 
essential to understand the complex ways in which stress infl uences 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 fi rst 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. Specifi cally, 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—from 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 Immune 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 nonspecifi c immunity and acquired 
or specifi c 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 “fi rst 
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 engulfi ng and ingesting 
them. Additionally, a signaling cascade is activated that results in the activation of 
nuclear factor-κB (NF-κB) and interferon (IFN) regulatory factors, which are tran-
scription factors that in turn drive the expression of proinfl ammatory immune- 
response genes including interleukin (IL)-1 and tumor necrosis factor-α (TNF-α). 
These genes then produce small protein molecules called cytokines, which are the 
main actors of the infl ammatory response (Raison et al.  2006 ). Proinfl ammatory 
cytokines (e.g., IL-1, IL-6, TNF-α) are those that increase or upregulate infl amma-
tion, whereas anti-infl ammatory cytokines (e.g., IL-4, IL-10) decrease or downregu-
late infl ammation. The cumulative activities/effects of proinfl ammatory cytokines 
are referred to as infl ammation. 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 nonspecifi c response because these 

5 Stress and the Immune System



100

mechanisms are not specifi c 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 nonspecifi c and does not provide long-lasting protection to the host, 
acquired immunity involves the proliferation of microbial-specifi c white blood 
cells (lymphocytes) that attempt to neutralize or eliminate microbes based on a 
memory response of having responded to a specifi c 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 (T H ) and cytotoxic T cells (T C ). 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  Th1  cells. In the Th1 response, helper T cells produce cytokines, 
including IL-2, TNF-β, and IFN-γ. These cytokines are associated with the promo-
tion of excessive infl ammation 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 proinfl ammatory 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-infl ammatory. Tregs also produce transform-
ing growth factor (TGF)-beta, a cytokine with complex and somewhat contradictory 
actions but a profi le that is generally anti-infl ammatory. 

 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 
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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 infl ammatory 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 proinfl ammatory 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 
fi rst 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), specifi cally vagal withdrawal, affects 
immune functioning.

5.3.1       Sympathetic Nervous System 

 Running from a tiger or moving in for a fi rst 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 fl ow 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 fl ow away from the gastrointestinal (GI) tract and  skin   by stimulating 
vasoconstriction and inhibits GI peristalsis. 

 The SNS, also referred to as the “fi ght-or-fl ight” system, releases mainly norepi-
nephrine (noradrenalin) and epinephrine (adrenaline) from the cells of the adrenal 
medulla. Once released, these catecholamines act through  α - and  β -adrenergic 
receptors to increase production of circulating proinfl ammatory cytokines including 
IL-1, IL-6, and TNF-α (Black  2002 ; Steptoe et al.  2007 ). In addition, norepineph-
rine promotes NF-κβ activation, which regulates and increases the gene expression 
of several pro infl ammatory mediators  , including IL-6 and IL-8 (Fig.  5.1e ). These 
infl ammatory mediators, in turn, enhance infl ammation. 
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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 infl ammatory response including ( b ) the release of proinfl am-
matory cytokines TNF-α, 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 fi bers (e.g., sen-
sory vagus), which relay information through the nucleus tractus solitaries ( NTS ). ( 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 ]. ( e ) Exposure to environ-
mental stressors promotes activation of infl ammatory signaling (NF-κβ) through increased outfl ow 
of proinfl ammatory-sympathetic nervous system responses, including the release of norepineph-
rine ( NE ), which binds to α- and β-adrenoceptors (αAR and βAR). ( f ) Stressors also induce with-
drawal of inhibitory motor vagal input, including the release of acetylcholine ( Ach ), which binds 
to the α7 subunit of the nicotinic acetylcholine receptor ( α7nAChR ). ( 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-κB from negative regulation by glucocorticoids released as a result 
of the HPA axis in response to  stress   (From Raison et al. ( 2006 ), with permission)       

 

R.G. Reed and C.L. Raison



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 fl ow (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 fi ght-or-fl ight 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 infl ammatory cells (including lymphocytes, monocytes, macrophages, 
neutrophils, eosinophils,  mast cells  ), inhibiting production of pro infl ammatory 
mediators   (including NF-κβ 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-κβ. 

 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 γ-aminobutyric 
acid-benzodiazepines (GABA-BDZ) and opioid peptide systems. These mecha-
nisms are critical to ensure that the infl ammatory 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 fi bers (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 ). 
Specifi cally, 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 
infl ammation through both the efferent and afferent fi bers of the vagus nerve 
(Borovikova et al.  2000 ; Sternberg  2006 ; Tracey  2009 ). 

 The cholinergic anti-infl ammatory pathway is the efferent arc of the infl ammatory 
refl ex, meaning that its purpose is to send signals down to the periphery to change the 
response and progression of infl ammation. This neural mechanism inhibits macro-
phage activation through parasympathetic outfl ow (Borovikova et al.  2000 ; Tracey 
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 2002 ,  2009 ). Specifi cally, 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 α-bungarotoxin-sensitive nicotinic receptors (ACh receptors) on tissue 
macrophages and effectively downregulates infl ammation by inhibiting the release 
of TNF, IL-1, and other cytokines (Fig.  5.1f ) (Tracey  2002 ,  2009 ). 

 Although the infl ammatory refl ex is typically described as rapid response to 
localized infl ammation, it may also induce systemic humoral anti-infl ammatory 
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 infl am-
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 proinfl amma-
tory cytokines, but not anti-infl ammatory cytokines (Tracey  2009 ). In fact, one 
abundant peptide, vasoactive intestinal polypeptide (VIP), inhibits TNF-α and IL-12 
production and stimulates the secretion of the anti-infl ammatory cytokine IL-10, 
primarily through VPAC1 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-infl ammatory effect. 

 Vagal withdrawal in response to stress might therefore promote infl ammation, 
given the evidence that vagal activity inhibits NF-κB 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 infl ammatory 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 traffi cking 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 fi ght-or-fl ight 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 infl amma-
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 diffi culty 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, 
nonspecifi c infl ammation (Segerstrom and Miller  2004 ). This increase in infl amma-
tion is likely due to decreased anti-infl ammatory 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 insuffi cient glucocorticoid signaling may occur, which 
lead to HPA axis-related increases (as opposed to decreases) in infl ammation. 
Possible effects include (1) the adrenal gland can get exhausted and therefore pro-
duce less  cortisol  , which corresponds to decreased anti-infl ammatory 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) 
(Hänsel et al.  2010 ). 

 In sum, autonomic and neuroendocrine activation in response to stressors is ben-
efi cial 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 Immune Functioning 

 How individuals view the world and appraise their own situations and stressors can 
infl uence 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 defi ned 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 infl ammation (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 infl uence 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 infl am-
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 infl ammation, as refl ected 
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 infl ammation. 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, sTNF-RII, and  CRP   4 months later, whereas 
emotional expression was associated with higher levels of sTNF-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 infl ammation ( 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 infl ammation. 

 Master et al. ( 2009 ) examined emotional approach coping and infl ammation 
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 diffi cult 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 (sTNF-RII) in oral mucosal transudate. These fi ndings 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 infl ammatory 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 defi cit in affective 
and cognitive-emotional processing leads to prolonged and amplifi ed 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- infl ammatory mediators   in alexithymic individuals, cir-
culating cytokine profi les 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-4α in 
somatoform disorders (Pedrosa Gil et al.  2007 ) and IL-6 in healthy participants 
(Mandarelli et al.  2011 ). Others have found signifi cant positive correlations between 
alexithymia and serum levels of TNF-α 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-1β  , 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 – CD16+ 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 
fi ndings 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 Diffi culties 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 fi ndings. 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 refl ects 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 fi ndings 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 diffi cult 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 
diffi cult 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 fi eld of emotion about how to precisely defi ne positive 
affect. However, positive affect is broadly defi ned as refl ecting 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 infl ammation (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 ); specifi cally, 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 signifi cantly associated with increased 
 IL-1β   reactivity, which signifi cantly 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, 
diffi culty maintaining positivity under stress and heightened proinfl ammatory 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 identifi ed 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 Immune 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 infl uence, and are infl uenced by, signifi cant 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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confl ict (Robles et al.  2014 ). Findings from Whisman and Sbarra ( 2012 ) suggest 
that lower marital satisfaction is related to elevated infl ammation. It is apparent that 
close relationships infl uence 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, confl ict, or abuse, can affect immune functioning (Robles and Kiecolt-Glaser 
 2003 ). Specifi cally, how we interact with our close relationship partners (e.g., show-
ing anger, hostility, confl ict, blaming or interrupting our partner) may be particu-
larly detrimental and increase both circulating proinfl ammatory cytokines and 
stimulated immune infl ammatory responses. 

   Table 5.1    Summary of intrapersonal factors and effects on immune parameters   

 Intrapersonal factors  Associated effects on immune parameters and functioning 

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

 Emotion regulation 

 Reappraisal  ↓  CRP   (Appleton et al.  2013 ) 

 Suppression  ↑  CRP   (Appleton et al.  2013 ) 

 Emotional approach 
coping 

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

 Emotional expression  ↑ sTNF-RII (Hoyt et al.  2013 ) 

 Alexithymia  ↓ IL-2R, IL-4α, IL-6, in vitro production of  IL-1β  , 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 ) 
 ↑ TNF-α, IL-4, in vitro production of  IL-1β  , IL-2, and IL-4, and Th2 
response (Bruni et al.  2006 ; Corcos et al.  2004 ; Guilbaud et al.  2009 ) 

 Perceived 
psychological stress 

 ↓ control of latent herpesviruses, blunted humoral responses to 
immunization, poorer wound healing 
 ↑ 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 ) 

 Dispositional 
optimism 

 ↓ IL-6, soluble intercellular adherence molecule (Brydon et al.  2009 ; 
Ikeda et al.  2011 ; Roy et al.  2010 ) 
 ↑ antibody response to vaccine (Brydon et al.  2009 ) 

 Positive affect  ↓ circulating and stimulated IL-6, ↓ symptoms and signs of rhinovirus 
infection (Steptoe et al.  2008 ; Doyle et al.  2006 ) 
 Declines in positive affect: ↑  IL-1β   (Aschbacher et al.  2012 ) 

    CRP    C-reactive protein,  IL  interleukin,  TNF  tumor necrosis factor,  sTNF-RII  soluble tumor necro-
sis factor (receptor II),  Th2  T-helper cell type 2  
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 For example, couples who displayed higher levels of hostile behaviors during 
marital confl ict showed larger increases in circulating markers of infl ammation, 
including IL-6 and TNF-α, 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 specifi cally at 
adaptive immunity, low marital satisfaction and greater hostility during marital con-
fl ict 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 confl ict induction, one study found that men’s immune 
functioning increased and women’s immune functioning decreased from pre- com-
pared to post-confl ict induction (Mayne et al.  1997 ). These results are corroborated 
by other fi ndings with similar gender effects, especially for women (Kiecolt-Glaser 
et al.  1996b ,  1998 ; Malarkey et al.  1994 ). Taken together, these fi ndings 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)-γ decreased signifi cantly 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 signifi cantly 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 confl ict—or other 
every-day stressors—on infl ammation. Couples who displayed more cognitive 
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engagement, assessed by the number of cognitive processing words used, during a 
marital confl ict 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 fi rst-person pronoun use ( we  talk)—as opposed to singular fi rst-person 
pronoun ( I  talk)—on the trajectory of congestive heart failure, an immune-related 
disease. Specifi cally, 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 signifi cant area of research for generating 
interventions to improve partners’ health by mitigating infl ammatory responses.  

5.6.4     Ambivalence 

 Much research focuses on how the positive or negative aspects of relationships infl u-
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 infl ammation (higher IL-6 and fi brinogen and marginally higher  CRP   lev-
els) even when considering health behaviors, relationship-specifi c 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 infl uence 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 calcifi cation 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 calcifi cation 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 infl ammation (Danesh et al.  2004 ). 
Future work that examines  infl ammatory 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 infl ammatory 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 signifi cantly 
higher levels of mRNA for both proinfl ammatory transcription factor NF-κB and 
inhibitor of κB (I-κB), which regulates the effects of NF-κB, 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 proinfl ammatory 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 infl ammation 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 specifi c immunoglobulin genes) 
while simultaneously activating others (e.g., proinfl ammatory cytokines); social iso-
lation has been related to a downregulation of genes involved in antibody production 
and an upregulation of expressed genes involved in proinfl ammatory immune 
response (Cole et al.  2011 ). Indeed, lonelier people had smaller antibody responses 
to an infl uenza virus vaccine than those who were less lonely (Pressman et al.  2005 ). 
Additionally, among healthy adults and posttreatment breast cancer survivors, stimu-
lated TNF-α, IL-6, and  IL-1β   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 infl ammation 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 infl ammation “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 infl amma-
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 infl ammatory 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, 
fi ndings 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 fi ndings suggest that exposure to animal-derived microbes might 
improve regulation of infl ammation and so increase stress resilience, though this 
observation needs to be confi rmed 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 infl uence 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 confl ict, 
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 infl ammation such that it minimizes the effects of adversity and 
lessens infl ammation. 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   
infl uences 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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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 fi ndings on stress and immunity may benefi t 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 infl ammatory 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 

   Table 5.2    Summary of interpersonal factors and effects on immune parameters   

 Interpersonal factors  Associated effects on immune parameters and functioning 

 Negative relationship 
processes 

 ↑ IL-6, TNF-α, EBV-titers (Kiecolt-Glaser et al.  1987 ,  1988 , 
 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 
processes 

 ↑ wound repair (Gouin et al.  2010 ) 
 ↓ IFN-γ, IL-6 (Graham et al.  2009 ; Matsunaga et al.  2009 ) 

 Ambivalence  ↑ IL-6, fi brinogen,  CRP   (Uchino et al.  2013 ) 

 Social rejection  ↑ mRNA for NF-κB and I-κB (Murphy et al.  2013 ) 

 Social Isolation/loneliness  ↓ antibody response to infl uenza; downregulation of genes 
involved in antibody response (Cole et al.  2011 ; Pressman 
et al.  2005 ); 
 ↑ stimulated TNF-α, IL-6, and  IL-1β  ; upregulation of genes 
involved in proinfl ammatory immune response (Cole et al. 
 2011 ; Hackett et al.  2012 ; Jaremka et al.  2013a ) 

 Early life environment and 
adversity 

 ↑ IL-6,  CRP   (Carpenter et al.  2010 ; Danese et al.  2007 ,  2008 ; 
Pace et al.  2006 ) 

   IL  interleukin,  TNF  tumor necrosis factor,  EBV  Epstein-Barr virus,  IFN  interferon,   CRP    C-reactive 
protein,  mRNA  messenger ribonucleic acid,  NF  nuclear factor,  I  inhibitor  
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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 confl ict? 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 fi eld 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 benefi t 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 
infl ammation 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 reconfi gured 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 infl ammation in adulthood; to the extent that these 
pathways become established and carried forward, infl ammatory 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 defi cits and uncontrolled 
infl ammation, which, in concert with psychosocial stressors, could contribute to 
chronic infl ammatory 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 fi ndings 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 identifi ed are rare, mostly due to the high fi nancial 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 infl ammation 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 infl uence 
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 fi rst line of defence. The innate mucosal defences – immu-
noglobulins (Ig), lysozyme, lactoferrin and α-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:  IgA 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 URTI. 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   infl uences mucosal immunity still needs fur-
ther clarifi cation. Saliva secretion is under neural control, an important factor that 
affects the saliva fl ow 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 infl uence the saliva fl ow 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 β-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 fl ow 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 α-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 α-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 defi ciency, 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.  

E.C. Gomes and G. Florida-James



131

6.2.2     Viral Illnesses 

 Frequent episodes of URTI 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 
infl ammatory 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  , EBV 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 specifi cally in the memory B cells (Hochberg 
et al.  2004 ; Thorley-Lawson et al.  2013 ). This herpesvirus has a signifi cant 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 specifi c 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 specifi c 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. Specifi c  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 benefi cial 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 infl ammation 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 infl amma-
tory cells in the airways is also higher after competition or intense training, indicating 
that lung infl ammation 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 airfl ow might cause 
epithelial damage through shear  stress   on the epithelial wall which triggers an infl am-
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 infl ammatory process (Helenius et al.  2005 ). 

 The inhalation of  air pollution   during  exercise   can also cause airway infl amma-
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 infl ammation 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 infl ammation 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 infl ammation. 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 infl am-
mation during high-intensity training periods (Boulet et al.  2005a ,  b ; Pedersen 
 2009 ). Fortunately, the airway infl ammation is reversible in many athletes after, at 
least, 2 weeks of training cessation (Bougault et al. 2011).  

6.2.5     Conclusion to Part 1 

 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 fi rst line of defence: the innate immune system. This subsystem, also known 
as nonspecifi c 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 
specifi c 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 fl ow 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 
infl amed 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 benefi t (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 benefi ts 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 ). 
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 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 infl uenced, 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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  Fig. 6.1    Effect of  exercise   on circulating  neutrophil   numbers       
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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 infl uencing 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 
infl ammation. 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 specifi c 
cytokines (Il-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 fl ow 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 infl ammatory 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 refl ect 
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, 
a decrease 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-infl ammatory 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 infl ammation. 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, scientifi c 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 fi t a person is, which is refl ected by 
their cardiorespiratory capacity. When eliminating confounding factors, men 
with higher cardiorespiratory fi tness 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 infl am-
matory state to an anti-infl ammatory state in the organism as a result of exercise 
training (Beavers et al.  2010 ). These mechanisms are further detailed below.  

6.4.2     Changes in Immune Functions 

6.4.2.1     Reduction in Inflammatory Biomarkers 
 An increase in circulating levels of infl ammatory  biomarkers   can be used to assess 
an individual’s infl ammatory state. These biomarkers include  C-reactive protein 
(CRP  ) and infl ammatory cytokines, such as tumour necrosis factor alpha (TNF-α), 
 IL-1β  , 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 fi tness present a lower concentration of infl ammatory biomarkers (Beavers 
et al.  2010 ). In addition, data from interventional studies reinforce the anti- 
infl ammatory 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 infl ammatory state of individuals who present 
higher infl ammation at baseline. This occurs even without changes in fat mass. In 
healthy individuals, within the normal infl ammatory range, exercise does not seem 
to have any effect on infl ammatory biomarkers, though it could work by preventing 
increases in these harmful pro-infl ammatory 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 fi rst to respond to exercise, in a 
consistent manner depending on exercise mode, duration and intensity (Ostrowski 
et al.  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-infl ammatory 
effect due to its role in the suppression of pro-infl ammatory cytokines – TNF-α and 
IL-1 – and in the increase of circulating levels of anti-infl ammatory cytokines, such 
as IL-10 and IL-1ra 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 infl ammation, it affects immune cells by suppressing the synthesis of 
pro-infl ammatory cytokines by macrophages and inducing anti-infl ammatory cyto-
kine release by monocytes (Pue et al.  1996 ). Whereas immune-cell-derived IL-6 
presents pro-infl ammatory characteristics, muscle-derived-IL-6 can have positive 
immunological anti-infl ammatory effects. This is achieved by an acute bout of exer-
cise; however, when exercising chronically, individuals maintain a pronounced anti- 
infl ammatory milieu. This in turn protects them against low-grade infl ammatory 
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-infl ammatory 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 infl ammatory 
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 
M1-type, which produces infl ammatory cytokines, to M2-type, which produces anti-
infl ammatory cytokines, has also been shown to occur with chronic exercise, conse-
quently leading to an anti-infl ammatory 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 
infl ammation due to their infl amed  adipose tissue  . This happens because this tissue 
can produce over 75 infl ammatory proteins, amongst which are pro-infl ammatory 
cytokines (adipokines) such as TNF-α, 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 infl ammatory events: adipocytes’ volume expansion 
promotes tissue hypoxia, which leads to cellular  stress  , resulting in necrosis. This 
process stimulates T-cell and pro-infl ammatory activated macrophage (M1) recruit-
ment into this tissue (Gleeson et al.  2011 ). Depending on the intensity of this pro-
cess, the local  infl ammatory mediators   enter into the blood circulation causing 
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systemic infl ammation. 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 infl ammation observed with exercise training, independent of changes in fat 
mass, because of alterations in the previously mentioned infl ammatory 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 modifi cation, 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 infl ammatory 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 benefi cial adjust-
ment also protects vital organs such as the liver and the brain (Gomez-Cabrera et al. 
 2008 ; Radák et al.  2003 ;  2008 ; Wilson and Johnson  2000 ).  

Insulin sensitive
Metabolically healthy

Normal adipocyte
Hypertrophied adipocyte

Tissue hypoxia

Cellular stress

Cell necrosis

Pro-inflammatory macrophage
and T cell recruitment

↑ Inflammation

  Fig. 6.2    Adipocyte volume change triggering infl ammation       
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6.4.4     Heavy  Exercise   Training 

 A great number of athletes go through intensifi ed periods of training, sometimes 
with more than 1 session per day and consequently with insuffi cient 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 amplifi ed 
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 intensifi ed training:

•     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 −1 ) compared with 
nonathletes. This baseline difference, however, was not apparent when the train-
ing was of moderate intensity (89 km·wk −1 ) (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 ).  

•    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 intensifi ed 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 infl ammatory 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 infl ammation, characterized by increased circulation levels of pro- 
infl ammatory 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-infl ammatory cytokines acting on the 
brain (Smith  2000 ).  

6.4.5     Conclusion to Part 3 

 Moderate  exercise   training has been shown to have a variety of health-related ben-
efi ts 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 infl ammatory 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  .  

•   The alterations of the immune system post exercise   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 artifi cial 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 scientifi c 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 
fi ndings 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 Immunosuppression 

 The fi rst 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 identifi ed. 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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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 confi rmed 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 

   Table 7.1    UV photoreceptors in the  skin   that activate immunosuppression   

 Photoreceptor  Mode of action  Downstream target  Reference 

 Urocanic acid  APC function 
 Cytokine secretion 

 Dendritic cells/ mast 
cells   

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

 Nucleic acids 

   DNA  APC function  Dendritic cells/ mast 
cells   

 Vink et al. ( 1996a ,  b ) 

 Cytokine secretion  Keratinocytes  Nishigori et al. ( 1996 ), 
Stege et al. ( 2000 ), 
Wolf et al. ( 2000 ) 

   RNA  Cytokine secretion  Bernard et al. ( 2012 ) 

 Membrane lipid 
oxidation 

 PAF agonists  Cytokine secretion 
and mast cell 
migration 

 Walterscheid et al. 
( 2002 ), Chacón-Salinas 
et al. ( 2014 ) 

 Tryptophan  Metabolites bind 
Aryl-hydrocarbon 
receptor 

 Cytokine secretion 
and Treg induction 

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

 7-dehydrocholestrol   Vitamin D   
production 

 APC function/Treg 
activation 

 Kurtitzky et al. ( 2007 ), 
Hart et al. ( 2011 ) 

 Complement  Cytokine secretion  Keratinocytes  Esser et al. ( 2013 ), 
Yoshida et al. ( 1998 ) 
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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 
confi rmed 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 fi nding 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 proinfl ammatory 
cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6 by the 
nonirradiated keratinocytes. When the lysates were treated with RNase, proinfl amma-
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 modifi cations in the U1 stem-loop structure of noncoding RNA gener-
ated ligands for TLR3. Subsequent studies with synthetic RNA confi rmed these 
results and also indicated that the synthetic U1 RNA activated infl ammation in vivo. 
These fi ndings provide yet another example of the role that UV-modifi ed nucleic acids 
play in UV-induced infl ammation 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 fi de  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 insuffi ciency 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 Cyp1A1 and cyclooxygenase-2 (COX-2) gene 
expression. Moreover, no activation of Cyp1A1 or Cox-2 mRNA expression was 
found in the  skin   of AhR-defi cient mice (Fritsche et al.  2007 ). These fi ndings iden-
tify AhR as a cytoplasmic target for UV radiation. A subsequent study from this 
group confi rmed 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 signifi cantly 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)-defi cient 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 fi ndings, and the data indicat-
ing that no immunosuppression is found in UV-irradiated C3-defi cient mice, 
indicate that components of the complement pathway serve as environmental sen-
sors for UV radiation.   

7.3     How Is the Immunosuppressive 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 
fi ndings 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 fi nd-
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   

 Cell 
 Activating 
signal  Mechanism  Reference 

 Langerhans cell  RANKL  Treg ↑  Loser et al. ( 2007 ) 

 Mast cell  PAF  Mast cell derived 
IL-10 ↑ 

 Byrne et al. ( 2008 ,  2011 ), 
Sarchio et al. ( 2014 ), Chacón- 
Salinas et al. ( 2014 ) 

 Bone marrow derived 
CD11c+ dendritic cell 

 PGE 2   APC function ↓ 
 DNA methylation ↑ 

 Ng et al. ( 2010 ,  2013a ,  b ), 
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, confi rm 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  r eceptor  a ctivator of  N F-κβ (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 traffi cking 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 fi rst, 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 confi rmed 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 confi rm that this mechanism was involved in UV-induced immunosuppres-
sion, two further experiments were performed. The fi rst  skin   from RANKL-defi cient 
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 infl amed 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      Mast Cells   

 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 fi rst 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-defi cient UV-irradiated 
mice. Moreover, when the mast cell-defi cient mice were reconstituted with normal 
bone marrow-derived mast cells, UV-induced immunosuppression was restored 
(Hart et al.  1998 ). Others have confi rmed 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 fi rst 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 infl ammation, and mast cells migrate to areas of infl am-
mation. What was surprising was the fi nding 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 
infl amed skin to the draining lymph nodes. To prove this was the case, skin from 
green fl uorescent protein-positive mice was grafted onto the backs of syngeneic 
mast cell-defi cient mice and the animals were then exposed to UV radiation. The 
appearance of green fl uorescent 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 confi rmed that mast 
cells carry the immunosuppressive signal from the skin to the immune system. 
Recently, Sarchio and colleagues confi rmed 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 confi rm 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 
Chacón-Salinas and colleagues (Chacón-Salinas et al.  2014 ). As mentioned above, 
mast cell-defi cient mice are resistant to the immunosuppressive effects of UV radia-
tion, and the immunosuppression can be restored by reconstituting mast cell- 
defi cient mice with bone marrow-derived  mast cells   (Hart et al.  1998 ; Byrne et al. 
 2008 ). However, when mast cell-defi cient mice were reconstituted with bone 
marrow- derived mast cells taken from PAF receptor knockout mice, no immuno-
suppression was observed. Further, when mast cell-defi cient 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-defi cient 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. Chacón-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 (Chacón- 
Salinas et al.  2014 ). 

 Once  mast cells   arrive at the draining lymph node, they suppress by releasing 
interleukin (IL)-10 (Chacón-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 ). Chacón-Salinas et al. took advantage of this 
phenomenon when studying the effects of UV exposure on germinal center forma-
tion (Chacón-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-defi cient mice. 
Reminiscent of the situation found in UV-induced suppression of CHS, reconstitut-
ing mast cell-defi cient 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-defi cient 
mice were reconstituted with mast cells derived from IL-10-defi cient 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 fi rst 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 (dinitrofl uorobenzene) was applied to the 
ears, and the elicitation of CHS was measured 24 h later. Bone marrow-derived 
CD11c+ cells were isolated from nonirradiated controls and treated in an identical 
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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 signifi cantly 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 fi nd 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 2 ; however, subsequent studies showing decreased antigen 
presentation when the CD11c+ cells were isolated from IL-10-defi cient mice sug-
gest that IL-10 secretion by the CD11c+ cells is not responsible (Ng et al.  2013a ).

UV radiation

RANKL
or

PAF

Skin Draining Lymph Node

UV induces migration of 
Langerhans cells from skin 
to T cell area of lymph node

where they activate Regulatory
T cells (Tregs & NKT)

PAF

PAF induces the migration
of mast cells to the B cell

area of the draing lymph node,
where mast cell-derived IL-10

suppress Ab formation

UV-induced PGE2 
modulates APC

function of 
bone marrow
derived DC, 

inducing tolerance

  Fig. 7.1    Mechanisms by which UV exposure induces systemic immunosuppression. For details 
see references and relevant text       
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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 defi cient 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 2  (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 2  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 infl amma-
tory insults other than UV radiation that also activate PGE 2  production promote 
the development of immunoregulatory CD11c+ cells in the bone marrow, sug-
gesting this maybe a widespread homeostatic mechanism to check infl ammation 
(Scott et al.  2012 ).   

7.4     Advantageous Effects of UV-Induced Immunosuppression 

 The term that is most often used regarding UV-induced modulation of immunity is 
immunosuppression, primarily because UV exposure suppresses infl ammatory 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 refl ect 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 benefi cial 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 fi rst- 
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. fi nd that PUVA treatment suppresses the production of infl ammatory 
cytokines including IL-1α and IL1β 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 RORγt. 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 infl ammatory 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 infl ammatory 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 confi rmed a positive association between increased 
prevalence of MS and higher latitudes (Simpson et al.  2011 ). Because MS is medi-
ated by Th1 and Th17 cells (Petermann and Korn  2011 ), higher MS prevalence at 
higher latitudes suggest UV-induced immunosuppression, or lack thereof, may play 
a role. 

 One of the fi rst 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 infl ammation, 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 insuffi ciently 
powered, no conclusions as to the effi ciency 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 profi le of MS 
patients is characterized by low serum IL-10 (Salmaggi et al.  1996 ), increased pro-
duction of infl ammatory cytokines such as IL-12 (Salmaggi et al.  1996 ) and TNF-α 
(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-
fi le of MS patients in a positive way (Correale and Farez  2013 ). Correale and col-
leagues report that plasma levels of  cis -urocanic acid were signifi cantly lower in MS 
patients compared to healthy controls. When myelin basic protein and/or myelin 
oligodendrocyte glycoprotein-specifi c T cell lines from MS patients were stimu-
lated in vitro with  cis -urocanic acid, they secreted more IL-10 and IFN-γ 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-
fi rmed 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-γ production) were suppressed by adding either anti-serotonin (5HT) mono-
clonal antibody or serotonin 5HT 2a  receptor antagonists to the cultures, confi rming 
an earlier report that  cis -urocanic acid mediates its effects through the 5HT 2a  recep-
tor (Walterscheid et al.  2006 ). These fi ndings 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 infl ames 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 confl icting, 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, fi ndings 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 infl ammation as measured 
by eosinophil infl ux 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 confi rmed 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 2 ) 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 fl uid. 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-defi cient mice, but not in histamine-1 receptor-defi cient 
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-specifi c suppressor cells (McGlade 
et al.  2007a ), but in a subsequent report they failed to fi nd any evidence for classic 
Tregs (CD4+ CD25+, IL-10+) in the suppression of airway hyperresponsiveness. 
Nor could they fi nd 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 Th1 and Th2 cells contribute to its induction 
(Randolph et al.  1999a ,  b ).   

7.5     Is a Common 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 fl ash 
point rendered it less fl ammable 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 fl ash 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 Offi ce of Scientifi c 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 ; Müller 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 2  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 2  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-κβ and con-
tributes to COX-2 expression and the production of PGE 2 . Treating JP-8-treated 
mice with agents that scavenge reactive oxygen species or reverse NF-κβ activa-
tion block COX-2 upregulation and block immunosuppression (Ramos et al. 
 2009 ). Finally, applying JP-8 to the skin of mast cell-defi cient 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 (Limón-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 
refl ect common homeostatic mechanisms to check infl ammation?  
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7.6     Summary 

 Skin cancer is the most prevalent cancer found in the industrialized world (Siegel 
et al.  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 infl ammatory immune 
reactions may provide a benefi cial effect on human health. Of course balancing the 
harmful effects of UV-induced immunosuppression (skin cancer induction) versus 
its benefi cial 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 infl uences 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 fi nd 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 infl ammation 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 
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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 infl uences 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 signifi cantly 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 immunodefi ciencies 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 fi xed mechanisms of the 
innate immune system, such as the complement system, phagocytosis from macro-
phages and neutrophils, and infl ammatory 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 fi rst encounter with a pathogen, a primary adaptive immune response 
is raised. This involves an extensive process in which pathogen-specifi c naïve T- 
and B-lymphocyte clones are selected, expanded, and differentiated into effector 
cells within the lymphoid tissue. Effector CD4+ Th1 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-specifi c B cells and drive isotype switch-
ing and somatic hypermutation to produce high-affi nity plasma cells, from whence 
secreted antibodies then travel to the site of infection. 

 In addition to successful clearance of the specifi c pathogen, an adaptive immune 
response also establishes a long-term protective immunity. The next encounter with a 
specifi c 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 Immunizations 
and Vaccination Efficacy 

 Vaccinations are given to prime the human body against a specifi c 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 affi nity 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 effi cacy 
(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 defi ciencies.

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 purifi ed components of inactivated microorganisms 
(e.g., infl uenza), recombinant antigens (e.g., hepatitis B), purifi ed 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 specifi c antigen without copying the challenge 
of a natural pathogen. Even though adjuvant is added to increase the immunogenicity 
by stimulation of an infl ammatory response and transportation of the antigen to the 
regional lymph nodes, nonliving vaccines are less effective than living vaccines, and 
repeated inoculations and boosters are often required to achieve the needed level of 
protection against microorganisms (Hilleman  2000 ; Plotkin  2014 ).  

8.1.4     Use of Vaccination Efficacy for Epidemiological Studies 
of Immune Function 

 Findings identifying dose–response relationships, biological plausibility, and mode 
of action from experimental models of immune dysfunction caused by environmen-
tal pollutants may be telling, but they need to be verifi ed in humans to assess the 
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public health risk. Thus, epidemiological studies of immune dysfunction in exposed 
individuals are needed, as randomized studies of  immunotoxicity   are ethically 
unjustifi able. As such, longitudinal studies are preferable as they follow subjects for 
a suffi cient time period to assess the health outcome of environmental pollutants. 
International  guidelines   recommend that the evaluation of immune-related health 
outcomes should be based on validated direct biological measures of exposure and 
effect and to a smaller extent on self-reported qualities, such as obtained by ques-
tionnaires and diaries (van Loveren et al.  1999 ; WHO  2012 ). In contrast to the fi nd-
ings from patients with severe defects in the immune system such as inborn errors 
or HIV infection, common clinical immune test can hardly detect potential mild-to- 
moderate states of immunodefi ciency caused by immunotoxic agents. However, 
small changes in the immune system can be detected at a population level under the 
appropriate conditions. Antibody responses to  vaccinations   with standardized doses 
of foreign antigens are recommended as the best tool for evaluation of immune sup-
pression, since antibody responses are measurable indicators of major immune sys-
tem functions. Therefore, data from vaccination responses refl ect the overall effi cacy 
of the immune system to protect individuals from infections with pathogens beyond 
the specifi c vaccinations and represent the strongest evidence of immunosuppres-
sion (van Loveren et al.  1999 ; WHO  2012 ). 

 Most relevant for assessment of immunotoxic effects are primary immune 
responses to antigens to which the immunized persons have not previously encoun-
tered. This includes standardized pediatric immunizations for assessment of devel-
opmental  immunotoxicity   and vaccines against infections without prior exposure in 
adults (such as hepatitis B in non-epidemic areas) (Dietert  2008 ). Furthermore, 
well-known vaccines with availability to standardized methods for antibody assess-
ment and extensive experience on vaccine effi cacy are most suitable (Dietert  2008 ; 
Luster et al.  2005 ; van Loveren et al.  1999 ; WHO  2012 ).   

8.2     Persistent Organic Pollutants 

 Toxic chemicals like groups of  polychlorinated biphenyls   (PCBs) and perfl uori-
nated alkylate substances (PFAS) are considered  persistent organic pollutant   as 
noted under the Stockholm Convention as they are highly persistent and bioaccu-
mulative in the environment. Many are now phased out from production due to their 
toxic effects, but are still widespread and found in humans, animals, and the envi-
ronment. Besides being linked to human hepatotoxicity, developmental toxicity, 
hormonal effects, and a carcinogenic potency, some compounds have been found to 
cause immune dysfunction. 

 Immunotoxicology is defi ned as the study of adverse effects on the immune sys-
tem resulting from occupational, environmental, or therapeutic exposure to agents 
suspected of toxicity toward the immune system. Due to its systemic distribution, 
the immune system is a moving toxicological target for interactions with organic 
pollutants (Dietert  2008 ). As human studies regarding quantitative exposure data and 
dose–response relationships are very limited, to expand our knowledge base, large 
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epidemiological studies addressing the importance of environmental pollutants for 
human health have been carried out. 

 Immunological toxicity includes immune dysfunction and activation causing 
 asthma  , allergies, and  autoimmune diseases   as well as immune suppression with 
increased incidence or severity of infections and cancer. The immunosuppressive 
capacity of PCBs and PFAS has been investigated using cohort studies of vaccina-
tion effi cacy conducted in children vaccinated according to their national vaccina-
tion program. These studies have addressed both the  prenatal   and postnatal exposure 
to potential immunotoxicants to establish their effect on both developmental and 
mature immunity. 

 When investigating childhood  immunotoxicity  , it is important to notice that the 
human immune system is developing throughout the fetal stage as well as postnatal. 
In the early gestational stage, hematopoietic stem cell formation, tissue migration, 
and progenitor cell expansion take place. The bone marrow and thymus are colo-
nized late in  prenatal   life, while the development of the thymus includes both the 
late gestational period as well as early postnatal life. At birth, the child is still depen-
dent on transferred immunity from the mother, as critical maturation of child’s 
capacity for immune responses and immunological memory is ongoing throughout 
the fi rst year of life. Of special interest to vaccination studies, an infant can achieve 
adult levels of antibodies by approximately the end of the fi rst year and can maintain 
a concentrated level of antibodies for several years (Dietert  2008 ; Holladay and 
Smialowicz  2000 ; Holsapple et al.  2004 ; Luster et al.  2005 ; WHO  2012 ). 

 Due to the timing of the development of immunity, the  susceptibility   of the 
immune system to environment pollutants may be greater during fetal and early 
postnatal development than later in life. As some persistent pollutants are trans-
ferred to the fetus during pregnancy, it is important to examine any long-lasting 
effects these chemicals may cause during this period of life as they could lead to 
irreversible dysfunctions. Furthermore, young children are most important for 
assessment of  immunotoxicity   in humans, as young children, apart from their 
increased dose sensitivity of immune-modulating drugs, have a short history of 
environmental exposures and lack the personal confounders found in adults 
(WHO  2012 ). 

8.2.1     Polychlorinated Biphenyls 

  Polychlorinated biphenyls   (PCBs) are organic compounds consisting of 209 
different isomeric congeners with variable chlorination of a biphenyl group, which 
displays individual physicochemical properties depending on their particular 
chlorine substitution pattern (Safe  1994 ). 

 The production of PCBs, lasted until the late 1970s when it was banned in most 
Western countries, but many PCBs are resistant to degradation processes due to 
their infl ammability, chemical stability, and lipophilic nature. They have been used 
as insulators in electrical equipment and fi re retardants and persist widespread in 
global ecosystems. They are still found in air, water, and soil, as well as in  fi sh  , 
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birds, animals, and humans, with a tendency to bioaccumulate in food chains and 
cause high tissue concentrations in top predator species (Atlas and Giam  1981 ; 
Bacon et al.  1992 ; Kannan et al.  1989 ; Safe  1994 ; Skaare et al.  2000 ). 

 Their long experimental half-lives and tendency to bioaccumulate in adipose tis-
sues have raised concern of the possible hazards of PCBs to humans. One structural 
aspect considered to be very important in both biostability and toxicological proper-
ties of PCBs is the planarity of the congener. PCBs are divided into coplanar non- 
ortho PCBs and noncoplanar mono-, di-, tetra-, or hydra-ortho-substituted PCBs 
according to their chemical structure. The recent concern about  immunotoxicity   of 
PCBs is largely based on the  dioxin  -like coplanar congeners, which share a struc-
tural similarity with 2,3,7,8-tetrachlorodibenzo- p -dioxin (TCDD) and might pro-
duce similar health effects, including metabolic, reproductive, developmental, and 
immunotoxic responses (Van den Berg et al.  2006 ). 

 Most biological and toxic effects of the dioxin-like PCB congeners are mediated 
through the aryl hydrocarbon receptor (AhR), a cytosolic receptor protein that regu-
lates the induction of cytochrome P450 enzymes (Safe  1994 ). The AhR is found in 
many cells of the immune system and shows high affi nity for coplanar and mono-
ortho- substituted PCB congeners as well as for TCDD (Safe  1994 ). In contrast, the 
non-dioxin-like ortho-substituted PCB congeners exhibit low affi nity for the AhR 
and mediate toxicity via a less clearly described mechanism that involves altered 
signal transduction pathways and interruption of intracellular Ca 2+  homeostasis 
(Fischer et al.  1998 ). 

 Dietary intake of especially  fi sh   and animal fats is assumed to be the main source 
of human exposure to PCB, and humans retain dozens of different PCB congeners 
in their adipose tissues, blood, and milk (Domingo and Bocio  2007 ; Liem et al. 
 2000 ; Schecter et al.  1994 ). Populations whose  diet   includes consumption of PCB- 
contaminated fi sh or seafood are still particularly affected, although concentrations 
of these substances in humans in general are declining (Dallaire et al.  2004 ; 
Fängström et al.  2005 ; Schecter et al.  2005 ). 

 Studies have shown that PCBs and dioxins cross the placenta and reach the fetus 
(Covaci et al.  2002 ). Additionally, children are exposed to PCBs by the mother 
through breastfeeding and from dietary intake when older (Brouwer et al.  1998 ). 

8.2.1.1     Vaccination Efficacy 
 Due to their wide distribution and long half-lives of several years, chronic low-level 
PCB exposures remain a signifi cant public health concern. Several studies have 
investigated the importance of PCB for humoral immune response to routine child-
hood immunizations in birth cohorts (summarized in Table  8.1 ).  Vaccinations   
included attenuated virus vaccines of mumps, measles, and rubella, toxoid vaccines 
of tetanus and diphtheria, and the bacterial polysaccharide–protein conjugated vac-
cines of  Haemophilus infl uenzae  type b (Hib).

   Weisglas-Kuperus et al. and Støvlevik et al. found negative effects of in utero 
PCB exposure on antibody levels against mumps, measles, and rubella at 3–3.5 years 
of age (Stølevik et al.  2013 ; Weisglas-Kuperus et al.  2000 ). In line with this, studies 
by Heilmann et al. in two cohorts showed reduced antibody responses against 
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tetanus and diphtheria at age 5 years and 7.5 years in children with high PCB levels 
prenatally and early postnatal (Fig.  8.2 ). The serum PCB concentration at 18 months 
was especially signifi cant in regard to the decrease in antibody concentrations, with 
an estimated 18 % lower diphtheria toxoid antibody level and estimated 22 % lower 
tetanus toxoid antibody level at age 7 years for each doubling of the PCB exposure 
at 18 months of age (Heilmann et al.  2006 ,  2010 ). In contrast to these fi ndings, 
Jusko et al .  did not show any associations of  prenatal   PCB exposure and antibody 
responses to immunizations with tetanus, diphtheria, and Hib at 6 months of age 
(Jusko et al.  2010 ).

   The levels of antibodies varied substantially, but most of the children had anti-
body concentrations well within the range assumed to provide long-term protection 
against the infectious diseases vaccinated against. However, in the largest Faroese 
study conducted by Heilmann et al., 26–37 % of children had diphtheria and tetanus 
toxoid antibody concentrations below the limit for clinically protection of 0.1 IU/ml 
before the booster vaccination at 5 years of age. The odds of an anti-diphtheria anti-
body concentration below a clinically protective level of 0.1 IU/L at age 5 years 
increased by about 30 % for a doubling of PCB concentrations in milk and 18-month 
serum (Heilmann et al.  2010 ). These fi ndings were not reported elsewhere; how-
ever, the time from vaccination to antibody measurement differed, and the PCB 
levels in the Dutch, Slovakian, or Norwegian cohorts were lower than among the 
Faroese mothers and children due to the traditional habit of eating pilot whale blub-
ber in the Faroese Islands (Grandjean et al.  1995 ; Weihe et al.  1996 ). Although the 
Faroese population has a substantially increased PCB exposure, these data suggest 
that possible adverse infl uences on the immune function may well occur also at 
lower exposure ranges prevalent worldwide. 

 Even though the published studies are not consistent regarding the effect of PCB 
to immune responses after specifi c vaccines, data from these studies taken together 
points to an adverse effect of PCB exposure on antibody responses to routine child-
hood  vaccinations  . Overall, these effects are consistent for both attenuated virus 
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vaccinations and bacterial toxoid vaccinations, suggesting a depression of several 
components of the immune system. 

 Discrepancies between studies might be caused by differences in sample sizes 
and vaccines used (including adjuvants) and dissimilarities in determination of PCB 
exposure. The time of assessment of antibody response also have an impact. Jusko 
et al .  explain their lack of associations between  prenatal   PCB exposure and anti-
body responses at 6 months to the immaturity of the immune system in young 
infants. However this study has general fl aws in the assessment of the vaccination 
responses. The number of  vaccinations   differed from 1 to 2 in this study, and the 
timing of both vaccinations and collection of blood samples for antibody responses 
varied within the study population. As the vaccination responses were measured 
very shortly after vaccination, the resulting antibody levels might refl ect the differ-
ence in individual immunization responses as well as the interindividual variation in 
timing of the blood sample collection. 

 Furthermore, the differences in fi ndings from the vaccination studies suggest 
that the estimated effect on antibody concentrations depends on the time window 
that analysis represents. Data regarding prenatal PCB exposure have shown asso-
ciations with some vaccinations, but not others. In the prospective follow-up stud-
ies, the highest levels of immunosuppressive associations were caused by serum 
levels of PCB at 18 months in the Faroese study. This suggests that PCB levels in 
the fetal stage and early childhood coincide with a highly vulnerable stage of 
immune system development and that the antibody response may be infl uenced by 
accumulated PCB burden from placental transfer and lactation during the early 
postnatal period.  

8.2.1.2     Immunological Parameters in Humans 
 In line with the fi ndings regarding childhood  vaccinations  , exposure to PCBs during 
pregnancy is found to be associated with immune-related health outcomes and 
immune functionality parameters in small children. Several studies report that PCB- 
exposed children have more childhood infections during infancy, preschool, and 
school age, including respiratory tract infections, gastroenteritis, exanthema subi-
tum, recurrent middle ear infections, and chicken pox (Dallaire et al.  2004 ; Stølevik 
et al.  2011 ,  2013 ; Weisglas-Kuperus et al.  2000 ,  2004 ). 

 High  prenatal   PCB exposure in utero and early postnatal has been associated 
with a decreased thymus size among neonates born in an area with high environ-
mental load of PCBs in Eastern Slovakia, suggesting that infant immune develop-
ment might be altered by in utero exposure to PCB (Jusko et al.  2012 ). Mostly 
nonplanar PCBs were investigated, but concentrations of nonplanar PCBs are mod-
erately correlated with  dioxin  -like activity in several populations. Therefore, the 
results could be supported by experimental studies in pregnant mice exposed for 
TCDD, in which offspring revealed decreases in thymic weight and cellularity (Fine 
et al.  1989 ). In addition, in vitro studies of TCDD have suggested a change in the 
kinetics of thymocyte maturation with skewing of the thymocyte differentiation 
toward the CD8+ phenotypically more mature TcR αβ+ T cells following exposure 
to PCBs and dioxins (Lai et al.  1998 ). 
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 In addition to toxic effects on the thymus, high maternal and cord blood PCB 
levels have been associated with increased numbers of leukocytes, lymphocytes, 
and T cells, including cytotoxic T cells, memory T cells, TcR αβ+ T cells, and acti-
vated T cells, in infants and small children (Belles-Isles et al.  2002 ; Weisglas- 
Kuperus et al.  2000 ), although this was not confi rmed by others (Glynn et al.  2008 ; 
Stølevik et al.  2013 ). 

 Additionally, a recent substudy within the Norwegian vaccination cohort linked 
high maternal PCB exposure during pregnancy to representation of immune-related 
genes at the transcriptomic levels in cord blood, which were also correlated to mea-
sles vaccination responses at 3 years of age. The involved genes include regulation 
of intracellular signaling cascades, lymphocyte activation and T-cell proliferation, 
cytokine production, and antigen presentation (Hochstenbach et al.  2012 ), which 
may further indicate immunosuppressive effects of  prenatal   exposure to PCBs. 

 The present fi ndings associating early exposure to PCBs and reduced antibody 
response to immunizations together with increased risk of infections, decreased thy-
mic volume, and altered composition of T-lymphocyte subsets are all in accordance 
with the proposed immunosuppressive properties of dioxins and dioxin-like PCBs. 
The fi ndings of PCB-related impaired resistance to infections and impairment of 
lymphocyte function and antibody responses have also been demonstrated in ani-
mals (Ross et al.  1996 ). These results suggest that further efforts are needed to mini-
mize the hazard from PCB exposure.   

8.2.2     Perfluorinated Alkylate Substances 

  Perfl uorinated alkylate substances   (PFAS) are a group of chemicals with many 
important industrial and manufacturing applications, which are used widely in 
surfactants and repellents in food packaging and textile impregnation (Vestergren 
and Cousins  2009 ). PFAS comprise a heterogeneous class of chemicals consisting 
of an alkyl chain (4–14 carbons), which is partially or fully fl uorinated and have 
different functional groups attached. As a group, they display unique 
characteristics such as chemical and thermal stability, low surface free energy, and 
surface-active properties. 

 The most studied compounds to date are perfl uoroalkyl sulfonic acids and per-
fl uoroalkyl carboxylic acids. Among these, perfl uorooctane sulfonic acid (PFOS) 
and perfl uorooctanoic acid (PFOA) are of greatest concern due to their high level of 
persistence in the environment. 

 Perfl uorooctane sulfonyl fl uorides and perfl uoroalkyl carboxylic acids have been 
produced with increasing intensities since the 1950s. The production of PFOS and 
related compounds were phased out by the major global manufacturer in 2002, 
resulting in a rapid decrease in release of these substances; the use of PFOS also is 
now restricted in the USA and the European Union due to their persistency and 
toxicity. The production of perfl uoroalkyl carboxylic acids is however still ongoing, 
although several major PFOA-producing companies have committed to reduce their 
emissions. The historical releases of PFOS, PFOA, and related agents to land, air, 
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and ground and surface water during production and use have caused dispersal to 
the global environment, especially in the oceans. Additionally, both PFOS and 
PFOA can be generated through environmental degradation processes of commer-
cially synthesized precursors (Paul et al.  2009 ; Wang et al.  2014 ). 

 As several PFAS are highly persistent substances due to a strong carbon–fl uorine 
bond, they remain a major environmental concern. PFAS are commonly detected in 
wildlife and have been demonstrated to bioaccumulate in  fi sh   all over the globe 
(Suja et al.  2009 ). It has been shown that the longer the perfl uorinated carbon chains 
(>C5), the stronger the persistence and strength of binding to proteins is and the 
more bioaccumulative they become (Martin et al.  2003 ). 

 Analyses of occupational and nonoccupational human blood samples from all 
over the world contain PFAS at detectable levels, in which PFOS is the most domi-
nant compound followed by PFOA and perfl uorohexane sulfonic acid (PFHxS) 
(Calafat et al.  2007 ; Kannan et al.  2004 ; Toms et al.  2014 ; Weihe et al.  2008 ). 
Analyses conducted by the Centers for Disease Control and Prevention in the USA 
show that PFOS and PFOA are detectable in virtually all Americans (Calafat et al. 
 2007 ), with children often showing higher serum concentrations than adults (Kato 
et al.  2009 ). Studies of retired workers from PFAS production facilities show a long 
elimination half-life of 5.4 years for PFOS, 3.8 years for PFOA, and 8.5 years for 
PFHxS (Olsen et al.  2007 ). 

 Dietary intake is suspected to be the dominant cause of human PFAS exposure, 
and elevated concentrations of PFAS are especially associated with consumption of 
seafood and meat as PFAS pile up in proteins (Berger et al.  2009 ,  2014 ; Fromme 
et al.  2009 ; Haug et al.  2010 ). However, PFAS have also been detected in other food 
items, where they could be transferred from packaging or preparation with PFAS- 
contaminated applications in addition to bioaccumulation. Dust in the indoor envi-
ronment may also be an important contributor to PFAS exposure (Fromme et al. 
 2009 ). Early-life exposure occurs through placental transfer from the mother during 
pregnancy as well as through lactation postnatal (Liu et al.  2011 ; Needham et al. 
 2011 ; Vestergren and Cousins  2009 ). Therefore, fetuses and infants are exposed to 
these compounds at critical developmental stages of the immune system. 

8.2.2.1     Vaccination Studies 
 A study by Grandjean et al .  has investigated the infl uence of PFAS on antibody 
responses after childhood immunizations (Grandjean et al.  2012 ). The study focused 
on the homogenous fi shing community of the Faroe Islands in the North Atlantic 
Sea, where frequent intake of marine food is associated with increased exposures to 
PFAS (Weihe et al.  2008 ). A birth cohort of 587 consecutive singleton births was 
included and followed for 7 years. All children were vaccinated according to the 
offi cial Faroese vaccination program, which includes  vaccinations   against diphthe-
ria and tetanus at age 3, 5, and 12 months and a booster vaccination at age 5 years. 
Exposure to PFAS was assessed  prenatally   from analyses of serum from the mother 
during pregnancy and from the child at age 5 years before the booster vaccination, 
and antibody responses were measured at age 5 years prebooster, approximately 4 
weeks after the booster, and at age 7 years. Similar to fi ndings from other locations, 
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the highest serum concentrations of PFAS were PFOS, PFOA, and PFHxS, which 
all were interrelated within the sample, but showed only weak associations between 
prenatal and postnatal exposures. 

 Antibody responses against diphtheria and tetanus were conducted at age 5 years 
before the booster, approximately 4 weeks after the booster, and at age 7 years. 
Among PFAS in maternal pregnancy serum, PFOS showed the strongest negative 
correlations with antibody concentrations at age 5 years. In a structural equation 
model adjusting for age, sex, and type of booster vaccination, a twofold greater con-
centration of the three major PFAS in child serum at age 5 years was associated with 
a halving of the antibody concentration (Fig.  8.3 ). Furthermore, a twofold increase in 
PFOS and PFOA concentrations at age 5 years was associated with odds ratios 2.38 
and 4.20 for having antibody concentrations below the clinically protective level of 
0.1 IU/mL for tetanus and diphtheria at age 7 years, respectively. Data presented in 
this study suggest a decreased effect of routine childhood vaccines in children aged 5 
and 7 years with elevated exposures to PFAS. This may refl ect a more general immune 
system defi cit caused by exposure to PFAS (Grandjean et al.  2012 ).

   Based on the human  immunotoxicity   data from the Faroese cohort, calculations 
of benchmark doses have been conducted. It relies on the serum PFAS measure-
ments at age 5 and the serum concentrations of specifi c antibodies 2 years later. 
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Under different linear assumptions regarding dose dependence of the effects, bench-
mark dose levels were about 0.13 ng/mL serum for PFOS and 0.03 ng/mL serum for 
PFOA (Grandjean and Budtz-Jørgensen  2013 ). These doses are below most serum 
concentrations reported in recent population studies (Calafat et al.  2007 ; Kannan 
et al.  2004 ; Toms et al.  2014 ; Weihe et al.  2008 ). When converted to approximate 
exposure limits for drinking water, current limits appear to be several hundredfold 
too high in light of the observed immunotoxicity associated with PFAS exposure 
(Grandjean and Budtz-Jørgensen  2013 ). Furthermore, the human exposure to PFAS 
exceeds in several locations. 

 The Faroese results have been supported by the only other study regarding PFAS 
exposure and childhood  vaccinations   conducted in Norway by Granum et al. 
Prenatal PFAS exposure and antibody responses to childhood vaccinations at age 3 
years were analyzed in 56 children. Vaccination included tetanus and  Haemophilus 
infl uenzae  type b given at ages 3, 5, and 12 months and measles and rubella given at 
15 months of age. Increased concentrations of PFOA, PFHxS, perfl uorononanoate 
(PFNA), and PFOS were signifi cantly associated with reduced levels of anti-rubella 
antibodies in children at 3 years of age, with the highest estimated strength of asso-
ciation for PFNA and the lowest for PFOS. No signifi cant associations were found 
between the concentrations of PFAS and antibody response to the other vaccines 
(Granum et al.  2013 ). Although a discrepancy of results regarding the infl uence of 
PFAS and tetanus response exists between the two studies, this study in a very lim-
ited number of children in general supports that  prenatal   exposure to PFAS may 
suppress responses to some childhood vaccines. 

 Furthermore, a study of humoral immune response to the seasonal infl uenza vaccina-
tion in 403 adults exposed to PFOA through contaminated drinking water in the USA 
has recently been published by Looker et al. The authors found evidence of a reduced 
antibody response 3 weeks after immunization with the infl uenza strain A/H3N2 in 
adults with higher PFOA concentrations. This response was refl ected in titer rise, titer 
ratio, and long-term seroprotection after vaccination, although not seroconversion. No 
associations were found for PFOS exposure or for the response to the  infl uenza   sero-
types A/H1N1 (swine fl u) and infl uenza B. Even though these results are very support-
ive of the immunosuppressive effect of PFAS, especially since the antibody responses 
involved a mixture of primary and secondary reactions as all participants had titers for 
some of these common viruses prior to the immunization (Looker et al.  2014 ).  

8.2.2.2     Immunological Parameters in Humans 
 Epidemiologic data related to PFAS exposure and  immunotoxicity   in humans are 
limited. The effect of  prenatal   PFAS exposure has been investigated with regard to 
specifi c childhood infections. In a Danish study of 14,000 children, prenatal expo-
sure to PFOS and PFOA at approximately 8 weeks of pregnancy was not associated 
with increased risk of infectious diseases leading to hospitalization in the fi rst 8 
years of childhood (Fei et al.  2010 ). Similar to this, no associations were found 
between PFAS exposure during pregnancy and occurrence of middle ear infection 
in 18-month-old Japanese children (Okada et al.  2012 ). However, a positive associa-
tion between prenatal exposure to PFAS and the self-reported number of episodes 
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of common cold and gastroenteritis, but not middle ear infection, during the fi rst 3 
years of life was found in a small Norwegian study (Granum et al.  2013 ). In adults, 
no associations were found between PFAS levels and recent self-reported cold or 
infl uenza episodes (Looker et al.  2014 ). 

 However, occurrence of specifi c common infections may be a less sensitive or 
appropriate test of the presence of immune system dysfunction than immunization 
responses, as these infections are very prevalent and multiple social and demo-
graphic factors could affect the results. 

 The C8 Health Project investigated immune markers in blood from healthy indi-
viduals exposed to PFOA-contaminated drinking water for at least 1 year due to 
residency in the vicinity of a PFOA manufacturing site in the USA. High serum 
levels of PFOA were signifi cantly associated with lower serum concentrations of 
C-reactive protein, total IgA, and total  IgE   (in females only), though not with IgG 
levels. Furthermore, increasing concentrations of PFOA showed a positive relation-
ship with total antinuclear antibodies, which may indicate an increase in the risk of 
 autoimmune diseases   (Fletcher et al.  2009 ). 

 Corresponding to this, small changes in serum immunoglobulin levels have been 
reported in workers with occupational exposure to PFOA (Costa et al.  2009 ). 
Although supportive of immunosuppression, these basic tests cannot be considered 
as either sensitive or specifi c for  immunotoxicity   or predictive enough of an adverse 
effect of the immune system (van Loveren et al.  1999 ).  

8.2.2.3     Animal Models of Immunotoxicity 
 Although confi rmation of the fi ndings from immunization studies in human studies 
is sparse,  immunotoxicity   of PFAS has been demonstrated in rodent, avian, and 
reptilian models as well as in mammalian and nonmammalian wildlife, affecting 
both cellular and humoral immunity (DeWitt et al.  2012 ). 

 High-dose dietary treatment of mice with PFOS or PFOA has been shown to 
cause atrophy of the thymus and spleen, decreased thymocyte and splenocyte 
counts, as well as signifi cantly reduced numbers of bone marrow cells and myeloid 
cells, pro-/pre-B cells, immature B cells, and early mature B cells. These adverse 
effects were reversed partially or completely after withdrawal of these compounds 
(Qazi et al.  2012 ; Yang et al.  2000 ). 

 Furthermore, oral PFOS and PFOA exposure in mice has been found to cause 
severe suppression of the adaptive immune system in several studies. Findings 
include decreased numbers of immunoglobulin-producing splenic cells and a dose- 
dependent reduction in plasma levels of specifi c IgM and IgG upon immunization 
with horse or sheep red blood cells in PFOA-exposed mice. The immunosuppres-
sive effect of PFOA appeared to recover following the administration of normal 
feeding (Dewitt et al.  2008 ; Yang et al.  2002 ). 

 Additionally, immune suppression has been found in mice exposed to PFOS in 
doses equivalent to the high end of nonoccupational exposure levels in humans. 
Alteration included especially suppression of specifi c IgM production by the plaque-
forming cell response, a functional assay revealing the attack, and destruction of an 
antigen by antibodies. Production of both T-cell-dependent and T-cell- independent 
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antibodies was suppressed, suggesting that B cells or antigen-presenting cells might 
be the specifi c target of PFOS (Peden-Adams et al.  2008 ). PFOS exposure in mice has 
also been associated with reduced host defense to infl uenza A virus infection, result-
ing in increased weight loss and reduced survival (Guruge et al.  2009 ). Additionally, 
cytokine expression and signaling related to infl ammation and T-cell responses are 
altered by exposure to PFAS (DeWitt et al.  2012 ). 

 The importance of in utero exposure to  PFAS   and  immunotoxicity   has been 
investigated in two mice studies with different conclusions. Prenatal PFOS expo-
sure was shown to suppress T-cell-dependent IgM antibody responses upon immu-
nization in male offspring (Keil et al.  2008 ), although this was not confi rmed for 
PFOA by others (Hu et al.  2010 ). 

 Taken together, experimental studies support an increased  susceptibility   to 
pathogens due to exposure to PFAS.  

8.2.2.4     Molecular Mechanisms Involved in Immunosuppression 
by PFAS 

 The molecular mode of action of PFAS-induced immune suppression has been inves-
tigated by examining essential cell populations as well as cell signaling and activation. 
IgM secretion by B lymphocytes is controlled through production of IL-6. The onset 
of infl ammatory gene expression is driven by the nuclear transcription factor NF-κB, 
whose transcriptional activity is regulated at multiple levels. In B cells, engagement of 
CD40 by its ligand leads to signaling through c-Jun and NF-κB, with subsequent IL-6 
production (Baccam et al.  2003 ). This process is critical for humoral responses to 
T-dependent antigens and results in B-cell proliferation, differentiation, and IL-6 
stimulation of immunoglobulin production (Pérez-Melgosa et al.  1999 ). 

 Current evidence suggests that the immunotoxic mechanisms of PFAS involve 
interaction with peroxisome proliferator-activated receptors (PPARs) as well as an 
PPAR-independent pathways (DeWitt et al.  2009 ,  2012 ). In vitro stimulation of 
human peripheral blood leukocytes with lipopolysaccharide (LPS) in the presence 
of PFAS for 24–72 hours showed a dose-dependent suppression of TNF-α and IL-6 
production. Furthermore, in vitro exposure to PFAS inhibited production of the 
regulatory cytokines IL-4 and IL-10. The immunotoxic effect of PFOS was PPAR 
independent through interference with LPS-induced I-κB degradation, NF-κB 
transactivation, and DNA binding. In contrast, PFOA acted through PPAR to pre-
vent p65 phosphorylation and NF-κB-mediated transcription (Corsini et al.  2011 ). 
Both mechanisms of action could theoretically lead to reduced antibody secretion 
by B lymphocytes, although further evidence for this is needed.    

8.3     Perspectives 

 Vaccination is a mainstay in modern prevention of infectious diseases. While anti-
body responses of the average child to routine prophylactic immunizations can vary 
substantially, the reasons for poor responses are poorly understood, though expo-
sure to environmental pollutants may account for at least some of the variation. 
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 The presented studies provide epidemiological evidence for an association 
between exposure to persistent organic pollutants and a reduced humoral immune 
response to routine childhood  vaccinations  . Specifi cally, PCB reduces the immune 
response perinatally and early postnatal and is suspected to be toxic to the develop-
ment of thymic function. PFAS, whereas, reduce the antibody levels in a more direct 
manner. The results are supported by animals and cellular studies, although a clear 
mechanism of action has not yet been demonstrated for all compounds. 

 The children examined came from population-based birth cohorts and were over-
all in good health. Although the changes in antibody response are subtle, they could 
become clinically important when the immune function is challenged by other risk 
factors such as preterm birth, chronic infections, increasing age, or competing dis-
eases. Furthermore, high exposure levels in populations at risk may hinder a long- 
term protective immune response and increase the risk of a child not being protected 
against severe infections, despite a full schedule of  vaccinations  . In addition, even 
slight impairments could be important at a population level, e.g., if the herd immu-
nity fails and epidemics of highly infectious and pathogenic infections brake out. In 
countries without access to routine pediatric immunizations, tetanus, diphtheria, 
measles, mumps, and rubella still give rise to increased levels of childhood mortal-
ity and morbidity. 

 In addition, one should keep in mind that antibody responses to standardized 
antigen stimulations refl ect the overall effi cacy of the immune system in relation to 
infections, including antigen presentation and T- and B-lymphocyte function. 
Therefore, the presented immune suppression may also increase children’s  suscep-
tibility   to common infections, as have been suggested for PCB in some human stud-
ies. Therefore, even the small changes in immune function, suggested by the 
presented vaccination data, could be clinically important and might affect both the 
general health of children and the degree of protection against infectious diseases 
that vaccination provides. 

 Some of the immunotoxic effects from the immunization studies are revealed in 
children exposed to immunotoxicants through perinatal and early postnatal expo-
sure, while others are associated with concentrations at the time of vaccination. The 
immune function returns to normal following exposure to immunosuppressive 
drugs in adults, especially if the drugs do not affect precursor or stem cells. However, 
the special concerns of low-level exposure to immunotoxicants during the develop-
ment of the immune system are that developmental immunity may be more sensitive 
to the dose of immunotoxicants and that an early-life insult prenatally or early post-
natal might cause immune defects on a permanent basis, leading to reduced host 
resistance in children and adults.  

8.4     Conclusion 

 In conclusion, vaccination effi cacy is found to be the most relevant parameter for 
assessment of immune suppression by environmental persistent pollutants. Results 
arising from vaccination studies in children support the hypothesis that some people 
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today could be immunocompromised because of exposure to environmental pollut-
ants such as PCBs and PFAS. In contrast to investigations from the presented study, 
human populations will often be exposed to a mixture of immunomodulating agents, 
which may in combination cause even more severe effects on the immune system 
than seen in these studies. While PCBs have been banned since the 1970s and are 
now found at reduced levels, the production of PFAS has just recently been limited. 
The persistence of these compounds means that they will still be widespread in the 
environment and in humans for a long period of time. However, the presented fi nd-
ings suggest that efforts must be stepped up to reduce exposure levels to protect the 
human immune systems from these as well as other potent immunotoxicants.     
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9.1           Introduction: The Human Immune System 

 The immune system is the guardian of the human body and works to protect its 
integrity and to defend it against external and internal injuries. In physiological 
conditions, the immune system monitors the body in order to remove dead and dam-
aged cells, thereby maintaining tissue homeostasis. Upon encounter with invading 
pathogens or environmentally borne dangerous chemicals, the immune system 
reacts to the foreign agents by launching a destructive attack aiming at eliminating 
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the danger. Effective protection must be rapid (leaving no time for the dangerous 
agent to enter the inner parts of the body and cause damage) and specifi c (targeting 
the dangerous agent only and sparing the surrounding cells and tissue). To guaran-
tee both characteristics, in mammals, including man, immunity relies on two differ-
ent sets of effector mechanisms:  innate immunity   and adaptive immunity. Innate 
immunity is an ancient defensive system (almost identical in invertebrates) that has 
the advantage of immediate reaction (rapidity) every time that a challenge is met. 
Innate immunity is also able to make a fi rst “selection” of foreign agents and mount 
an infl ammatory reaction to those perceived as potentially dangerous. Despite this 
selection capacity, innate immunity is not truly specifi c, as it recognises broad 
arrays of molecular patterns or signatures. Its rapidity blocks most of the dangerous 
agents, for instance, infectious microorganisms, at the level of the body barriers 
( skin  , mucosal barriers in the lung and gut). For the very limited number of agents 
that can overcome innate immunity and pass the barrier thereby accessing the inner 
body, a second immune system comes into play.  Adaptive immunity   is much slower 
than innate immunity, needing time for building specifi c weapons against the invad-
ers, but its high specifi city allows a perfect recognition of the invader (dumping the 
risk of collateral damage to the body’s tissues) and a very effi cient elimination. 
Table  9.1  summarises the main characteristics of innate and adaptive immunity (for 
more details, see Murphy  2011 ).

   It is worth to briefl y remind the main components of innate and adaptive immu-
nity. The innate immune response is based on phagocytosis of foreign agents and 
particles by specialised cells, such as polymorphonuclear leukocytes (PMN or neu-
trophils), which circulate in the blood, and the mononuclear phagocytes (mono-
cytes/macrophages and dendritic cells (DC)), which are distributed throughout all 
tissues and body fl uids. The short-lived PMN are excellent phagocytes and have 

   Table 9.1    The human immune system: innate vs. adaptive immunity   

 Innate immunity  Adaptive immunity 

 Receptors  Germ-line-encoded PRR (e.g. TLR, CLR, 
NLR) 

 Generated by gene 
rearrangement (e.g. TCR, 
BCR, MHC) 

 Recognition 
capacity 

 Broad  Specifi c 

 Molecules 
recognised 

 Conserved molecular patterns (e.g. LPS, 
glycans, mannan, glycolipids) 

 Specifi c molecular epitopes 
(e.g. short peptide 
sequences) 

 Immune 
response 

 Non-specifi c broad reaction  Antigen-specifi c antibody or 
cellular response 

 Time lag  Immediate response  Delayed response 

 Memory  No  Yes 

 Effector cells  PMN, monocytes/macrophages, DC  T and B lymphocytes 

 Effector 
molecules 

 Cytokines, pentraxins, collectins, alarmins, 
complement system 

 Antibodies 

   TCR  T-cell receptor,  BCR  B-cell receptor,  MHC  major histocompatibility complex  
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potent destructive activity, through degranulation and release of proteases, oxidis-
ing enzymes, and reactive oxygen species (ROS) and by releasing the  neutrophil   
extracellular traps (NET), which are true nets of DNA fi laments decorated with 
granules fi lled with enzymes and toxic peptides able in trapping and killing patho-
gens (Papayannopoulos and Zychlinsky  2009 ). The monocytes/macrophages are 
potent phagocytes and the main producers of infl ammatory cytokines (TNF-α, 
IL-6,  IL-1β  , etc.), soluble proteins that signal to other immune cells the presence 
of a dangerous agent, and anti-infl ammatory cytokines (IL-10, IL-1Ra, TGF-β, 
etc.), which start the resolution phase at the end of the infl ammatory reaction once 
the danger is successfully eliminated. Monocytes/macrophages are key players of 
all phases of the infl ammatory defensive reaction, from blood monocyte recruit-
ment in infected/damaged tissues to differentiation into infl ammatory macrophages 
and activation of defensive activities (phagocytosis, killing of bacteria or infected 
cells, release of  infl ammatory mediators  , etc.), elimination of the dangerous agents, 
and eventual resolution of infl ammation and re-establishment of tissue integrity. 
Other innate cells are the DC, similar to macrophages but less effi cient in phago-
cytosis and more effi cient to present antigens to T cells, and natural killer cells 
(NK), able to distinguish between normal and tumour cells and potent producers of 
IFN-γ, an infl ammatory cytokine of major importance in the amplifi cation of  innate 
immunity  . 

 Besides effector cells,  innate immunity   encompasses a series of soluble factors 
able to bind foreign agents in order to facilitate their phagocytosis and destruction. 
These include the proteins of the collectin family (e.g. the surfactant proteins A and 
B), lipid transport proteins (e.g. apolipoproteins, serum amyloid A), acute-phase 
proteins such as short pentraxins (C-reactive protein) and the long pentraxin PTX3, 
and the complement system. The complement system includes more than 40 soluble 
proteins and enzymes (e.g. Cq1, mannose-binding lectin (MBL), MASP-1 and 
MASP-2, mediators of infl ammation such as C5a, C3a, and C4a), able to sense all 
kinds of invaders, from pathogens to synthetic chemicals. 

  Adaptive immunity   relies on two types of cells: T and B lymphocytes. The anti-
gen recognition by specifi c receptors leads to lymphocyte activation and differentia-
tion into effector cells. CD8 +  T cells become cytotoxic while CD4 +  T cells (helper 
T cells, Th) are specialised in supporting B-cell differentiation into antibody-secret-
ing cells. Th cells can be differentially polarised to participate to type 1 immune 
response against bacteria and viruses (Th1) or to type 2 immune response involved 
in anti-parasite defence and in allergic reactivity (Th2). Eventually, regulatory T 
cells (Treg) downregulate adaptive immune responses. Table  9.2  summarises the 
major function of innate and adaptive immune cells.

   There are instances in which immune response can become harmful. The lack of 
specifi city of  innate immunity   (necessary to ensure the broadest possible coverage 
against possible dangers) may lead in some circumstances to the anomalous recog-
nition (or cross recognition) and consequent presentation to T cells of self-antigens, 
thereby initiating autoimmune disorders. In other cases persistence of the triggering 
agent or exaggerated defensive reaction against it can cause chronic infl ammatory 
diseases. 

9 Engineered Nanoparticles and the Immune System: Interaction and Consequences



208

 As mentioned above, if the innate immune system does not sense an incurring 
molecule/agent as dangerous, no defence response is initiated. Innate effector cells 
can sense the surrounding molecules by using the so-called pattern recognition 
receptors (PRR). PRR include several types of receptors expressed on the plasma 
membrane, such as Toll-like receptors (TLR), the C-type lectin receptors (CLR), the 
scavenger receptors (SR-A and SR-B), and different classes of intracytoplasmic 
receptor families, such as the NOD-like receptors (NLR) and the RIG-I-like recep-
tors. PRR recognise molecular signatures, shared by different microbial agents 
(bacteria, viruses, fungi) and called pathogen-associated molecular patterns 
(PAMP), and molecules from damaged and necrotic/dead cells known as damage- 
associated molecular patterns (DAMP). Typical PAMP are bacterial endotoxin (or 
LPS), ssRNA, unmethylated CpG DNA, and mannan, while DAMP encompass heat 
shock proteins, high mobility group protein B1, fragments of matrix component 
(fi brinogen, hyaluronate, heparin sulphate), and uric acid crystals. The recent devel-
opment of nanotechnologies has brought a new class of agents into the focus of the 
immune system, the engineered  nanoparticles   (NP), which may have shape and size 
similar to those of bacteria or uric acid crystals and have the ability to absorb bio-
molecules onto their surface, thus either masking themselves or becoming more 
recognisable. If NP are “opsonised” by complement factors or other innate soluble 
factors, they can be readily taken up by phagocytes and destroyed into phagolyso-
somes. Actually it is very unlikely that NP may persist in the organism for long, as 
those that are not rapidly excreted are taken up by phagocytes. This ability of the 
immune system to recognise and eliminate engineered NP could become an issue in 
 nanomedicine   (e.g. in vaccination, in diagnostic imaging procedures, and as thera-
peutic drug delivery) (Stern and McNeil  2008 ). 

 Thus, we need to know more of the interaction of the immune system with NP 
for two main reasons. The fi rst is for evaluating the possible  immunotoxicity   of NP, 
including the risk of pre-pathological alterations of immune responses. Immuno- 
nanosafety is a major issue in the evaluation of engineered NP safety, which needs 
to be considered in the implementation of nanosafety regulations. The second rea-
son is to understand how nanomedicines could persist in the organism long enough 

   Table 9.2    Major immune effector cells   

 Immune cells  Functions 

 Monocytes and 
macrophages 

 Powerful phagocytes, scavengers, release ROS and nitric oxide (NO), 
and infl ammatory and anti-infl ammatory cytokines, present antigen to 
T cells 

 PMN  Phagocytic activity, release ROS, NET, degranulation 

 DC  Antigen uptake in the tissue and antigen presentation to T cells in the 
lymph nodes 

 NK  IFN-γ production, antitumor surveillance, strong cytolytic activity 

 T lymphocytes  Help in type 1 and type 2 immune response (Th1 and Th2), 
immunosuppressive (Treg), and cytotoxic (CTL). Can maintain 
memory 

 B lymphocytes  Mature into plasma cells that are able to produce antibodies 
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for exerting their benefi cial effects, before being recognised and eliminated by our 
defensive systems (Fig.  9.1 ). These questions and the features of the interaction 
between NP and immune effector molecules and cells will be discussed more in 
detail in the following sections.

9.2        Nanoparticles: Do They Pose a New Challenge to Our 
Immune System? Interaction and Consequences 

 Physico-chemical properties of NP, such as size (ranging 1–500 nm), surface charge 
(positive, negative, neutral), solubility (colloidal suspensions, polydispersity and 
formation of agglomerates and aggregates, ion release), hydrophobicity/hydrophi-
licity, and surface functionality (including the steric effects of particle coatings), 
infl uence NP interaction with the immune system (Dobrovolskaia and McNeil 
 2007 ; Aggarwal et al.  2009 ; Dobrovolskaia et al.  2008 ). In general, larger particles 
are taken up more effi ciently than smaller particles of the same composition and 
surface properties (Fang et al.  2006 ). Particles with cationic or anionic surface 
charge have been shown to be more attractive to phagocytes than neutral particles of 
the same size (Zahr et al.  2006 ). Cationic particles are more likely to induce infl am-
matory reactions than anionic and neutral species (Tan et al.  1999 ). Hydrophobic 
NP easily adsorb proteins on their surface, whereas hydrophilic NP are less prone to 
protein binding (Esmaeili et al.  2008 ), and positively charged NP adsorb different 
proteins on their surface as compared to negatively charged particles, thereby induc-
ing distinct types of interaction with cells (Fleischer and Payne  2012 ). NP can inter-
act with blood or human plasma components (e.g. albumin, apolipoproteins, 
immunoglobulins, complement components, fi brinogen) and bind these molecules 
on their surface to form a biomolecular corona (Mahon et al.  2012 ; Casals et al. 
 2010 ; Monopoli et al.  2013 ). The formation of a  bio-corona   involves various 

IMMUNOTOXICITY

Cytotoxicity
Inflammation
Anaphylaxis

Immunosuppression

NANOMEDICINE

IMMUNO-NANOSAFETY

Adjuvant properties
Immunogenicity
Vaccine efficacy

Immunostimulation

  Fig. 9.1    Immuno-nanosafety, immunotoxicity, and nanomedicine. The aims of immuno- 
nanosafety are the evaluation of  immunotoxicity   of the new NP in order to avoid undesirable 
effects (e.g. cytotoxicity, infl ammation, anaphylaxis, immunosuppression) and the design of NP 
with desirable effects for medical application in drug delivery, vaccination carrier, diagnostic 
imaging agents, and immunostimulation       
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consequences: (1) NP can be recognised and taken up by innate immune cells much 
more effi ciently when coated with opsonins, immunoglobulins, or complement 
molecules; (2) the bio-corona may provide a new biological “identity” to NP and 
consequently affect the type of immune response (of lack of response) stimulated 
upon NP-immune system interaction; and (3) different NP with a similar bio-corona 
may nevertheless induce diverse immune reactions (e.g. cytokine release) (Deng 
et al.  2012 ), depending on how proteins bind to the surface (e.g. their orientation) 
and whether and how much binding could cause protein unfolding (Cukalevski 
et al.  2011 ). 

 A large number of studies are focused on the interaction between the immune 
system and NP that, for medical purposes, have been specifi cally modifi ed to stimu-
late immunity or to avoid immune recognition, as in the case of vaccine carriers/
adjuvants or drug delivery systems, respectively. In the case of nanomedicine, expo-
sure to NP takes place with a defi ned administration schedule (route, dose, fre-
quency). Immuno-nanosafety studies, on the other hand, consider accidental exposure 
to NP that are released in the environment, which may occur by contact ( skin  ), inges-
tion, or inhalation, at doses and with a frequency that are not known (Table  9.3 ).

   In the case of  nanomedicine  , several surface modifi cations are being studied for 
prolonging the persistence of NP in circulation (thereby allowing them to reach 
their fi nal target, e.g., brain tumours), by avoiding immune recognition and conse-
quent destruction. Likewise, manipulation of NP size and surface characteristics is 
also used for improving NP recognition by phagocytic cells in the case of antigen 
delivery to immune cells for effi cient vaccination. For example, surface coating 
with a polymer such as polyethylene glycol (PEG) is used with some success for 
shielding NP from recognition by immune cells (Csaba et al.  2006 ; Goppert and 
Muller  2005 ; Muller et al.  1996 ; Paciotti et al.  2004 ; Redhead et al.  2001 ), whereas 
coating with polyethyleneimine of  carbon nanotubes   (CNT) favours cellular uptake 
(Li et al.  2013 ). Other examples of improved immune targeting for vaccine applica-
tions encompass the NP surface functionalisation with polysaccharides such as chi-
tosan or mannose, which mimic a bacterial surface and enhance recognition and 
uptake by macrophages and DC, and consequently improve immune response to 
NP-bound antigens (Kim et al.  2006 ; Cui and Mumper  2002 ; Cuna et al.  2006 ). 

   Table 9.3    Engineered NP and their immune effects   

 Intentional NP exposure  Occasional NP exposure 

 Source  Nanomedicine  Nanotechnologies 

 Exposure  Medical  Occupational and unintentional 

 Route  i.v., s.c., i.d., p.o., i.m.  Contact ( skin  ), ingestion, inhalation 

 Surface coating  With plasma or other body fl uids 
(depending on administration 
route) 

 With environment agents (e.g. 
allergens, LPS) and body surface 
barriers (e.g. mucus, surfactant) 

 Immune 
interaction 

 Immunostimulation (e.g. adjuvant) 
  Immunosuppression   (if loaded with 
cytotoxic drugs) 

 Variable (depending on NP type, 
exposure, interacting factors) 

   i.v.  intravenous,  s.c.  subcutaneous,  i.d.  intradermal,  p.o.  per os,  i.m.  intramuscular  
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 In the case of NP released in the environment, these come generally in contact 
with the immune cells in the human body’s barriers ( skin  , respiratory mucosa, 
digestive mucosa) as particles coated with other environmentally borne agents and 
never as pristine NP. Besides aggregation due to moisture, NP can be coated with a 
number of other molecules, such as allergens or bacterial products, of which the 
most common is bacterial endotoxin or lipopolysaccharide (LPS), a membrane 
component of Gram-negative bacteria that is ubiquitously present in the environ-
ment (for reviews, see Lieder et al.  2013 ; Smulders et al.  2012 ). Also in the case of 
engineered NP as synthesised, if special precautions are not taken during the syn-
thetic process, it is highly likely that NP are contaminated with LPS. Since LPS is 
an excellent stimulator of immune and infl ammatory responses, in particular in 
humans, its presence in NP preparations, if undetected, may signifi cantly interfere 
with the NP safety profi ling during risk assessment testing and induce to errone-
ously attributing to NP detrimental effects (toxicity, production of reactive oxygen 
species (ROS), induction of infl ammation in vitro and in vivo) caused by LPS- 
induced macrophage activation (Oostingh et al.  2011 ; Vetten et al.  2014 ). 

 In the following sections, we will review more in depth the interaction of NP 
with the innate and adaptive immune system, highlighting the cases in which the 
interaction produces a measurable effect, either immunostimulation or 
immunosuppression.  

9.3     Nanoparticle Interactions with the Innate 
Immune System 

 NP can interact with the innate immune system at various levels. NP-induced innate 
effects that may have detrimental consequences for the host are the activation of the 
complement system (the major component of the soluble innate immune system) 
and activation of infl ammasomes in macrophages and DC. 

 When NP reach the bloodstream (e.g. in the case of nanocarriers for anticancer 
drugs), the fi rst molecules that they meet are the proteins of the complement system. 
Complement is the most powerful weapon we have against infections and is com-
posed by a number of different proteins and enzymes that activate each other in a 
cascade in which the various components can identify foreign entities, generate 
chemotactic and infl ammatory factors that trigger a more general reaction, produce 
opsonins that facilitate phagocytosis and destruction of the foreign element, and 
physically drill holes in the membrane of the agent (usually a bacterium or an anom-
alous cell). Depending on the type of recognition, three distinct pathways can be 
defi ned (classical, alternative, and lectin) (Murphy  2011 ). An excessive activation 
of complement can lead to severe tissue injury,  hypersensitivity   (allergic) reactions, 
and anaphylaxis. Therefore, the ability of NP to cause complement activation is a 
major issue in nanosafety, in particular when these particles are intended for in vivo 
administration for biomedical applications. NP recognition by complement most 
likely depends on size, shape, charge, confi guration on the NP surface, and acces-
sibility of reactive groups (Moghimi et al.  2011 ). Thus, the NP surface 
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characteristics must be tuned and modifi ed in order to decrease interaction with and 
activation of the complement system to an acceptable level, in the case of drug 
delivery nano- platforms. On the other hand, in the case of vaccination, in which 
immunostimulation is the goal, local and limited activation of complement by NP 
may be desirable for enhancing antigen presentation. In a clinical study, it has been 
shown that nanoliposomes induced hypersensitivity due to complement activation 
(Chanan-Khan et al.  2003 ), while another recent study demonstrated that comple-
ment activation by NP was responsible for NP uptake by DC and subsequent activa-
tion of T cells and generation of an antigen-specifi c immune response (Reddy et al. 
 2007 ). In the case of CNT, confl icting data have been reported with respect to bind-
ing and activation of complement (Salvador-Morales et al.  2006 ; Hamad et al.  2008 ; 
Ling et al.  2011 ). 

 Innate effector cells encompass phagocytes such as monocytes/macrophages, 
PMN, and DC. These cells are able to internalise pathogens and any foreign particu-
late element and to degrade them. In addition, macrophages and DC are also able to 
“present” fragments of the degraded agent to T lymphocytes and initiate adaptive 
immunity. These cells are those that fi rst encounter NP when they access the body 
(either by accidental exposure or upon biomedical application) (Table  9.4 ). NP rec-
ognition by innate immune cells depends on NP surface functionalisation, bio- 
corona, size, and shape. Covering the surface of foreign particles with proteins such 
as immunoglobulins or complement components is one of the ways for the immune 
system for improving uptake by phagocytes and elimination of foreign agents. 
Therefore, the ability of NP to adsorb different types of molecules in a particular 
tissue microenvironment may make a huge difference in the capacity of the innate 
immune system to recognise them as foreign entities and to mount an infl ammatory 
response. In general macrophages and DC tend to take up NP covered with altered 
self-proteins, and they do it by using active endocytic mechanisms depending on the 
particle size and surface coating (Boraschi et al.  2012 ; Kettiger et al.  2013 ). DC, less 
active than macrophages in particle uptake, can take up NP of 500 nm or smaller, 
while positive surface charge increases uptake by both DC and macrophages, over-
all resulting in a better capacity of triggering adaptive immunity (Thiele et al.  2001 ; 
Foged et al.  2005 ; Peer  2012 ). NP target distinct DC populations in vivo in a size- 
dependent manner (Manolova et al.  2008 ). Moreover, NP size can quantitatively 
affect innate immune responses, and the immune system apparently distinguishes 
the size of PAMP structures, such as single-stranded RNA, in such a way as to 

   Table 9.4    NP interaction with innate immune cells   

 Innate cell  Interaction 

 Monocytes and 
macrophages 

 Phagocytosis, clearance of NP, granuloma formation 

 PMN  Phagocytosis, digestion of NP by granule enzymes, entrapping 
NP with NET 

 DC  Phagocytosis, processing, and presentation of NP-carried 
antigens 
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selectively trigger either antiviral (IFN-α) or antibacterial/antifungal (TNF-α) 
immune responses (Rettig et al.  2010 ). Particles possessing the longest dimension 
in the range of 2–3 μm exhibited the highest attachment to macrophages (Champion 
and Mitragotri  2006 ), and spherical NP are taken up much faster and more effi -
ciently than rod-shaped NP (Champion et al.  2007 ; Ferrari  2008 ). It is evident that 
a better understanding of the mechanisms by which cells are capable to sensing such 
shape and size differences in NP could be exploited to achieve more effi cient drug 
delivery (Meng et al.  2011 ).

   NP-loaded macrophages can form granulomas (Bartneck et al.  2010 ), while 
PMN can interact with NP also by entrapping them with NET (Bartneck et al.  2010 ). 
It has been shown that PMN can degrade NP (both intracellularly and extracellu-
larly) with enzymes and oxidising compounds. In the case of CNT, it is been 
observed that myeloperoxidase, produced by PMN and other innate leukocytes, can 
effectively degrade the nanotubes that, once degraded, lose their ability to cause 
lung infl ammation when inhaled by mice (Kagan et al.  2010 ; Kotchey et al.  2012 ). 

 When the cells of innate immune system recognise pathogens or harmful sub-
stances or damaged cells, this recognition triggers an innate/infl ammatory reaction. 
The reaction starts with the production of chemokines and chemotactic complement 
components by resident macrophages in response to the dangerous agent (the most 
potent inducer being bacterial LPS), which attract more leukocytes to infl amed tis-
sue. The infl ammatory reaction then involves phagocytosis and production of toxic 
factors and degrading enzymes, in order to destroy the invaders. Once the goal is 
achieved, the reaction stops and the same macrophages take care of repairing the 
damages suffered by the surrounding tissues so as to restore tissue homeostasis. 
Testing the ability of NP to induce infl ammation, either in vivo or in vitro, is one of 
the hallmarks of nanohazard research and regulatory assessments. However, this is 
not an easy task because of the NP capacity to adsorb LPS on the surface (Lieder 
et al.  2013 ). In fact, trace amounts of LPS are very frequently present in NP prepara-
tions, which may be partly if not completely responsible for the infl ammatory 
effects attributed to NP in many publications. This may possibly explain the contro-
versial results reported in the literature about the toxic and infl ammatory effects of 
several types of NP. For instance, it has been shown that  CNT   do not induce an 
infl ammatory reaction when purifi ed (Pulskamp et al.  2007 ). Therefore, an impor-
tant initial step in the preclinical characterisation of NP side effects, and in nano-
safety assessment in general, is testing for LPS contamination. This can be done, 
after adequate validation, by adapting to NP the Limulus amoebocyte lysate (LAL) 
assay, approved by regulatory agencies worldwide. The importance of the LAL test 
in NP characterisation and the challenging aspects of its application are reviewed 
elsewhere (Smulders et al.  2012 ; Hall et al.  2007 ; Dobrovolskaia et al.  2013 ). It has 
been reported that cationic particles are more able to induce infl ammation than 
anionic and neutral species (Tan et al.  1999 ) and that cationic nanoliposomes can 
induce DC maturation, which is important in the infl ammatory response (Cui et al. 
 2005 ). Also, induction of infl ammatory cytokines (which may be responsible for 
severe infl ammation) has been reported in studies in which in vitro screening of 
NP-mediated cytokine response correlated well with in vivo cytokine induction 
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(Moyano et al.  2012 ). However, the lack of characterisation of the possible LPS 
contamination of NP in these studies does not allow the straightforward interpreta-
tion of the data. 

 The ability of triggering a localised and controlled innate/infl ammatory reaction 
is at the basis of immunostimulation by vaccine adjuvants. Indeed, micro- and 
nanoparticles have been successfully used for many years in vaccines for effi cient 
establishment of protective immunity. Nowadays, nanomaterials can be intention-
ally engineered to optimise their ability to stimulate the innate immune reaction 
required for successful immunisation (Xiang et al.  2012 ). The central event in initia-
tion of the innate/infl ammatory response is the activation of the  infl ammasome  . The 
major infl ammasome in innate immune cells is the NLRP3 (NLR-related protein 3) 
infl ammasome, a cytoplasmic multi-protein complex that assembles in phagocytic 
cells in response to infl ammatory stimuli (Latz et al.  2013 ). The NLRP3 infl amma-
some coordinates the maturation and secretion of the infl ammatory cytokines  IL-1β   
and IL-18 through caspase-1 activation. Activation of NLRP3 and subsequent 
infl ammasome assembly occur in response to foreign molecules and agents that 
gain access to the cell cytoplasm, including bacterial components, viruses, and 
micro- and nanocrystals (e.g. uric acid crystals) (Martinon et al.  2006 ). Particles 
such as crystalline silica, asbestos fi bres, and aluminium salts were also found able 
to induce NLRP3 infl ammasome activation (Hornung et al.  2008 ; Dostert et al. 
 2008 ; Cassel et al.  2008 ). The NLRP3 infl ammasome is the choice molecular target 
of vaccine adjuvants (Eisenbarth et al.  2008 ); therefore, NP are being exploited in 
optimising vaccine design by taking advantage, in addition to their capacity to carry 
antigens, of their ability to target and activate the infl ammasome (Demento et al. 
 2009 ). For example, the exposure of macrophages to TiO 2  and SiO 2  NP activates the 
NLRP3 infl ammasome leading to IL-1β release (Yazdi et al.  2010 ). Long needle- 
like multiwalled CNT (MWCNT) can activate the NLRP3 infl ammasome upon 
uptake by LPS-primed human macrophages (Palomäki et al.  2011 ), but also metal 
contamination in MWCNT preparations can have the same effect of NLRP3 infl am-
masome activation (Hamilton et al.  2012 ). 

 There is a subtle distinction between induction of controlled infl ammation (as it 
occurs naturally during a defensive innate response and as it is designed in vaccina-
tion) and triggering of a destructive infl ammatory reaction (as it occurs acutely in 
some infections, meningitis, streptococcal pneumonia, etc., and chronically in dis-
eases such as rheumatoid arthritis), a distinction mainly based on the persistence of 
the triggering agent and on regulatory mechanisms that control the extent and the 
duration of the reaction. This suggests us that caution should be taken in distin-
guishing between NP infl ammatory effects that can be good (if properly controlled) 
or detrimental (when uncontrolled). In nanosafety assessment, the duration of the 
infl ammatory reaction, rather than its occurrence, should be considered as a possi-
ble indication of hazard. Likewise, in the design of novel vaccines, the use of short- 
lived nanoparticulate carriers (such as biodegradable liposomes) may allow us to 
control the duration of the infl ammatory stimulus, so as to obtain the immunostimu-
latory effect while avoiding chronicisation of the reaction. Table  9.5  summarises 
undesirable and desirable interactions between innate immune system and NP.
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9.4        NP Interactions with Adaptive Immune System 

 The effector cells of the adaptive immunity are T and B lymphocytes, the former 
principally involved in receiving innate signals and in helping B-cell activation 
and the latter able to produce specifi c antibodies that promote pathogen elimina-
tion. Depending on the signals they receive during interaction with antigen-
presenting cells, T cells can differentiate into several different functional types 
that have different roles. CD8 +  T cells may become cytotoxic and able to kill 
virus-infected cells. Th1, Th17, and Th22 cells are associated with type 1 immune 
response, Th2 and Th9 are responsible for type 2 immune response, and regula-
tory T cells (Treg) are responsible for suppressing immune responses and induc-
ing tolerance. Type 1 immune response is the classical antibacterial response, 
while type 2 immune response is involved in anti-parasite defence and allergic 
diseases (Hirahara et al.  2013 ; Nakayamada et al.  2012 ). B cells (that become 
plasma cells upon activation) are the cells able to produce and secrete specifi c 
antibodies during an immune response against invading microorganisms or other 
dangerous agents. 

 The effects of NP on adaptive immunity have been only partially studied, with 
confl icting results. For example, polystyrene NP (<100 nm) promoted CD8 and 
CD4 T-cell responses and were associated with higher antibody levels than larger 
particles (>500 nm) (Xiang et al.  2006 ). Inhalation of CNT suppresses B-cell func-
tions through TGF-β produced by alveolar macrophages (Mitchell et al.  2009 ) or 
IL-10 (Mitchell et al.  2007 ). 

 An effect of NP on adaptive immunity that is worth investigating is the ability to 
induce Th1 vs. Th2 responses. This is not easy to investigate, since rat and mouse 
strains can be differently biased towards Th1 or Th2 responses, and therefore, the 
results may depend on the specifi c animal model used, rather than to the specifi c 
capacity of NP to promote type 1 or type 2 responses. Small engineered NP were 
found able to induce Th1 responses (Lutsiak et al.  2006 ; Chong et al.  2005 ; Cui and 
Mumper  2002 ; Cui et al.  2004 ), while other NP can induce Th2 cytokine production 
and enhanced immunoglobulin production (Rajananthanan et al.  1999 ; van Zijverden 
and Granum  2000 ). Particle size has been reported as a factor that can infl uence the 
type or T-dependent response to NP-loaded antigens, this being possibly due to the 
different endocytic pathway by which the antigen is taken up and processed 
(Mottram et al.  2007 ). 

   Table 9.5    NP interaction with the innate immune system: undesirable and desirable effects   

 Interaction  Undesirable effects  Desirable effects 

 Complement system  Anaphylaxis, allergic 
reaction 

 Facilitation uptake by APC, enhanced 
antigen presentation and immunisation 

 Monocytes, 
macrophages, DC 

 Acute/chronic 
infl ammation 

 Drug delivery to innate cells, 
presentation of NP-carried antigens 

 Infl ammasome 
activation 

 Excessive infl ammatory 
cytokines (cytokine storm) 

 Adjuvanticity, immunostimulation 
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 Little is known on the possible antigenicity (capacity of being recognised by 
antibodies and T cells) and immunogenicity (capacity of inducing an adaptive 
immune response) of NP. NP antigenicity has never been formally demonstrated. 
Two studies have reported the generation of specifi c antibodies upon immunisation 
with C 60  fullerene bound to bovine serum albumin (BSA) (Braden et al.  2000 ; Chen 
et al.  1998 ) or with polyamidoamine dendrimers conjugated to BSA (Lee et al. 
 2004 ). This kind of response, however, is only triggered in the case that the NP 
(very small) are carried by a large protein, the so-called carrier effect, while no 
response can be raised against the small entities alone, even in the presence of strong 
adjuvant (Agashe et al.  2006 ; Andreev et al.  2000 ; Kreuter  1995 ; Masalova et al. 
 1999 ; Roberts et al.  1996 ; Tomii and Masugi  1991 ). However, the carrier effect may 
work also the other way around, as it has been reported that administration of PEG-
coated NP could induce an antibody response against PEG, a fact that may hamper 
the use of PEG in the design of stealth NP (Judge et al.  2006 ; Wang et al.  2007 ; 
Ishida et al.  2007 ; Koide et al.  2010 ). Table  9.6  shows the main consequences of 
immune reaction to NP.

9.5        NP and Healthy vs. Frail Immunity 

 When NP come in contact with a healthy body, the interaction with the cells and 
factors of innate immune system is immediate and can result in two different situa-
tions. If the NP are seen as harmless, there will be no reaction, and NP will be rap-
idly excreted through renal fi ltration. On the other hand, if NP are considered a 
danger, an infl ammatory defensive reaction will ensue (Murphy  2011 ). In a healthy 
subject, an infl ammatory reaction towards NP (as for the majority of particles and 
agents that we come daily in contact with) is not symptomatic and has no pathologi-
cal consequence. On the contrary, the innate/infl ammatory reaction is the normal 
defensive immune response, required to eliminate possible dangers and to subse-
quently re-establish tissue integrity. This, however, may not be the case in subjects 
with frail immunity. Disease and ageing are the most frequent causes of immuno-
logical frailty. Immunological immaturity, and consequent inadequate immune 

   Table 9.6    Immune reactions to NP   

 Reaction  Consequence 

 Complement activation  Tissue damage, intravascular coagulation, 
anaphylaxis 

 Opsonisation (with complement, 
immunoglobulins, or collectins) 

 Enhanced phagocytosis and destruction of NP 

 Macrophage activation  Infl ammation 
   Benefi cial (if controlled, e.g., adjuvanticity) 
   Detrimental (cytokine storm, acute/chronic 

infl ammation, autoimmunity) 

 Antibody response to haptens on NP 
surface (e.g. PEG) 

 “Carrier effect”, i.e., production of antibodies that 
neutralise/eliminate the hapten-carrying NP 
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reactivity, is typical in babies and very young children. Some diseases cause immu-
nosuppression, such as tumours and infections (e.g. HIV-1 infection), while others 
are characterised by immunostimulation, as in the case of  hypersensitivity   reactions 
(e.g. allergies) and chronic and degenerative infl ammatory diseases autoimmunity. 
In the case of ageing, the elderly immune system is generally characterised by a 
reduced frequency of naïve T cells and by increased memory T cells. The relative 
inability to recognise novel infections and generally less adequate capacity of react-
ing to them make the elderly population more susceptible to diseases (in particular 
respiratory illnesses) (El Solh and Ramadan  2006 ). 

 It is therefore possible that foreign agents such as NP, even when unable to trig-
ger a detrimental infl ammatory response in immunocompetent adult healthy people, 
may pose a risk in immunologically frail individuals. Thus, it is of particular impor-
tance that nanosafety studies target immunocompromised and immunologically 
frail people, as this group is more at risk of developing pathological consequences 
upon exposure to challenges (including NP) that are harmless in immunologically 
healthy individuals. 

 Despite this urgency, little is known at present about the interaction of NP with 
frail immunity. Among the few studies available, it has been shown that inhalation 
of high doses of SiO 2  NP caused more severe cardiopulmonary disorders in old rats 
as compared to young animals (Chen et al.  2008 ), while high doses of metal NP 
showed more pronounced neurotoxicity in very young or very old rats as compared 
to adult animals (Sharma et al.  2013 ). A very nice recent study has shown that SiO 2  
NP and CNT increase protein citrullination in vitro and in vivo, suggesting a pos-
sible contribution to pathogenesis of rheumatoid arthritis, in which autoantibodies 
to citrullinated self-protein are a hallmark (Mohamed et al.  2012 ).  

9.6     How to Assess Immuno-Nanosafety: Animal Models vs. 
In Vitro Models 

 Understanding the impact of NP on the immune system is rapidly developing as an 
important area in modern toxicology, considering the high impact of nanotechnology- 
based formulations for diagnostic and therapeutic applications and the generalised 
public concern for the possible risks posed by the nanomaterials present in a large 
number of consumers’ products. The goal of immunosafety studies is to identify 
potential concerns before a new drug or a new product is marketed (Fig.  9.2 ). In the 
case of NP, which have a particulate nature that facilitates their recognition by the 
innate immune system, it is particularly important to make sure that NP (in particular 
nanomedicines that are administered deliberately and in high doses to immunologi-
cally compromised patients) do not induce excessive immune/infl ammatory reac-
tions that may damage the body and cause pathologies. Assessing immuno-nanosafety 
requires reliable in vitro and in vivo tests/models, in which the immune mechanisms 
under scrutiny are the same as they occur in man, to avoid assessing effects that are 
not representative of human responses. In vivo models rely on the use of animal spe-
cies, either rodents (rat and mouse) or non-rodents (rabbit, pig, etc.), and provide a 
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series of information that cannot be obtained otherwise, in terms of pharmacokinet-
ics, pharmacodynamics, biodistribution, long-term effects, and most of all the devel-
opment of localised immune responses in the context of a specifi c tissue 
microenvironment. However, extrapolation of fi ndings from animal models to 
humans is sometimes challenging, due to some differences in immune responses and 
molecular pathway usage between mice and men (Seok et al.  2013 ). In vitro assays 
have the advantage of rapidity and robustness when using murine and human con-
tinuous cell lines with stable characteristics. The drawback is that these cell lines are 
mostly tumour derived or transformed; thus they may not refl ect the reactivity of 
normal primary cells. The great variability of published results describing the infl am-
matory or toxic effects of NP for a variety of cell lines in culture may in part depend 
on the poorly representative systems used. This issue has been recently reviewed 
(Oostingh et al.  2011 ).

   Here, we will focus on the correlation between in vitro tests and in vivo experi-
ments. It is important to mention that in vitro assays are prone to signifi cant interfer-
ence when NP are used. In fact, the majority of standard assays for cytotoxicity, cell 
proliferation, and cytokine production are based on optical or fl uorescent readouts 
(e.g. MTT-based tests and ELISA assays). The presence of NP in the assay may 
cause, depending on their specifi c optical properties, false-positive results. 
Interference or false-positive results may also arise from surfactants, capping agents, 
or synthesis by-products present in the NP preparation (e.g. Triton X-100, sodium 
citrate, cetyltrimethylammonium bromide) or from the NP catalytic properties and 
intrinsic fl uorescence. On the other hand, false-negative results may be caused by 
the capacity of NP to absorb assay-specifi c test substance (e.g. cytokines, LAL sub-
strate or enzyme) or to quench luminescence and fl uorescence. Thus, application of 
these assays for assessing NP effects requires a case-to-case validation, to make 
sure that those NP in that particular assay set-up do not interfere with the test read-
outs (Dobrovolskaia et al.  2009 ) or, if NP are eliminated by centrifugation before 
the test, to make sure that NP did not bind and subtract the factors to be measured. 

 With the precautions mentioned above (validation for reliability and predictabil-
ity of human responses), there is no doubt that in vitro screening of NP formulations 
allows for rapid, low-cost, time-saving, and high-throughput evaluation compared 
to in vivo models. For NP that are administered intravenously, for drug delivery, or 
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  Fig. 9.2    Experimental design fl ow for immuno-nanotoxicological studies. Several problems are 
encountered during the evaluation of the effects of NP on the human immune system, from accu-
rate NP characterisation, interference with assay components and readouts, and chemical or endo-
toxin contaminations to appropriate in vitro and in vivo tests. Considering and resolving these 
challenges is of great importance for the reliable assessment of NP immunosafety       
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for diagnostic imaging procedures, it is particularly important to examine haemato-
compatibility and possible  immunotoxicity  . The international recognised standard 
ISO 10993  guidelines   recommend the following in vitro tests to identify severe 
acute toxicities: haemolysis (to evaluate the effects on erythrocytes), anaphylaxis 
(to evaluate the activation of complement system), and thrombogenicity (to evaluate 
the effects on platelets and the induction blood clotting). Recently, other markers for 
NP acute toxicities have been included, i.e. phagocytosis, pyrogenicity, cytokine 
production, and leukocyte/lymphocyte proliferation. For these measures, different 
murine and human monocytic cell lines are commonly used, such as RAW264.7 
(murine macrophages), U937 (human monocyte-macrophage cell line), THP-1 
(human monocytic cell line), and human primary cells such as peripheral blood 
mononuclear cells (PBMC), monocytes, and macrophages. Innate and adaptive 
immune responses often work together to induce an effi cient protection against for-
eign intrusions, and only in vivo experiments allow considering the complex molec-
ular and cellular network that link the two. Since the aim of in vitro test is to evaluate 
the NP formulations that can be toxic in vivo, thus one of the major challenges in 
the in vitro testing of NP immunotoxicity is understanding in vitro assay predict-
ability of corresponding immunotoxicities in vivo. Dobrovolskaia and McNeil 
reviewed the literature comparing performance of in vitro and in vivo immunotoxic-
ity tests in order to establish assays with “good or fair” in vitro-in vivo correlation 
(Dobrovolskaia and McNeil  2013 ). They claim that in vitro assays for haemolysis, 
complement activation, opsonisation and phagocytosis, and cytokine production are 
among the best predictive in vitro tests (performed principally on mononuclear 
phagocytes) of NP in vivo toxicities (performed on rabbits, dogs, and rats). Three 
points arise from the studies examined by Dobrovolskaia and McNeil to assess 
immuno-nanotoxicity: (1) the importance of the animal models chosen, (2) the 
importance of cytokine production test in vitro prior to in vivo testing, and (3) the 
use of the in vitro phagocytosis test for predicting in vivo capture of NP by 
the mononuclear phagocyte system (MPS). For example, different animal species 
have different complement-mediated  hypersensitivity   reaction to complement-acti-
vating substances, with pigs and dogs responding more similarly to man than rats 
(Szebeni et al.  2007 ). There are examples in which in vitro screening of NP-induced 
cytokine response correlates well with in vivo cytokine induction and that empha-
sised the importance of the cytokine test in vitro prior to testing nanomaterials 
in vivo (Moyano et al.  2012 ). Two nanoformulations of metal oxide NP with identi-
cal cores and different surface chemistries were tested in vivo in rats and rabbits and 
in vitro using primary human PBMC. Only one formulation caused cytokine pro-
duction and infl ammation in animals and induced infl ammatory cytokines in vitro in 
human PBMC. It should be emphasised, however, that cytokine production repre-
sents a reaction to NP, and it does not necessarily imply a pathological consequence, 
unless the reaction is exaggerated and persistent. Moreover, it is known that in vitro 
NP phagocytosis correlates with in vivo particle retention by the MPS (Caron et al. 
 2012 ). For example, in vitro NP phagocytosis by RAW264.7 murine macrophages 
was shown to correlate with the accumulation of polymeric NP in the spleens and 
livers of rats in an in vivo biodistribution study (Gaucher et al.  2009 ). Likewise, 
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in vitro phagocytosis of cross-linked albumin nanospheres by human U937 
monocyte- like tumour cells and by murine peritoneal macrophages correlated with 
liver uptake in rats (Roser et al.  1998 ). NP entrapment in murine spleen was pre-
dicted in an in vitro spleen tissue culture model (Demoy et al.  1999 ). All these stud-
ies prove that the in vitro phagocytosis assay is robust (it works with primary cells 
or cell lines, of human or mouse origin) and predictive of in vivo capture by the 
MPS. This fi nding however cannot be generalised. In assessing differential uptake 
of polystyrene functionalised NP, it has been shown that macrophage-like cell lines 
do not reproduce the activity of primary macrophages (Lunov et al.  2011 ). This sug-
gests that each assay should be individually validated, before cell lines or animals 
can be used for predicting human reactivity.  

9.7     The “Ecological Immunity”: Nanoparticles 
as Environmental Stressors (Damage vs. 
Evolutionary Shaping) 

 It is worth considering that the immune system of the environmental species is a key 
target of toxic compounds and that, similarly to what we have described for human 
health effects, the integrity of environmental immune responses is central to the 
well-being of environmental species. Thus, environmental nanosafety studies must 
consider the effects of NP of the immune responses of environmental species as a 
major element in risk assessment. 

 The immune system of invertebrates presents two advantages to the researcher: 
conservation of the fundamental mechanisms of the innate immune response, with 
high defensive value (Kvell et al.  2007 ), and adaptation to a wide range of physi-
cal, chemical, and biological molecules as they are widespread in all types of 
environment. Invertebrates are the most abundant animal species, widespread in 
every type of the environment and exposed to a wide range of chemical and bio-
logical attacks. Thus, invertebrate immunity provides an ideal model system for 
investigating the host survival in different habitats and the  evolution   of immune 
defence to cope with both natural and anthropogenic stressors (Cooper  2010 ; 
Chang  2009 ), including environmental contamination with NP. The “ecological 
immunity” is an expanding fi eld that examines the impact of environmental stress-
ors on the immune reaction and how these stresses act to create and maintain dif-
ferent immune functions in the context of evolution and ecology (Söderäll  2010 ). 
NP can be considered as a new kind of stressor molecules present in the environ-
ment, which may be able to contribute to the evolutionary shaping of the immune 
system, besides their immediate capacity to come in contact with the immune 
system of environmental species, and possibly inducing detrimental responses. 
Based on their number and species diversity, their role in different habitats, and 
their potential to transfer NP through food chains, invertebrates are excellent 
organisms for assessing the environmental impact of NP as well as for directly 
testing nanotoxicity (Marsh and May  2012 ). The impact of NP on the invertebrate 
immune functions is still poorly investigated, and most of the available data have 
been generated in bivalve  molluscs   (Mollusca, Lophotrochozoa) and earthworms 
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(Lumbricidae, Oligochaeta, Annelida). Both are good models that can allow us to 
investigate NP effects in two different environments, i.e. the marine environment 
and the earth environment. 

 Bivalves are widespread in freshwater, estuarine, and coastal environment, where 
they function as sentinel organisms to evaluate the biological impact of aggregated/
agglomerated NP (as they are expected to be accumulated in these areas). The 
marine mussel  Mytilus  is the invertebrate species so far most used for assessing 
the NP effects on immune cells and responses in vitro and in vivo (Barmo et al. 
 2013 ; Ciacci et al.  2012 ; Canesi et al.  2012 ). While it is impossible to generalise 
the reaction of  Mytilus  haemocytes to NP, it can be said that stimulation of several 
immune functions can be observed (e.g. stimulation of oxidative burst and NO pro-
duction, increased transcription of antimicrobial peptides, changes in total haemo-
cyte counts), but no direct cytotoxicity. 

 Due to their permanent contact with soil, earthworms are widely used in standard 
toxicity tests for studies of soil pollution, including nanopollution. Exposure to NP 
may have different effects on the earthworm immune responses, these being mainly 
represented by  stress   reactions (e.g. oxidative stress; Whitfi eld Aslund et al.  2012 ) 
that can bring about reduced growth and reproduction and also mortality (Li et al. 
 2011 ; El-Temsah and Joner  2012 ; Unrine et al.  2010 ). 

 The use of invertebrate immunity as a nanocontamination  biomonitoring   tool is 
very promising. Given the impressive similarities between the innate immune 
mechanisms of invertebrates and vertebrates (including man), it is also tempting to 
speculate that these models may be exploited for predicting effects on human health.  

9.8     Conclusions 

 The immune system, responsible for maintaining the body’s physical and functional 
integrity against detrimental agents, is the fi rst system coming in contact with engi-
neered NP that enter the human body. The immune reaction to NP is dictated by the 
circumstances in which this interaction occurs, but it generally results in recognition 
and elimination of those NP that were not already excreted. Nanomedicines that 
need to persist long in the organism must be engineered in a way that decreases 
immune recognition of their surface and consequent elimination. In addition, they 
should avoid triggering  innate immunity  , in particular the complement system and 
subsequent infl ammation, to avoid causing serious tissue and organ damage. On the 
other hand, nanovaccines that must specifi cally target immune cells should have 
different surface characteristics, since they need to be effi ciently taken up by phago-
cytes and stimulate a local immune/infl ammatory reaction. 

 Assessing the immune response of invertebrates to NP has a double advantage, 
evaluating the nanorisk for the environment and predicting human health-related 
effects, since invertebrate and human  innate immunity  /infl ammation share many 
common features.     
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10.1           Introduction 

 The German reunifi cation gave the unique opportunity to investigate the development 
of allergies in two population groups with similar genetic background but a different 
environment. Therefore, shortly after 1989 fi rst epidemiological comparison studies 
between East and West Germany were planned. At that time most scientists assumed 
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that the risk factors for the development of allergies would be more or less identical to 
those already known for airway diseases such as bronchitis: Traditional outdoor  air 
pollution  , i.e., sulfur dioxide (SO 2 ) and particles from coal burning, or unfavorable 
indoor factors like single room heating or crowding all would induce more allergies. 
Because it was known that the concentration of air pollution was higher in East 
Germany than in West Germany and also unfavorable  indoor conditions   were more 
prevalent in East Germany, it was anticipated that (1) the prevalence of allergies would 
be higher in East than in West Germany, (2) allergies in East Germany would decrease 
after the reunifi cation due to decreasing outdoor air pollution, and (3) the change to 
more favorable indoor conditions in East Germany would lead to fewer allergies. 
However, surprisingly all three expectations did not come true. In the following chap-
ters we will describe these three surprising results in more detail. The results were 
driving forces for a change in the paradigms of  allergy   research.  

10.2     The First Surprising Result: Prevalence of Allergies in 
East and West Germany 

 The fi rst surprise when comparing  allergy   data between West and East Germany 
was that the prevalence of allergies was higher in West Germany than in East 
Germany. This contradicted the expectations, which had assumed the same pattern 
of differences for allergies as those observed for “classical” airway diseases like 
 bronchitis  . Today (in 2015) most people assume that all allergic manifestations, 
 asthma  , hay fever, eczema, and allergic sensitization to pollen or mites, had been 
more prevalent in West than in East Germany and that these differences are no lon-
ger visible. This, however, is not true. Therefore, in this paragraph, we will describe 
the extent of these differences in allergy prevalence for different allergic manifesta-
tions from reunifi cation until today. Allergy differences can be derived from 14 
different West/East German comparison studies which have been conducted since 
1989 and were recently summarized (Krämer et al.  2015 ). Most of these studies 
only compared the result of one place in East Germany with one place in West 
Germany and cannot be considered representative. Six studies, three in  children   and 
adolescents and three in adults, followed a different design, and their design is very 
shortly summarized below: 

  SAWO1 and SAWO2     ( S chul a nfängerstudie in  W est und  O stdeutschland) Study 
on school beginners in East and West Germany. Between 1991 and 2000, 6-year-old 
children from 4 areas in East Germany participated in annual investigations. Every 
third year, a parallel investigation was performed in 4 areas of West Germany. 
31,903 children were included. SAWO1 summarizes the data for children born 
before the reunifi cation and SAWO2 for those children born after reunifi cation 
(Krämer et al.  1999 ,  2010 ).  

  KiGGS     German Health Interview and Examination Survey for Children and 
Adolescents. A German representative study including data about allergies in 0–17-year-
old children and adolescents was conducted between 2003 and 2006. In East Germany, 
5,900 persons participated and 11,741 in West Germany (Schlaud et al.  2007 ).  
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  OW1     First representative federal health survey in adults including data from 2617 
East Germans and 5313 West Germans, which was conducted between 1990 and 
1992 (Hermann-Kunz  1999 ).  

  BGS98     Representative federal health survey in adults from 1997 to 1999 with 
2419 East German and 4705 West German participants (Hermann-Kunz  2000 ).  

  DEGS1     The fi rst German Health Interview and Examination Survey, a federal 
health survey in adults which was conducted between 2008 and 2011 with 2520 
participants from East and 5468 from West Germany (Haftenberger et al.  2013 ; 
Langen et al.  2013 ).  

 Table  10.1  demonstrates the prevalence of different allergic manifestations 
(doctor- diagnosed  asthma  , hay fever, and eczema as well as allergic sensitization to 
birch pollen, grass pollen, and house dust mites) as observed in these six studies.

   Table  10.2  depicts the prevalence ratios of West/East for these allergic manifesta-
tions. A ratio above one indicates a higher prevalence in West than in East Germany, 
which is signifi cant if the 95 % confi dence interval does not include the one.

   As can be seen in Table  10.2 ,  hay fever   and birch pollen sensitization most 
clearly demonstrate higher prevalence in West than in East at the time of the German 
reunifi cation with fast convergence after that time in children studies. In adult popu-
lations however, the West/East difference in prevalence can be seen until today. The 
differences for  asthma   and house dust mite sensitization at the time of the German 
reunifi cation were smaller than those observed for hay fever and birch pollen sensi-
tization. However, the differences prevailed for a longer time. The adult studies also 
show a steeply increasing trend in the prevalence of doctor-diagnosed asthma in 

   Table 10.1    Allergic manifestations in Germany: Prevalence from six West/East German studies   

 Study 
 Age of 

participants 
 Year of 
study 

 Ever doctor diagnosed 
 Specifi c  IgE   sensitization 
(>0.35 kU/l) to 

 Asthma 
 Hay 
fever  Eczema 

 Birch 
pollen 

 Grass 
pollen 

 House 
dust 
mite 

 SAWO1  6  1991–
1995 
yearly 

 2.0  1.6  14.0  2.0 a   11.6  10.9 

 SAWO2  6  1996–
2000 
yearly 

 2.7  3.2  17.9  3.1 a   11.4  12.0 

 KiGGS  0–17  2003–
2006 

 4.7  10.2  12.7  14.0  22.8  21.1 

 OW1  25–69  1990–
1992 

 2.0  9.2  –  –  –  – 

 BGS98  18–79  1997–
1999 

 5.6  15.1  3.3  –  –  – 

 DEGS1  18–79  2008–
2011 

 8.7  15.6  3.7  17.6  18.4  15.9 

   a Specifi c  IgE   >3.5 kU/l  
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both parts of Germany. Eczema however showed the opposite pattern of differences 
and trends in children studies than those observed for hay fever and birch pollen 
sensitization. At the time of the German reunifi cation, the prevalence of eczema was 
higher in East than in West, and this difference diminished. 

 More distinct differences in hay fever and pollen sensitization than those 
described here were reported between Leipzig (East Germany) and Munich (West 
Germany) (von Mutius et al.  1994 ). Munich however is not representative for West 
Germany and Leipzig not for East Germany. However, Munich might be a better 
example for an affl uent westernized region than the rest of West Germany. 

 In all West/East German comparison studies, differences in reactivity occurred: Hay 
fever and birch pollen sensitization were the most sensitive markers associated with 
“ western lifestyle  .” Such differences have also been reported in other contexts. Studies 
dealing with allergies in a  farm   environment (Riedler et al.  2000 ) or comparing aller-
gies between West and East Karelia (Vartiainen et al.  2002 ) also found the most marked 
effects on hay fever and birch pollen sensitization. The effects on eczema and sensitiza-
tions to house dust mites were less marked or even the opposite. Thus, the individual 
allergic manifestations apparently have different sets of environmental triggers. 

 The given data already demonstrate the importance of infl uences in early child-
hood. In the KiGGS study, where children and adolescents were investigated, who 
all have been born after the German reunifi cation, no West/East German difference 
emerged anymore. However, in all adult studies, even in the newest ones, all partici-
pating individuals were born before the reunifi cation and the  allergy   differences 
prevail. 

 Since hay fever showed the clearest West > East pattern and the clearest trend, 
Fig.  10.1  summarizes the observations on hay fever made in SAWO in an annual 
resolution. In the next paragraph we will describe outdoor  air pollution   in East and 
West Germany during the fi rst 10 years after reunifi cation. We will see whether the 
pattern of outdoor air pollution can be responsible for the induction of the pattern of 
hay fever development as shown in Fig.  10.1 .

    Table 10.2    West/East German  allergy   differences: Prevalence ratios West/East and 95 % confi -
dence intervals   

 Study  Ever doctor diagnosed  Specifi c  IgE   sensitization 

 Asthma  Hay fever  Eczema  Birch pollen  Grass pollen 
 House dust 
mite 

 SAWO1  1.4 
(1.1–1.7) 

 1.9 
(1.5–2.4) 

 0.8 
(0.7–0.9) 

 3.0 
(1.9–4.8) 

 0.9 
(0.8–1.1) 

 1.3 
(1.1–1.5) 

 SAWO2  1.3 
(1.0–1.6) 

 1.0 
(0.8–1.2) 

 0.9 
(0.9–1.0) 

 1.3 
(0.8–2.1) 

 0.9 
(0.7–1.1) 

 1.3 
(1.0–1.6) 

 KiGGS  0.9 
(0.8–1.1) 

 0.9 
(0.8–1.0) 

 1.0 
(0.9–1.0) 

 0.9 
(0.9–1.0) 

 1.0 
(1.0–1.1) 

 1.0 
(1.0–1.1) 

 OW1  1.2 
(0.8–1.8) 

 1.7 
(1.4–2.1) 

 –  –  –  – 

 BGS98  1.5 
(1.2–1.9) 

 1.5 
(1.3–1.7) 

 1.3 
(1.0–1.8) 

 –  –  – 

 DEGS1  1.2 
(1.0–1.4) 

 1.2 
(1.0–1.3) 

 1.2 
(0.9–1.5) 

 1.1 
(1.0–1.2) 

 1.1 
(1.0–1.2) 

 1.3 
(1.1–1.4) 
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10.3        The Second Surprising Result: The Role of Outdoor Air 
Pollution 

10.3.1     Outdoor  Air Pollution   in East and West Germany 
(1989–2000) 

 During the time of the German reunifi cation, outdoor air in East Germany was 
highly polluted with the “classical” type of pollution dominated by particles and 
sulfur dioxide (SO 2 ), which was generated by coal combustion from heating of pri-
vate homes and industry (Fig.  10.2 ). Concentration of SO 2  in outdoor air in East 
German industrialized areas (Leipzig/Halle) was 10 times higher than in West 
German industrialized areas (Ruhr area) and 15 times higher than in nonindustrial-
ized areas. Particle pollution in East was 1.5–2 times higher than in the West. Total 
suspended particles (TSP) and SO 2  concentrations in outdoor air decreased mainly 
in East Germany; however, a slight decrease was also found in West Germany. 
Already in 1994, annual TSP levels were similar in East and West. Differences in 
SO 2  between East and West Germany and the decrease of SO 2  in East Germany 
were much stronger than for TSP. Since 1997, annual SO 2  levels were similar in 
East and West.

   The pattern of  traffi c  -related pollution however was different from the just 
described pattern in the “traditional” pollutants TSP and SO 2 . In East Germany, 
the number of automobiles quickly increased in the fi rst 10 years after reunifi ca-
tion: In Saxony (East Germany) from 1.2 to 2.1 million (Statistisches Landesamt 
des Freistaates Sachsen 2000), in Saxony-Anhalt (East Germany) from 0.8 to 1.2 
million (Landesamt für Umweltschutz Sachsen-Anhalt 2004), but in North 

  Fig. 10.1    Prevalence of hay fever in 6-year-old children as ever diagnosed by a physician (Results 
from SAWO 1991–2000)       
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a

b

  Fig. 10.2    Air pollution in East and West Germany between 1991 and 2000. Air pollution in East 
(=  blue ) German study areas (Leipzig, Halle, Magdeburg, and Altmark) as well as in West (= green ) 
German study areas (Duisburg and Borken) between 1991 and 2000. Air pollution measurements 
were done by the regional authorities. Total suspended particles (TSP) were sampled with a low 
volume sampler and concentrations determined by a radiometric technique (β-ray absorption mon-
itor). Sulfur dioxide (SO 2 ) concentrations were determined by a UV fl uorescence method. 
Arithmetic means of the values gained at the monitoring station(s) (one to three) in the areas during 
the 2 years preceding the investigation are presented       

Rhine- Westphalia (West Germany) only from eight to nine million (Ministerium 
für Verkehr, Energie und Landesplanung des Landes Nordrhein-Westfalen 2004). 
The number of cars per 1000 inhabitants changed in East Germany from 245 to 
488 between the years 1989 and 1997, resulting in a number nearly equal to that 
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found in West Germany (517). Due to propagation of catalytic converters, particu-
late matter (PM) and nitrogen oxide (NO x ) emissions from traffi c-related sources 
in East Germany did not increase proportionally to the increase in automobile 
numbers, but peaked in 1993 (particulate matter, PM) and 1995 (NO x ) (Landesamt 
für Umwelt und Geologie, Freistaat Sachsen 1997). The relative contribution of 
traffi c-related sources to all emissions increased between 1989 and 1997 for PM 
from 2 to 22 % and for NO x  from 30 to 48 %. A measurement station with traffi c 
exposure in Leipzig, one of our study areas, showed a steady increase of NO 2  
annual means between 39 μg/m 3  in 1991 and 53 μg/m 3  in 1996 (Landesamt für 
Umwelt und Geologie 1997). The number concentration of ultrafi ne particles 
(0.01–0.02 μm diameter) in East Germany increased after 1991 despite decreasing 
TSP concentrations and decreasing concentrations of fi ne particulate matter 
(PM 2.5 ) (Ebelt et al.  2001 ; Kreyling et al.  2003 ).  Ultrafi ne particles   from automo-
bile emissions vary on a small spatial scale; they disappear exponentially with the 
distance from a major road and reach background levels at a distance of 300 m 
(Zhu et al.  2002 ). Similar effects can be observed for other traffi c-related air pol-
lutants. In East Germany, overall background TSP concentrations decreased, 
whereas concentrations of certain traffi c-related substances near roads with heavy 
traffi c actually increased. 

 In SAWO no direct measurements of traffi c-related pollution were available. 
Instead parents were asked (standardized questionnaire) “How far away is your 
address (beeline) from a busy street (rush hour traffi c/ through traffi c),” and answer 
categories were predefi ned as “less than fi fty meter” and “more than fi fty meter.” 
This information was used to defi ne two categories (high and low) of traffi c expo-
sure. Parent’s judgment about distance to a busy street was shown to highly corre-
late with objective measure of traffi c density in the subsample of children in West 
Germany 2000, where geo-coded residential addresses and data of traffi c density 
were available (Sugiri et al.  2006 ).  

10.3.2     Effects of Outdoor  Air Pollution   on Allergic Manifestations 
in East and West Germany 

 When initiating the West/East German studies to compare the prevalence of airway 
diseases and allergies in population groups from East and West German areas, it 
was anticipated that prevalence would be higher in the Eastern areas. This came true 
for bronchitis, tonsillitis, number of colds, and parameters of lung function as total 
lung capacity (Krämer et al.  1999 ; Sugiri et al.  2006 ). This however was neither true 
for bronchial  asthma   nor hay fever or allergic sensitization. Surprisingly in the West 
German study areas, the prevalence was higher. Likewise the improvement of air 
quality in East Germany after the reunifi cation leads to decreases in respiratory 
diseases and improvement in lung function (Sugiri et al.  2006 ); however, bronchial 
asthma, hay fever, and allergic sensitization tended to increase in East Germany 
(Krämer et al.  2010 ). When comparing Fig.  10.1  with Fig.  10.2 , it is apparent that 
TSP and SO 2  pollution in outdoor air are no major factors to drive  allergy   differ-
ences between East and West Germany or the increasing trend of  hay fever   in East 
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Germany. This was the second surprising result of the data gained after the German 
reunifi cation. 

 The possible conclusion, however, that outdoor pollution is not associated with 
allergies at all is not correct. In spite of generally higher prevalence of  asthma   in 
West Germany, a comparison of differently polluted areas in East Germany from 
1991 to 1995 (Krämer et al.  1999 ) showed that bronchial asthma was associated 
with SO 2  pollution (adjusted odds ratio per 200 (!) μg/m 3  SO 2 : 2.46 95 % confi dence 
interval: 1.18–5.15). Likewise another cross-sectional comparison in East German 
children showed higher lifetime prevalence of asthma in the industrialized Bitterfeld 
region compared to the not industrialized Zerbst region. These results from East 
Germany demonstrate that the risk factors for asthma and nonallergic airway dis-
eases partly overlap. An association with hay fever or allergic sensitization could 
not be demonstrated. The Bitterfeld study showed that allergies and allergic sensiti-
zations were highest in the  mining   region of Hettstedt, with its high lead and cad-
mium content in dust (Heinrich et al.  1999 ). This hints at a special importance of 
metals for the induction of allergic diseases. However, on an individual scale (cad-
mium in urine), this type of pollution could not be associated with more sensitiza-
tion (Ritz et al.  1998 ). Additionally the internal body burden with lead and cadmium 
was lower in West than in East German areas (Begerow et al.  1994 ). Therefore, the 
role of metals in the induction of allergies could not be solved in the West/East 
comparison studies. 

 Contrary to SO 2  and TSP pollution, small-scale traffi c-related pollution was 
higher in West Germany in 1989 and increased in East Germany since that time. 
Traffi c-related pollution might therefore be a candidate to explain  allergy   differ-
ences as well as different allergy trends. In SAWO the effect of living near a major 
road on hay fever diagnosis and attacks of sneezing in East Germany was 50 % 
stronger after 1995 than between 1991 and 1995 (Krämer et al.  2010 ) and explained 
a small portion of the rising trend observed in East Germany. This effect was stron-
ger for a symptom often related to hay fever: sneezing attacks without a cold. Just 
after the reunifi cation, this symptom occurred most often in the industrialized towns. 
Children living near a major road had only slightly higher prevalence. Over time 
there was a steep increase in prevalence of sneezing attacks in children living near 
major roads. The increase for children not living near major roads was not signifi -
cant. Fig.  10.3  summarizes the results gained. A similar effect for allergic sensitiza-
tions could not be observed.

   Until today (2015) epidemiological studies on the effects of traffi c- related pollu-
tion on allergic sensitizations show no consistent associations (Gruzieva et al.  2014 ). 
Traffi c-related pollution might partly explain an increase in hay fever and hay fever 
symptoms in East Germany but is probably not the causal factor for the increase in 
allergic sensitization and  asthma  . Other factors have to be considered which are 
more important to drive trends in allergies. In the next paragraph, we will shortly 
summarize factors which have been identifi ed in the context of SAWO to drive 
trends and—maybe still more important—factors which were thought to be impor-
tant when the study began but were irrelevant in explaining the rising trends (Krämer 
et al.  2010 ), the third surprising result.   
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10.4     The Third Surprising Result: Associations with Indoor 
Factors and Other Potential Risk Factors 

10.4.1     Pollen Exposure 

  Exposure with Pollen     Exposure is a necessary determinant for the development of 
an allergic sensitization against pollen. Due to the climatic conditions in Germany, 
there is a gradient from southwest (warmer winters) to northeast (colder winters) in 
the start of pollen seasons and even a temporal trend toward earlier pollination due 
to climate change (Krämer et al.  2001 ); however, these trends cannot explain the 
special patterns observed in Germany after reunifi cation. The only exception is the 
exposure to mugwort pollen, which is higher in the more continental climate of East 
Germany and might explain the higher sensitization to mugwort pollen in East 
Germany, which is visible until today (Krämer et al.  2015 ).   

10.4.2     Indoor Factors 

  Carpets     Rooms with carpets showed higher mite allergen levels (van Strien et al. 
 1994 ). Therefore, it was anticipated that the increase in wall to wall carpeting in 
East Germany after reunifi cation might be the reason for the increase in allergies. In 
SAWO, however, reverse causation was identifi ed. Families with allergies removed 
the carpets; thus, a fi ctitiously protective effect of carpeting was introduced.  

  Fig. 10.3    Attacks of sneezing in 6-year-old children from urban and rural areas in East Germany 
living more or less than 50 m from a major street with heavy traffi c (SAWO)       
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  Duvets     Use of synthetic beddings increased the risk to have perennial  rhinitis   
(Frosh et al.  1999 ). Therefore, the replacement of feather beddings in East Germany 
after the reunifi cation was thought to cause the increase in allergies. However, again 
only reverse causation was identifi ed. Families with allergies primarily removed the 
feather beddings.  

  Smoking     Environmental tobacco smoke is a risk factor for  asthma   in children 
(Strachan and Cook  1998 ). However, inclusion of passive smoking into the statisti-
cal evaluation models did not explain the development of asthma in both parts of 
Germany. Doctor diagnoses of asthma increased, whereas passive smoking 
decreased.  

   Pets       There is confl icting evidence whether when and what pet is benefi cial or bad 
(Lødrup Carlsen et al.  2012 ). After the reunifi cation, there was a strong increase of 
pets in families in East Germany (exception birds). However, we found a protective 
infl uence of dogs; therefore, the increase in dogs could not explain the increase in 
allergies (Apfelbacher et al.  2010 ).  

  Single Room Heating with Fossil Fuels     This is a known risk factor for respira-
tory diseases (Kodgule and Salvi  2012 ); however, a couple of studies show a ben-
efi cial effect of single room heating on  allergy   development (Nowak et al.  1996 ; 
Duhme et al.  1998 ; von Mutius et al.  1998 ). Single room heating was less preva-
lent in West Germany than in East Germany during the time of reunifi cation. It 
steeply decreased in East Germany after reunifi cation. Inclusion of single room 
heating in the statistical evaluation model explained a considerable part of the 
pattern of hay fever and sensitization development in SAWO. The loss of single 
room heating is associated with an increase in allergies on an individual scale. 
However, the fi nal cause of this association is still unclear. Single room heating 
causes much higher temperature gradients between rooms than central heating. 
Whether that effect causes a positive stimulation of the immune system has not 
been investigated so far.  

  Exposure with House Dust Mites     Exposure with house dust mites is a necessary 
determinant for house dust mite sensitization. If investigated at all, a higher expo-
sure in West German households was found than in East German households 
(Gehring et al.  2001 ; Oppermann et al.  2001 ). This is probably due to the climatic 
differences between East (less humid) and West Germany (humid). Exposure mea-
surements for all investigated children were not available, but these differences in 
exposure might have caused differences in sensitization.  

   Endotoxin       Endotoxin is a known risk factor for airway diseases, but high exposure 
was shown to be associated with less allergies (Braun-Fahrländer et al.  2002 ). This 
effect is consistent with the hygiene hypotheses. Exposure with endotoxin, however, 
was not consistently higher in East than in West Germany. In Hamburg (West), for 
instance, it was higher than in Erfurt (East) (Bischof et al.  2002 ). Therefore, this 
exposure is no explanation for the West/East German patterns in allergies.   
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10.4.3     Early Childhood Influences 

  Preterm Birth     Children born preterm  wheeze   more often during childhood (Gold 
et al.  1999 ) but have less sensitizations (Siltanen et al.  2001 ). There was a decrease 
of preterm births in both parts of Germany. This factor was no explanation for the 
 allergy   pattern observed.  

  Birthweight     High  birthweight   was associated with more eczema (Tedner et al. 
 2012 ). Birthweight increased in both parts of Germany during the investigation 
period, but the point prevalence of eczema in the 6 years old decreased.  

  Age of Mother at Birth     It was hypothesized that the increase in allergies might be 
related to the age of mothers (Ring et al.  2001 ). There was a steep increase of mater-
nal age at birth in both parts of Germany and steeper so in East Germany. Age of 
mother, however, did not explain any of the patterns of allergies in East and West 
Germany, when included in the statistical evaluation model.  

   Breast Feeding       There was a publication apparently demonstrating a positive asso-
ciation between breast feeding and allergies (Sears et al.  2002 ); however, this is 
much debated. Breast feeding increased in both parts of Germany in a similar fash-
ion and was no explanation for the increase in allergies. Hints for a reverse causa-
tion were also found in SAWO: Mothers with a predisposition for allergies tended 
to breast fed their child longer.  

  One-Child Family     It is well known that siblings, and especially older ones, pro-
tect from allergies (Karmaus and Botezan  2002 ). We observed a steep increase of 
one-child families in East Germany but not in West Germany. This was associated 
with less crowding and partly explained the observed trends, when included in the 
statistical evaluation.  

  Day Care Centers     Day care was much less prevalent in West Germany than in 
East Germany throughout the observation period. On an individual scale, day care 
did not explain the observed pattern of allergies. Day care visits, however, explained 
higher prevalence of eczema in children (contrary to the expectations of the  hygiene 
hypothesis  ). When included in the statistical evaluation models, the differences in 
day care visits totally explained the higher prevalence of eczema in East Germany 
when compared to West Germany (Cramer et al.  2011 ).  

  Worm Infection     Parasitic infection protects from allergies (Perzanowski et al. 
 2002 ). There were less worm infections in West than in East Germany and a steep 
decrease in East Germany. On an individual scale, this explains the decrease in total 
 IgE   but not the increase in allergies.  

  Vaccination     Vaccination might lead to allergies by preventing infectious diseases 
(never proven). There was a higher vaccination coverage in East Germany at the 
time of the German reunifi cation, and only protective effects of vaccination were 
proven (Grüber et al.  2002 ; Ring et al.  2004 ).  
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10.4.4      Other Factors 

  Nutrition     Nutrition was seldom investigated in the frame of East/West comparison 
studies. Margarine consumption was associated with more allergies (Sausenthaler et al. 
 2006 ; von Mutius et al.  1998 ). Whether that can explain the observed trends is unclear.  

  Weight     Increase in  asthma   might be due to an increase in overweight (Wickens 
et al.  2005 ). Increase in overweight, however, was equally pronounced in both parts 
of Germany; the different trends cannot be explained (Apfelbacher et al.  2008a ,  b ).  

  Genetics     Genetic  susceptibility   clearly differs between individuals. This factor 
was not investigated in detail; most studies assumed similarity between East and 
West. Genetic changes, however, in such a short time and restricted to a geographic 
subarea do not seem plausible.  

  Awareness     Diagnostic habits may change over time. A recent meta-analysis of 
European birth cohort studies demonstrates that the discrepancy between wheeze in 
the last year (symptom of  asthma  ) and doctor diagnosis of asthma in the last year is 
most pronounced in the German birth cohorts. The diagnosis is expressed much less 
often than would be indicated by the symptom (Mölter et al.  2015 ). The same con-
cern is also expressed by Ellsäßer (Ellsäßer and Diepgen  2002 ), when refl ecting 
about the rising trend of asthma diagnoses in Brandenburg (East Germany). The 
increase in doctor-diagnosed asthma seen in the adult studies might be due to a shift 
in diagnostic habits of physicians in Germany.     

  Fig. 10.4    Development of allergies in East and West Germany between 1991 and 2000 and the 
infl uence of traffi c-related and industrial pollution; explanations of West–East differences and 
trends by risk factors investigated in SAWO are also indicated       
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10.5     Summary and Conclusion 

 Figure  10.4  summarizes the surprising results about the development of allergies in 
the fi rst 10 years after reunifi cation gained in children studies: The prevalence of 
allergies, especially of hay fever and birch pollen sensitization, was higher in West 
than in East Germany shortly after the reunifi cation. Then there was a small infl u-
ence of industrial pollution on  asthma  . Traffi c pollution gained infl uence after 
1995 especially for hay fever symptoms. Unexpectedly unfavorable  indoor condi-
tions   like single room heating and crowding were associated with less hay fever 
and pollen sensitization and partly explained the observed trends in  allergy   
development. 

 The results gained in the East–West comparison studies were driving forces for a 
change in the paradigms of  allergy   research. Up to the beginning of the 1990, focus 
of that research was the identifi cation of risk factors for the development of allergies. 
Since then the focus changed to the identifi cation of protective factors, which might 
prevent the development of allergies. Early microbial stimulation ( hygiene hypothe-
sis  ), in SAWO, for instance, the existence of siblings, is one of the factors identifi ed 
as protective, and the increasing absence of siblings in East Germany is partly driv-
ing the increasing trend of hay fever and allergic sensitization.     
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11.1           Introduction 

 Type 2 diabetes accounts for more than 90 % of all diabetes cases worldwide and 
is characterised by insulin resistance (i.e. reduced action of insulin) and beta-cell 
dysfunction (i.e. insuffi cient release of insulin to regulate blood glucose levels) 
(IDF  2013 ; Tabák et al.  2012 ; Kahn et al.  2014 ). The International Diabetes 
Federation (IDF) estimated that in 2013, 382 million adults between 20 and 79 
years had diabetes. This number has been projected to rise by 55 % to 592 million 
by 2035 with the highest increases in low- and middle-income countries (IDF 
 2013 ). The rise in the cases of diabetes along with its chronic complications (e.g. 
cardiovascular diseases, kidney disease, retinopathy, polyneuropathy, cognitive 
decline) will be challenging, not only at the individual level but also because of the 
economic burden to health services and societies as a whole (Tamayo et al.  2014b ). 
The precise mechanisms why people develop diabetes are not completely under-
stood, but several important factors are consistently related to the risk of type 2 
diabetes. Advancing age, ethnicity and genetic predisposition are not modifi able, 
whereas  obesity  , hypercaloric  diet  , physical inactivity and smoking represent mod-
ifi able risk factors and thus potential targets for prevention (Chen et al.  2012b ; 
Tamayo et al.  2014b ). 

 It is interesting to note that the burden of individually modifi able risk factors 
increased in many countries during the last decades. However, currently known risk 
factors are not able to predict the individual diabetes risk with suffi ciently high 
precision (Herder et al.  2014 ) and explain only partially the growth in diabetes inci-
dence and prevalence that parallels industrialisation and urbanisation in many coun-
tries (Chen et al.  2012b ). A range of recent studies provided evidence for the impact 
of  psychosocial factors   (Pouwer et al.  2010 ; Stringhini et al.  2013 ), exposures to 
environmental toxins mainly in air and water (Hectors et al.  2011 ) and infectious 
diseases (Echouffo-Tcheugui and Dagogo-Jack  2012 ; Sima and Glogauer  2013 ). 
Environmental toxins that have been discussed in the context of type 2 diabetes 
include  air pollution   (Rajagopalan and Brook  2012 ), persistent organic pollutants 
(Hectors et al.  2011 ; Taylor et al.  2013 ) and metals (Hectors et al.  2011 ). In our 
article, we will focus on air pollution as a risk factor of disease fi rst of all because 
of its ubiquitous exposure and also because currently high exposure levels are con-
tinuing to rise in many urban areas worldwide (WHO  2014b ). 

 Air pollution has traditionally been regarded as a risk factor for diseases of the 
respiratory tract (e.g. chronic obstructive pulmonary disease, lung cancer) and car-
diovascular diseases (Brook et al.  2010 ; Gold and Mittleman  2013 ; Raaschou- 
Nielsen et al.  2013 ), but evidence has accumulated that it also contributes to the 
development of type 2 diabetes (Bhatnagar  2009 ; Rajagopalan and Brook  2012 ). 
Based on current estimates suggesting that exposure to  air pollution   represents a 
modifi able risk factor (on the societal level) that causes 3.7 million deaths every 
year (WHO  2013 ), a better understanding of the mechanisms that link air pollution 
and morbidity as well as premature mortality is important. 

 In comparison, data supporting a role for  air pollution   in the pathophysiology of 
type 2 diabetes is fairly novel. Animal studies demonstrate that exposure to particu-
late matter (PM) induces proinfl ammatory processes and insulin resistance in mice 

T. Teichert and C. Herder



245

(Sun et al.  2009 ). Epidemiological studies described the role of air pollution (PM 
and gaseous compounds) initially in ecological and cross-sectional studies, but in 
recent years, data from prospective studies became available that corroborated these 
previous fi ndings (Krämer et al.  2010 ; Rajagopalan and Brook  2012 ; Liu et al. 
 2013c ). The link between air pollution and type 2 diabetes appears biologically 
plausible (Rajagopalan and Brook  2012 ; Liu et al.  2013c ), and infl ammatory pro-
cesses are among the mechanisms that may mediate this association. 

 The objective of this chapter is to review data on the interplay between  air pollu-
tion  , infl ammation and type 2 diabetes. We aim to (i) provide an overview of epide-
miological data on air pollution and risk of type 2 diabetes, (ii) discuss the role of 
infl ammatory processes in the development of this disease and (iii) appraise the 
evidence that infl ammation represents a mechanistic link between the exposure to 
air pollution and diabetes risk.  

11.2     Air Pollution and Risk of Type 2 Diabetes 

 Air pollution is a global burden and represents a health hazard both in outdoor and 
indoor environments. Especially developing countries have reported rapidly increas-
ing problems with  air pollution  -related diseases. The World Health Organization 
(WHO) reviewed the associations between air pollution and adverse health effects 
and proposed global air quality  guidelines   in 2005. In more recent statements, the 
WHO designates air pollution as the world’s leading cause of disease (WHO  2014a ; 
Lippmann  2014 ) in part because of its cancerogenic potential in addition to its con-
nection to chronic obstructive pulmonary disease, hypertension, stroke, ischaemic 
heart diseases and mortality. 

11.2.1     Classification and Sources of Air Pollution 

 Pollutants can be classifi ed into solid and gaseous compounds. The common group 
of solid compounds suspended in the atmosphere is particulate matter (PM), which 
is furthermore characterised by its particle size. According to the US Environmental 
Protection Agency (EPA  2014 ), there are four groups of PM:

    1.    PM with a diameter below 10 μm: PM 10    
   2.    PM with diameter between 10 and 2.5 μm: PM coarse    
   3.    Fine PM with a diameter below 2.5 μm: PM 2.5    
   4.    Ultrafi ne PM with a diameter below 0.1 μm: PM 0.1 , UFP    

  PM originates from incomplete combustion processes in motor vehicles, from 
industrial processes or from burning of wood and coal. The larger particles are more 
often based on natural phenomena and are brought into the atmosphere by dusted 
soils, storms or volcanic activity (Valavanidis et al.  2008 ). Monitoring projects on a 
national level have previously been established and allow the user to follow world-
wide PM monitoring stations on a live broadcast basis (  http://aqicn.org/    ). 

11 Air Pollution, Subclinical Infl ammation and the Risk of Type 2 Diabetes

http://aqicn.org/


246

 Important gaseous pollutants, like the most commonly monitored nitrogen oxides 
(NO x ), sulfur oxides (SO x ), ozone (O 3 ) and carbon monoxide (CO), were exten-
sively examined in several studies (Rückerl et al.  2011 ). These compounds may 
have the same man-made origin in combustion processes, but they can also arise 
from photochemical reactions in the atmosphere. 

  Indoor air pollution   is a more neglected research topic but is predominant in cul-
tures and countries with simple in-house solid fuel burning for heating or cooking. 
Around three billion people depend on these systems and are thereby exposed to vary-
ing levels of household air pollution. Its evaluation is necessary to assess cumulative 
and synergistic effects with outdoor air pollution on our health status (WHO  2014a ).  

11.2.2     Analysing the Impact of  Air Pollution   

 In order to quantify the toxicological potential of ambient  air pollution  , several param-
eters should be considered. Ambient PM levels can be measured by either local moni-
toring stations with data provided by governmental institutions or individual exposure 
monitors. The effi ciency of monitoring long-term exposure data and a validated mea-
surement protocol lend an advantage to the fi rst method, which yields useful results 
that can be fi tted to the exposure level of each study participant by appropriate statisti-
cal methods (Eeftens et al.  2012 ; Beelen et al.  2013a ). In contrast, personal monitors 
collect exact exposure data over the observation period and are able to detect even 
indoor pollutant exposure, which is not possible by governmental outdoor monitoring 
stations. The high costs to date and the reliance on the accurate use by the study par-
ticipant currently restrict this system to short-term exposure studies.  

11.2.3     Air Pollution and Health Hazards 

 Data for adverse health effects of exposure to  air pollution   is most detailed for North 
America (Pope and Dockery  2006 ). The European Study of Cohorts for Air Pollution 
Effects (ESCAPE) consortium was initiated to assess long-term exposure-related 
effects of air pollutants on public health in Europe. Table  11.1  summarises the key 
fi ndings related to the respiratory tract of this recent collaborative multinational 
effort (Gehring et al.  2013 ; Liu et al.  2013a ; MacIntyre et al.  2013 ; Raaschou- 
Nielsen et al.  2013 ; Dimakopoulou et al.  2014 ; Schikowski et al.  2014 ). There is 
convincing evidence for a plethora of adverse effects on the respiratory tract in both 
children and adolescents as well as adults after long-term exposure to ambient air 
pollutants representing a complex mixture of hazardous substances. The impact of 
a particular pollutant varies for the analysed health outcome. Synergistic effects of 
the exposure to different air pollutants cannot be excluded, but detailed data on the 
impact of the composition of air pollutants on health is currently not available. 
Differences of composition and concentration can be expected between rural and 
urban areas (Valavanidis et al.  2008 ).

   Additional results of the ESCAPE consortium, related to health outcomes to 
other sides than the pulmonary system, are presented in Table  11.2  (Gruzieva et al. 
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 2013 ; Liu et al.  2013b ; Pedersen et al.  2013 ; Beelen et al.  2013b ; Cesaroni et al. 
 2014 ; Wang et al.  2014 ). According to the results of the studies from the ESCAPE 
consortium, an increase in ambient PM exposure was neither associated with aller-
gic sensitisation (Gruzieva et al.  2013 ) nor with increased blood pressure (Liu et al. 
 2013b ) in schoolchildren. In contrast, low birth weight (Pedersen et al.  2013 ) and 
natural-cause mortality were related to increased levels of PM 2.5 , even at low 

   Table 11.2    Key fi ndings on the association between  air pollution   and health outcomes related to 
other sides than the lung from the ESCAPE consortium   

 Outcome  Findings  Reference 

 Allergic sensitisation  No associations between  air pollution   exposure and 
allergic sensitisation in early childhood 

 Gruzieva et al. 
( 2013 ) 

 Blood pressure  No associations between ambient air pollutants and 
blood pressure in schoolchildren 

 Liu et al. 
( 2013b ) 

 Coronary events  HR (95 % CI) of 1.12 (1.01–1.25) for coronary 
events (myocardial infarction, unstable angina) for 
10 μg/m 3  increases in  PM   10   

 Cesaroni et al. 
( 2014 ) 

 Low birth weight  OR (95 % CI) of 1.18 (1.06–1.33) for low birth 
weight at term for 5 μg/m 3  increase in  PM   2.5   

 Pedersen et al. 
( 2013 ) 

 Natural-cause 
mortality 

 HR (95 % CI) of 1.07 (1.02–1.13) for mortality for 
5 μg/m 3  increase in  PM   2.5   

 Beelen et al. 
( 2013b ) 

 Cardiovascular 
mortality 

 No association between  air pollution   and 
cardiovascular mortality 

 Wang et al. 
( 2014 ) 

   CI  confi dence interval,  HR  hazard ratio,  OR  odds ratio  

   Table 11.1    Key fi ndings from the ESCAPE consortium on the association between  air pollution   
and pulmonary health outcomes   

 Outcome  Findings  Reference 

 Eosinophilic airway 
infl ammation 

 Short-term increase of exhaled NO after 
 NO   2   exposure in schoolchildren 

 Liu et al. ( 2013a ) 

 Respiratory infections  Increased risk of pneumonia in children 
with increasing concentrations of several 
pollutants 

 MacIntyre et al. ( 2013 ) 

 Lung function  Decreased lung function in children 
after exposure to solid and gaseous 
pollutants 

 Gehring et al. ( 2013 ) 

 COPD  No associations between  NO   2   or  PM   10   
levels with incidence of COPD 

 Schikowski et al. ( 2014 ) 

 Lung cancer  HR (95 % CI) for lung cancer of 1.22 
(1.03–1.45) for 10 μg/m 3  increases in 
 PM   10   levels 

 Raaschou-Nielsen et al. 
( 2013 ) 

 Respiratory mortality  No signifi cant links between exposure to 
 air pollution   and nonmalignant respiratory 
mortality 

 Dimakopoulou et al. 
( 2014 ) 

   CI  confi dence interval,  COPD  chronic obstructive pulmonary disease,  HR  hazard ratio,  NO  nitro-
gen monoxide,  NO   2   nitrogen dioxide  
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ambient concentrations (Beelen et al.  2013b ). These studies are important because 
they help to better quantify the effect sizes of associations between  air pollution   and 
health outcomes at low and high levels of exposure. Further studies are desirable to 
better characterise the  susceptibility   of different subgroups of the population to air 
pollutants, e.g. with respect to age, sex,  obesity  , type 2 diabetes or pre-existing  car-
diovascular disease  .

11.2.4        Air Pollution and Type 2 Diabetes 

 The notion that exposure to  air pollution   contributes to the development of type 2 
diabetes is substantiated by several lines of evidence. First, the impact of PM with a 
diameter below 2.5 μm on glucose metabolism was repeatedly studied in mice (Sun 
et al.  2009 ; Xu et al.  2011a ,  2012 ; Zheng et al.  2013 ; Liu et al.  2014 ). These studies 
are consistent in their fi ndings and report an enhanced insulin resistance after expos-
ing mice to particulate matter (Table  11.3 ). Furthermore, some of the studies sum-
marised in Table  11.3  also addressed possible mechanisms linking the exposure to 
PM with the development of impaired glucose metabolism. One study (Zheng et al. 
 2013 ) explained impaired glucose metabolism by alterations in the liver which were 
similar to non-alcoholic steatohepatitis. Enhanced proinfl ammatory processes (Sun 
et al.  2009 ; Xu et al.  2011a ), altered phosphorylation of 5′-adenosine monophosphate- 
activated protein kinase (AMPK) and modifi ed gene expression profi les related to 
insulin signaling pathways are additional contributors to insulin resistance and 
impaired glucose metabolism (Xu et al.  2011a ,  2012 ).

   A second line of evidence regarding a potential role of air pollutants for the 
development of type 2 diabetes comes from a range of epidemiological studies 
investigating associations between exposure to air pollutants and type 2 diabetes as 
well as related traits using a cross-sectional design (Table  11.4 ) (Lockwood  2002 ; 
Brook et al.  2008 ; Kelishadi et al.  2009 ; Pearson et al.  2010 ; Chuang et al.  2011 ; 

     Table 11.3    Experimental studies in mice demonstrating associations between particulate matter 
and impaired glucose regulation   

 Author  Mouse model  Findings 

 Sun et al. 
( 2009 ) 

 C57BL/6 mice   PM   2.5   exposure exacerbated insulin resistance and 
infl ammation in  adipose tissue   

 Xu et al. 
( 2011a ) 

 C57BL/6 mice  10-month exposure to  PM   2.5   caused multiple-tissue insulin 
resistance and infl ammatory responses 

 Xu et al. 
( 2012 ) 

 Male 
ApoE −/−  mice 

 Nickel and concentrated  PM   2.5   induced insulin resistance 
and decreased AMPK phosphorylation 

 Zheng et al. 
( 2013 ) 

 C57BL/6 mice   PM   2.5   exposure triggered a NASH-like phenotype and 
caused insulin resistance 

 Liu et al. 
( 2014 ) 

 C57BL/6 mice   PM   2.5   exposure exacerbated insulin resistance,  adipose 
tissue   infl ammation and accumulation of lipids in the liver 

   AMPK  5′ adenosine monophosphate-activated protein kinase,  ApoE  apolipoprotein E,  C57BL/6  
inbred strain of laboratory mice,  NASH  non-alcoholic steatohepatitis  
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Dijkema et al.  2011 ; Teichert et al.  2013 ; Thiering et al.  2013 ; Tamayo et al. 
 2014a ). Interestingly, the positive associations were not restricted to PM 2.5 -
mediated effects, which have been tested in mice, but several studies also extended 
the fi ndings from mouse models to nitrogen dioxide as a harmful component in 
polluted air. Overall, fi ndings are fairly consistent and are supported by the results 
of prospective studies presented in Table  11.5  representing the third line of evi-
dence. The particular value of prospective studies lies in their study design which 
requires that the measurement of the exposure to  air pollution   as potential risk fac-
tor precedes the development of type 2 diabetes as a health outcome of interest. 
Therefore, this study type possesses a higher degree of evidence for causal rela-
tionships than cross-sectional studies. Accumulating data indicates that traffi c-
related nitrogen dioxide may have deleterious impacts on public health and may 
contribute to the development of type 2 diabetes in addition to PM. Despite the 
relatively consistent observations, it has to be noted that pollutant composition, 
exposure levels, exposure time, community settings, personal lifestyle, anthropo-
metric confounders and genetic  susceptibility   limit the comparability between the 
studies summarised in Table  11.5 .

   Table 11.4    Cross-sectional studies on associations between  air pollution   exposure and the preva-
lence of type 2 diabetes and related phenotypes   

 Author  Cohort (country)  Findings 

 Lockwood 
( 2002 ) 

 184,450 participants 
(USA) 

 Total air toxicant levels (assessed on state level) 
were correlated with T2D prevalence ( r  = 0.54; 
 p  < 0.0001) 

 Brook et al. 
( 2008 ) 

 7,364 participants 
(Canada) 

 Increase by 1 μg/m 3  of ambient  NO   2   level was 
associated with an increase of 4 % in T2D 
prevalence 

 Kelishadi et al. 
( 2009 ) 

 374 children (Iran)  HOMA-IR was increased after exposure to  PM   10   

 Pearson et al. 
( 2010 ) 

 Cross-sectional data of 
>2,700 counties (USA) 

 Increase of 10 μg/m 3  in  PM   2.5   concentration was 
associated with 1 % higher T2D prevalence 

 Dijkema et al. 
( 2011 ) 

 8,018 participants (the 
Netherlands) 

 No association between traffi c-related  air 
pollution   and prevalence of T2D 

 Chuang et al. 
( 2011 ) 

 1,023 elderly adults 
(Taiwan) 

 Exposure to  PM   10  ,  PM   2.5  ,  NO   2   and  O   3   was 
associated with higher levels of fasting glucose 
and HbA1c 

 Teichert et al. 
( 2013 ) 

 360 elderly women 
(Germany) 

 Long-term exposure to  NO   2   was related to 
impaired fasting glucose 

 Thiering et al. 
( 2013 ) 

 397 schoolchildren 
(Germany) 

 Insulin resistance (HOMA-IR) was increased by 
17 % and 19 % in children for every elevation of 
 NO   2   and  PM   10   levels by 10 μg/m 3  and 6 μg/m 3 , 
respectively 

 Tamayo et al. 
( 2014a ) 

 9,120 patients with T2D 
(Germany) 

 Signifi cantly lower HbA 1c  levels in the lowest 
quartile of  PM   10   exposure 

   HbA1c  glycated haemoglobin,  HOMA-IR  homeostasis model assessment insulin resistance,  T2D  
type 2 diabetes  
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11.2.5         Air Pollution and Diabetes-Related Co-morbidities 

 There is evidence that patients with  type 2 diabetes   are more susceptible to harmful 
effects of ambient air pollutants than nondiabetic individuals. Research related to 
the cardiovascular system indicated that diabetic subjects show attenuated heart rate 
variability after exposure to PM 2.5  and PM 10  (Park et al.  2005 ; Whitsel et al.  2009 ). 
This association appeared insulin dependent, as subjects with increased insulin 
resistance showed greater alterations (Whitsel et al.  2009 ). Besides heart rate vari-
ability, many other factors contribute to cardiovascular events. After exposure to 
PM 2.5 , both increased blood pressure (Hoffmann et al.  2012 ) and impaired vascular 
reactivity, in terms of nitroglycerin-mediated and fl ow-mediated reactivity (O’Neill 
et al.  2005 ), were more pronounced in diabetic subjects than in healthy controls. 
Furthermore, the risk of cardiovascular admission to hospitals was doubled for dia-
betes patients after exposure to PM 10  compared to nondiabetic individuals (Zanobetti 
and Schwartz  2002 ). 

 It is well established that infl ammatory processes contribute to the development 
and progression of cardiovascular diseases. Therefore, proinfl ammatory  biomark-
ers  , like cytokines or soluble adhesion molecules, are thought to be key factors in 
this process. In line with this concept and the aforementioned observations, studies 
reported elevated levels of the acute-phase protein  C-reactive protein (CRP  ) 
(Dubowsky et al.  2006 ) and white blood cell count (Khafaie et al.  2013 ) in patients 
with diabetes after exposure to PM. These fi ndings may help to explain the increased 
 susceptibility   of type 2 diabetes patients for vascular complications after exposure 

    Table 11.5    Epidemiological studies investigating associations between air pollutants and the risk 
or incidence of type 2 diabetes   

 Author 
 Cohort (abbreviation, 
country)  Findings 

 Krämer et al. 
( 2010 ) 

 1,776 elderly women 
(SALIA; Germany) 

 Increase of 15 μg/m 3   NO   2   leads to an 42 % 
increased risk in T2D incidence 

 Puett et al. 
( 2011 ) 

 89,450 men and women from 
two studies (NHS and HPFS; 
USA) 

  Short distance  (<50 m versus ≥200 m) to a 
street with high traffi c load increased the 
incidence of T2D by 14 % 

 Coogan et al. 
( 2012 ) 

 3,992 women (BWHS; USA)  Increases in  NO   2   by 12.4 ppb were related to 
a 25 % higher T2D incidence rate 

 Andersen et al. 
( 2012 ) 

 51,818 nondiabetic 
participants (DCH; 
Denmark) 

 Increases in  NO   2   by 4.9 μg/m 3  increased the 
risk of confi rmed T2D by 4 % 

 Chen et al. 
( 2013 ) 

 62,012 participants (Canada)  An increase of 10 μg/m 3  in  PM   2.5   levels 
resulted in an 11 % increased risk of diabetes 

   BWHS  Black Women’s Health Study,  DCH  Danish Diet, Cancer and Health Study,  HPFS  Health 
Professionals Follow-Up Study,  NHS  Nurses’ Health Study,  SALIA  Study on the infl uence of  Air 
pollution   on Lung function, Infl ammation and Aging  
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to  air pollution   and point towards infl ammatory processes as potential mediators in 
the association between air pollution and cardiometabolic health. A higher suscep-
tibility to  cardiovascular disease   may eventually lead to premature mortality. Indeed, 
higher mortality rates of patients with type 2 diabetes were related to exposure to 
ambient air pollution (Jerrett et al.  2005 ; Goldberg et al.  2006 ; Raaschou-Nielsen 
et al.  2012 ; Brook et al.  2013 ). One study described a 49 % raised mortality rate in 
patients suffering from type 2 diabetes for an increase of 10 μg/m 3  in ambient PM 2.5  
concentration. This rate was relatively high compared to pooled results from 22 
longitudinal cohort studies across Europe which found an increase of 7 % in natural 
mortality with every 5 μg/m 3  increase in PM 2.5  concentration (Beelen et al.  2013b ). 

 The enhanced  susceptibility   of T2D patients to  air pollution   is not restricted to 
mortality and cardiovascular events. Moreover, respiratory diseases, i.e. reduced 
lung function (Berclaz et al.  2009 ), tuberculosis (Jeon and Murray  2008 ), COPD 
(Seshasai et al.  2011 ) and lung cancer (Cesaroni et al.  2013 ), occurred more often 
in diabetic patients compared to nondiabetic controls.  

11.2.6     Conclusion 

 Taken together, there is a growing body of evidence from animal models to large 
epidemiological studies that supports the association between  air pollution   and 
impaired glucose regulation, type 2 diabetes and co-morbidities in patients with 
diabetes. While the mechanistic background remains unknown, several studies 
addressed the potential role of infl ammation in the increased  susceptibility   of diabe-
tes patients to air pollution. The following section will illustrate that type 2 diabetes 
has a proinfl ammatory component and that  subclinical infl ammation   represents an 
important risk factor, with air pollution as one of its determinants.   

11.3     Subclinical Inflammation as a Risk Factor 
for Type 2 Diabetes 

 We outlined in the preceding section that there is substantial evidence from epide-
miological studies that exposure to air pollutants increases the risk for type 2 diabe-
tes. However, most of these studies did not investigate which mechanisms are 
responsible for this association. As reviewed recently, several mechanisms appear 
biologically plausible and are supported by experimental data (Rajagopalan and 
Brook  2012 ; Liu et al.  2013c ). These include endothelial dysfunction, insulin resis-
tance, mitochondrial dysfunction, alterations in  adipose tissue   and local and sys-
temic subclinical infl ammation (Fig.  11.1 )   . Before discussing the interplay of  air 
pollution  , subclinical infl ammation and type 2 diabetes in more detail in the next 
section, we will fi rst illustrate how infl ammatory processes contribute to the devel-
opment of type 2 diabetes.  
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11.3.1     Subclinical Inflammation and Incident Type 2 Diabetes: 
Epidemiological Studies 

 In contrast to classical infl ammation which is characterised by the clinical symp-
toms of pain, heat, redness, swelling and loss of function,  subclinical infl ammation   
is asymptomatic. Although there is no universal defi nition, individuals with sub-
clinical infl ammation exhibit increased serum or plasma concentrations of proin-
fl ammatory immune mediators resulting in a state of chronic, low-grade systemic 
infl ammation (Kolb and Mandrup-Poulsen  2005 ). In the fi rst prospective studies 
investigating the role of infl ammation, elevated baseline levels of  C-reactive protein 
(CRP  ) and the cytokine interleukin-6 (IL-6) were found in individuals who 

  Fig. 11.1    Pathways linking risk factors with the development of type 2 diabetes. Schematic pre-
sentation of the impact of risk factors on the development of subclinical infl ammation and type 2 
diabetes. Figure modifi ed from Sun et al. 2009. COPD chronic obstructive pulmonary disease, 
CVD cardiovascular disease       
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developed type 2 diabetes during the follow-up period compared to individuals who 
remained diabetes-free (Schmidt et al.  1999 ; Barzilay et al.  2001 ; Pradhan et al. 
 2001 ; Festa et al.  2002 ). Subsequent studies corroborated these fi ndings and reported 
associations for further proinfl ammatory cytokines (e.g.  IL-1β  , IL-18), chemokines 
(e.g. monocyte chemotactic protein-1 (MCP-1)/CCL2, IL-8/CXCL8), adipokines 
(e.g. leptin) and soluble adhesion molecules (e.g. soluble E-selectin, soluble inter-
cellular adhesion molecule-1 (sICAM-1) with incident type 2 diabetes (Spranger 
et al.  2003 ; Thorand et al.  2005 ; Herder et al.  2006 ; Meigs et al.  2004 ). In addition 
to altered concentrations of proinfl ammatory immune mediators in the circulation, 
individuals at high risk of type 2 diabetes also showed an increase in systemic levels 
of the anti-infl ammatory protein IL-1 receptor antagonist (IL-1RA) and decreased 
levels of the adipocyte-derived, anti-infl ammatory protein adiponectin (Herder et al. 
 2009a ; Lindsay et al.  2002 ). Increased IL-1RA levels most likely refl ect a counter-
regulatory response to metabolic and immunological disturbances in the prediabetic 
phase, which, however, are not suffi cient to protect against the onset of type 2 dia-
betes (Herder et al.  2009a ; Carstensen et al.  2010 ). Adiponectin clearly has insulin- 
sensitising effects in rodents, and a decrease in circulating adiponectin may be 
causally related to the development of insulin resistance and the manifestation of 
type 2 diabetes (Turer and Scherer  2012 ; Li et al.  2009 ; Herder et al.  2013 ). It is 
important to note that subclinical infl ammation is not only associated with risk for 
type 2 diabetes but also with increased risk to develop myocardial infarction and 
stroke and with higher risk of general frailty and all-cause mortality (Hansson and 
Hermansson  2011 ; Lee et al.  2012 ). Further studies suggest that an activation of the 
immune system may additionally contribute to diabetic polyneuropathy, cognitive 
decline in old age, depression,  dementia   and several types of cancer (Herder et al. 
 2009b ; Xu et al.  2009 ; Khandekar et al.  2011 ) which emphasises the relevance of 
research in this fi eld in the context of public health. 

 The established data from cohort studies that  subclinical infl ammation   precedes 
the onset of type 2 diabetes raise three important questions: (i) Do we have evidence 
from mechanistic studies that subclinical infl ammation may be causal for type 2 
diabetes rather than representing an epiphenomenon in the development of the dis-
ease? (ii) Which factors trigger subclinical infl ammation – or, in other words, does 
subclinical infl ammation represent a modifi able risk factor? (iii) What is the evi-
dence that anti-infl ammatory therapy has benefi cial metabolic effects and can 
reduce hyperglycaemia?  

11.3.2     Causal Role of  Subclinical Inflammation   in the 
Development of Type 2 Diabetes 

 The fi rst question has mainly been addressed in a range of mouse models in which 
the effects of genetic manipulations of the immune system on glucose metabolism 
have been investigated. A complete discussion of these experiments is beyond the 
scope of this overview, but important results can be summarised as follows: A 
shift in the balance between pro- and anti-infl ammatory processes by genetic 
overexpression of proinfl ammatory immune mediators, their receptors or 
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essential components of their signal transduction cascades in the whole animal or 
in specifi c tissues (e.g. leukocytes, adipocytes, hepatocytes) or by genetic deletion 
of anti-infl ammatory proteins frequently leads to insulin resistance, impaired glu-
cose tolerance and diabetes. In contrast, genetic deletions of proinfl ammatory 
proteins or overexpression of anti-infl ammatory components usually have the 
opposite effect and improve glucose tolerance or protect against  diet  -induced  obe-
sity   and concomitant insulin resistance (Kolb and Mandrup-Poulsen  2005 ; 
Shoelson et al.  2007 ; Donath and Shoelson  2011 ). Molecular and cellular mecha-
nisms linking infl ammation with both insulin resistance and beta-cell dysfunction 
in mouse models and humans as hallmarks of type 2 diabetes have been reviewed 
recently in more detail elsewhere (Donath and Shoelson  2011 ; Gregor and 
Hotamisligil  2011 ; Osborn and Olefsky  2012 ; Sell et al.  2012 ). Thus, changes in 
the immune system are suffi cient to have profound effects on the regulation of 
glucose metabolism and the onset of diabetes in mice.  

11.3.3     Triggers of  Subclinical Inflammation   

 The second question is important because knowledge of factors that trigger  sub-
clinical infl ammation   may be used for therapeutic approaches to attenuate infl am-
matory processes in order to prevent or improve infl ammation-related conditions. 
Among the aforementioned non-modifi able risk factors, old age can be considered 
a contributor to low-grade infl ammation. It has been hypothesised that this may be 
at least in part attributable to impairments in anti-infl ammatory regulatory pro-
cesses that counteract the activation of the immune system. Moreover, genes 
encoding components of the immune system harbour many  polymorphisms   that 
have an impact on their expression and protein levels so that the genetic back-
ground of every individual represents a determinant of immune functions. However, 
it should be noted that no genetic variant has been identifi ed so far that increases 
the risk for type 2 diabetes by mainly proinfl ammatory mechanisms. In addition, 
most lifestyle or environmental factors that predispose to type 2 diabetes also have 
a proinfl ammatory component (Kolb and Mandrup-Poulsen  2010 ). This has clearly 
been shown for  obesity  , poor  diet  , physical inactivity, psychosocial  stress   factors 
and environmental toxins including  air pollution   (the latter will be discussed in 
detail in the following section) (Guilherme et al.  2008 ; Kolb and Mandrup-Poulsen 
 2010 ; Sidawi and Al-Hairi  2012 ; Nimmo et al.  2013 ; Howren et al.  2009 ; Carpenter 
 2008 ). A removal or reversal of these factors is not always possible in experimental 
settings, but weight loss, dietary changes and an increase in physical activity have 
frequently been demonstrated to reduce systemic levels of proinfl ammatory cyto-
kines and to increase adiponectin levels (Ziccardi et al.  2002 ; Herder et al.  2009c ; 
Beavers et al.  2010 ; Gleeson et al.  2011 ). Therefore, many different factors repre-
senting primary causes in the aetiology of diabetes are linked with subclinical 
infl ammation that may be considered an integrating mechanism and potential ther-
apeutic target.  
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11.3.4     Subclinical Inflammation as Potential Therapeutic Target 

 The third question has been addressed in several intervention studies (Donath and 
Shoelson  2011 ; Donath Marc et al.  2013 ). A proof-of-principle study demonstrated 
that subcutaneous administration of recombinant IL-1RA in order to block the 
action of the proinfl ammatory cytokine  IL-1β   attenuated systemic levels of proin-
fl ammatory immune mediators and improved hyperglycaemia in patients with type 
2 diabetes (Larsen et al.  2007 ). Several subsequent studies attempted to reduce 
IL-1β reactivity by monoclonal anti-IL-1β antibodies with modest improvements in 
hyperglycaemia (Cavelti-Weder et al.  2012 ). In addition to targeting cytokines, it is 
also possible to interfere with proinfl ammatory signal transduction pathways. 
Salsalate, a non-acetylated salicylate with a better safety profi le than aspirin, inhib-
its the transcription factor nuclear factor-kappa B (NF-κB) and thereby attenuates 
infl ammatory processes. Interestingly, treatment of patients with type 2 diabetes 
with salsalate also improved hyperglycaemia (Goldfi ne et al.  2010 ). Although ongo-
ing studies will have to show to what extent anti-infl ammatory drugs can be used in 
the future to treat type 2 diabetes or to prevent/delay its onset (Ridker et al.  2012 ), 
the fi ndings that anti-infl ammatory treatment has benefi cial effects on glucose 
homeostasis emphasise the tight interactions between immune system and meta-
bolic regulation (Donath and Shoelson  2011 ; Donath et al.  2013 ),  

11.3.5     Conclusion 

 Taken together,  subclinical infl ammation   as evident by increased circulating levels 
of mainly proinfl ammatory immune mediators represents a risk factor of type 2 
diabetes. Subclinical infl ammation is triggered by diabetes-related lifestyle and 
environmental factors that include  air pollution  , and removal of these factors or 
targeted pharmacological approaches can be used to attenuate subclinical infl amma-
tion and improve glucose metabolism.    

11.4    Link between  Air Pollution  , Local Inflammation 
in the Airways, Systemic Inflammation and Type 2 
Diabetes 

 Ambient air pollution exposure has been associated with a range of diseases and 
increased morbidity and mortality. Among the pollutants, NO 2  and PM 2.5  appear to 
be key contributors in the development of type 2 diabetes and related co- morbidities. 
Diabetes and its co-morbidities are multifactorial diseases with a range of risk fac-
tors, but it is interesting to note that they are all characterised by low-grade systemic 
infl ammation, which could be one unifying factor for their relationship with expo-
sure to air pollutants. It is recognised that dose-dependent exposure to air pollution 
activates the adaptive and innate immune system, followed by proinfl ammatory 
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cascades in the respiratory tract (Miyata and van Eeden  2011 ). Beyond the respira-
tory tract, air pollution has also been repeatedly linked to increased levels of IL-6, 
IL-8, TNF-α and  CRP   in the circulation (Eeden et al.  2001 ; Donaldson et al.  2005 ; 
Rückerl et al.  2006 ; Agustí et al.  2012 ). With respect to the infl ammatory response, 
individuals already suffering from metabolic diseases appear to be more susceptible 
to the effects of air pollution than healthy subjects (Schneider et al.  2011 ). 

11.4.1     Air Pollution and Airway Inflammation 

 The respiratory tract is in direct contact with ambient air and thus possibly the most 
vulnerable and sensitive organ against air pollution (Fig.  11.2 ). Common methods 
to analyse the infl ammatory levels are based on cytological measurements in bron-
choalveolar lavage fl uid (BALF) and sputum. Inhaled particles are deposited to a 
certain degree, whereas 25 % are removed by macrophages and mucociliary clear-
ance (Geiser and Kreyling  2010 ). The deposition is more effi cient for UFP than for 
coarse particles (Devlin et al.  2014 ). Therefore, it has been hypothesised that UFP 
possess a greater toxicological potential as the contact time with the tissue appears 
to be longer (Devlin et al.  2014 ).  

 After PM inhalation, the lung tissue releases locally pro-oxidative (e.g. reactive 
oxygen species, ROS) and proinfl ammatory mediators in a dose-dependent manner 
(Michael et al.  2013 ). Increased levels of IL-8,  IL-1β   and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) were reported in supernatant of human pri-
mary bronchial epithelial cells after incubation with PM 10  (Fujii et al.  2001 ). Higher 
IL-8 mRNA transcription rates were observed in epithelial A549 cells from rats 
after exposure to particles with different diameters (Brown et al.  2001 ). Interestingly, 
particles with a smaller diameter provoked a less intense response of the cultivated 
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  Fig. 11.2    Brief overview of effects of air pollution on lung tissue. Origin and characteristics of air 
pollutants and their pathological potential after inhalation. IL interleukin, NO nitrite oxides, 
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cells than larger-sized particles in one study. This result is contrary to the general 
hypothesis regarding an inverse relationship between particle diameter and toxico-
logical potential (Gilmour et al.  2004 ). However, this study was based on an in vitro 
cell system and thus may not refl ect the harmful potential of UFP in vivo after 
inhalation. 

 Short-term exposure to black carbon and  diesel   exhaust particles increased leu-
kocyte cell numbers (Gilmour et al.  2004 ) and  IL-1β   levels (Provoost et al.  2010 ) in 
BALF in animal studies. IL-1β activates proinfl ammatory cascades and is associ-
ated with the progression of lung injury and cystic fi brosis (Kolb et al.  2001 ; Levy 
et al.  2009 ). In addition, cell activation results in ROS generation and oxidative 
burst in the respiratory tract and may promote the development and progression of 
respiratory diseases (Dutta et al.  2013 ) in line with proinfl ammatory reactions 
(Valavanidis et al.  2008 ). 

 Adverse effects from experimental studies in cell cultures and animals were con-
fi rmed by increased immune cell counts in nasal and airway lavages in man after 
exposure to PM 2.5  (Chen et al.  2012a ) and  diesel   exhaust particles (Salvi et al.  1999 ). 
Exposure to indoor PM 10  was also associated with increased counts of a variety of 
immune cells (Dutta et al.  2013 ) as well as signifi cantly higher concentrations of 
IL-6, IL-8 and TNF-α in lavages (Eeden et al.  2001 ; Dutta et al.  2013 ). In another 
study, indoor air pollution led to partial depletion of the antioxidative enzyme super-
oxide dismutase (SOD) and increased levels of ROS (Dutta et al.  2013 ). Biopsies 
revealed increased IL-8 gene transcription, elevated immune cell counts and higher 
levels of the adhesion molecules ICAM-1 and VCAM-1 in bronchial epithelial cells 
(Salvi et al.  1999 ,  2000 ). These molecular mechanisms in connection with increas-
ing oxidative stress may play a key role in the development of several infl ammatory 
diseases like acute lung injury, COPD, bronchitis and  asthma   (Valavanidis et al. 
 2008 ). Due to the translocation of UFP, adverse health effects are not exclusive to 
the lung (Terzano et al.  2010 ).  

11.4.2     Air Pollution and Proinflammatory Effects 
on Other Organs 

 Once particles have entered the circulation, UFPs are translocated to other organs 
including the liver, the spleen, the kidneys, the heart and the brain, where they may 
be deposited (Nemmar et al.  2002 ). This distribution of PM throughout the body 
entails the potential for pathological consequences of exposure to PM in many dif-
ferent tissues (Bai et al.  2007 ; Rückerl et al.  2011 ). 

 First of all, inhaled particles will be translocated along the olfactory nerve into 
the olfactory bulb and permeate directly into the central nervous system (Oberdörster 
et al.  2004 ) where they promote hippocampal proinfl ammatory cytokine production 
(Fonken et al.  2011 ) and neuroinfl ammation (Block and Calderón-Garcidueñas 
 2009 ). Increased levels of IL-1α and TNF-α (Campbell et al.  2005 ; Fonken et al. 
 2011 ) were observed in the cytoplasmic fraction of mouse brains, whereas the con-
centrations of IL-6 remained unaffected (Fonken et al.  2011 ). 
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 Second, particles can be translocated via the  vagus nerve   into the lung followed 
by the distribution to the connecting parasympathetic nerves (Belvisi  2003 ). 
Particles entering the lung can pass the lung-blood barrier and enter the circulation. 
This will ultimately lead to the distribution to different tissues throughout the body 
and possible infi ltration of target organs, followed by an immune response refl ected 
by a local infl ammation (Sinden and Stockley  2010 ). Nemmar et al. showed in ham-
sters (Nemmar et al.  2001 ) and man (Nemmar et al.  2002 ) that inhaled radioactively 
labelled ( 99m Tc) particles entered the circulation within minutes after exposure. As a 
consequence, distributed particles may reach the liver (Oberdörster and Utell  2002 ), 
 adipose tissue   (Xu et al.  2011b ), the stomach (Péry et al.  2009 ) and lymph nodes by 
particle-loaded macrophages (Lippmann et al.  1980 ). Kinetic studies estimated that 
12.7 % of the inhaled particles were translocated (Péry et al.  2009 ). 

 Among the aforementioned organs, activated proinfl ammatory mechanisms were 
found in the liver,  adipose tissue   and bladder of mice. After the entry of UFP into 
lung tissue and after direct contact with hepatocytes, the production of proinfl am-
matory cytokines was triggered (Bai et al.  2007 ), causing liver fi brosis and non- 
alcoholic steatohepatitis-like phenotypes (Zheng et al.  2013 ), and may thereby have 
contributed to the impairment of hepatic glucose control (Zheng et al.  2013 ; Xu 
et al.  2011a ; Liu et al.  2014 ). 

 Alterations in  adipose tissue   were present after long-term exposure to PM 2.5  in an 
extended study of mice exposed to  air pollution   (Xu et al.  2011b ; Liu et al.  2013c ). 
Visceral adipose tissue was infi ltrated by activated F4/80 +  macrophages, which were 
also present in activated lung tissue (Sun et al.  2009 ). Independently of  diet  , the expo-
sure to PM 2.5  doubled the number of monocytes adhering to endothelial cells in adipose 
tissue depots and led to an increase in adipocyte size, thereby increasing proinfl amma-
tory  susceptibility   (Liu et al.  2013c ). PM 2.5  exposure resulted in notable changes in the 
size of the mitochondria, but not in their number in brown adipose tissue, and increased 
oxidative and nitrous  stress  . In line with these fi ndings, altered levels of the adipokines 
leptin and adiponectin were observed in serum (Xu et al.  2011b ). 

 Another targeted tissue in rat studies was the bladder, where enzymatic activities 
important for oxidative stress regulation were altered after exposure to  diesel   
exhaust particles (Luo et al.  2013 ).  

11.4.3     Air Pollution and Systemic Inflammation as Risk Factors 
of Type 2 Diabetes 

 Proinfl ammatory effects of inhaled particles are not restricted to the respiratory tract 
or infi ltrated tissues. Long-term exposure to PM 2.5  also results in the upregulation of 
circulating  CRP   levels (Salvi et al.  1999 ; Zhao et al.  2013 ), which was observed as 
a dose-dependent reaction to exposure in man (Kelishadi et al.  2009 ; Hoffmann 
et al.  2009 ; Hertel et al.  2010 ; Khafaie et al.  2013 ). Even short-term exposure may 
affect circulating hsCRP levels in exposed subjects (Rückerl et al.  2006 ; Dubowsky 
et al.  2006 ; Seaton et al.  1999 ; Delfi no et al.  2008 ). Besides activation of acute- 
phase proteins, increased serum levels of TNF-α, IL-6 and plasma fi brinogen 
(Schwartz  2001 ; Bai et al.  2007 ; Sun et al.  2009 ; Wang et al.  2013a ) were present in 
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rodents exposed to PM, whereas fi ndings in epidemiological studies were more 
controversial (Törnqvist et al.  2007 ; Dubowsky et al.  2006 ; Rückerl et al.  2007 ; 
Ljungman et al.  2009 ; Seaton et al.  1999 ; Hoffmann et al.  2009 ; Delfi no et al.  2009 ). 
This increase was dependent on the PM dose (Wang et al.  2013b ) as well as particle 
diameter (Gilmour et al.  2004 ) and was accompanied by increased peripheral blood 
monocyte (Kampfrath et al.  2011 ) and circulating leukocyte (Gilmour et al.  2004 ) 
numbers. Histological analyses suggested that PM 2.5  exposure activated Toll-like 
receptor (TLR)-4-dependent pathways (Kampfrath et al.  2011 ) and chemoattractant 
molecules (Xu et al.  2013 ). It is important to note that there are other studies includ-
ing some with improved exposure assessment (Sullivan et al.  2007 ), and large popu-
lation cohorts (Steinvil et al.  2008 ; Diez Roux et al.  2006 ), which have not found a 
relationship between PM exposure and infl ammation. 

 Several studies analysed gene expression profi les of leukocytes in human sub-
jects and reported increased peripheral blood monocyte expression of CD18, CD54 
(Frampton et al.  2006 ), CD80, CD40, CD86, HLA-DR and CD23 (Schneider et al. 
 2011 ) after exposure to PM 2.5  from 2 (Frampton et al.  2006 ) to 24 h (Huang et al. 
 2010 ; Schneider et al.  2011 ). Additional pathway analyses revealed that differen-
tially expressed genes were involved in host defence, insulin-growth-factor (IGF)-I 
and insulin receptor signalling (Huang et al.  2010 ). It is possible that these altera-
tions in insulin-dependent pathways contribute to the development of type 2 diabe-
tes, but the long-term effects remain to be evaluated (Huang et al.  2010 ). Circulating 
cell recruitment and platelet activation after exposure to a variety of ambient air 
pollutants were confi rmed by studies in man (Salvi et al.  1999 ; Gilmour et al.  2004 ; 
Brook et al.  2013 ; Chen et al.  2008 ). Platelet activation may increase the vulnerabil-
ity to cardiovascular diseases (CVD) and risk of mortality by cardiovascular events 
(Salvi et al.  1999 ). 

 The aforementioned systemic proinfl ammatory effects of PM may not only be 
attributable to translocation of PM throughout the body but also consequences of 
local infl ammatory processes in the airways. Due to its small diameter, PM can 
penetrate deeply into the lung tissue and trigger local infl ammation involving mac-
rophage activation. After repeated exposure, the local infl ammatory response may 
intensify, and subsequently proinfl ammatory mediators have been hypothesised to 
 spill over  into the circulation resulting in systemic infl ammation (Sinden and 
Stockley  2010 ). A direct correlation between airway infl ammatory markers and cir-
culating markers would support this hypothesis. However, results from different 
studies are inconsistent as several research groups observed signifi cant correlations 
between sputum and serum markers in COPD patients (Vernooy et al.  2002 ; 
Broekhuizen et al.  2005 ; Hurst et al.  2006 ; Singh et al.  2010 ), whereas others did not 
report such associations (Sapey et al.  2009 ; Zeng et al.  2009 ; Röpcke et al.  2012 ). A 
more detailed discussion of the spillover hypothesis, the mechanisms linking airway 
and systemic infl ammation and methodological challenges in this context can be 
found in a recent review (Sinden and Stockley  2010 ). 

 It is important to note that although it is biologically plausible based on the stud-
ies discussed above that proinfl ammatory changes resulting from exposure to  air 
pollution   represent one link between air pollution and the risk of type 2 diabetes, 
CVD and other co-morbidities, studies corroborating this hypothesis are still scarce. 
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The role of infl ammation as potential intermediary in this context has been shown 
in mouse models, but convincing studies in human subjects are still lacking.  

11.4.4     Conclusion 

 Inhaled ambient PM causes airway infl ammation and thus may promote the develop-
ment and progression of respiratory diseases. Local infl ammatory responses in the 
lungs may depend on particle dose and size, which are determinants of macrophage 
activation and oxidative stress production. Translocation of particles throughout the 
body also leads to proinfl ammatory responses in other organs including the brain, 
liver and  adipose tissue  . A growing number of studies demonstrated a relationship 
between the exposure to  air pollution   and systemic infl ammation, mainly measured 
as  CRP  , IL-6, TNF-α and fi brinogen in the blood. Several reports suggested a rela-
tionship between local airway infl ammation and systemic infl ammation based on a 
spillover of proinfl ammatory mediators into the circulation, but data were controver-
sial. Overall, the mechanisms linking on the one hand air pollution- induced airway 
infl ammation and systemic infl ammatory responses as potential risk factors for type 
2 diabetes and on the other hand chronic diseases require further studies.   

11.5     Future Directions 

 Based on the projections of increasing prevalences of type 2 diabetes in most coun-
tries worldwide during the next decades and an incomplete understanding of risk 
factors and pathogenesis of this disease, recent observations regarding the role of  air 
pollution   in this context are timely and important. Although our knowledge of air 
pollution as a modifi able risk factor for type 2 diabetes has improved during the last 
5–10 years, a range of open questions remains that require further research. These 
relate to the measurement of exposure, to the analysis of pathophysiological mecha-
nisms and to the assessment of metabolic health as an outcome. 

 First, current exposure measurements usually rely on estimated exposures for 
individuals’ home addresses. These estimations are based on data from monitoring 
stations and different statistical models. The assessment of the individual exposure 
to air pollutants is expensive and often not feasible in larger or long-term studies. 
However, a higher precision in the assessment of individual exposure, the measure-
ment of both outdoor and indoor air pollution and repeated measurements to better 
assess the temporal and spatial variation of exposure to air pollution are required for 
a more accurate quantifi cation of air pollution-related health hazards. From the ana-
lytical point of view, most current studies concentrate on effects of PM 2.5 , PM 10  or 
NO x , whereas studies on further components (e.g. UFP) or taking into account the 
composition of PM are virtually absent in general and in particular in the context of 
type 2 diabetes. 
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 Second, the identifi cation of mechanisms linking  air pollution   and health out-
comes such as type 2 diabetes requires a more detailed characterisation of poten-
tially pathophysiological pathways. The measurement of systemic levels of 
 biomarkers   refl ecting not only systemic  subclinical infl ammation   but also endothe-
lial dysfunction, coagulation, platelet activation, oxidative stress and lipid metabo-
lism represents one approach. In addition, effects of exposure to air pollution should 
also be assessed at the level of tissues that are crucial for the regulation of glucose 
metabolism. As summarised in Table  11.3 , the impact of PM on  adipose tissue   and 
liver function was assessed in mice, but comparable data for humans or studies 
regarding the potential effect on beta-cell function are not available. 

 Third, we have increasing evidence that different components of air pollution 
affect the risk of type 2 diabetes. Most data are based on epidemiological studies in 
which type 2 diabetes was not the main outcome, so that the presence of type 2 
diabetes was often assessed using questionnaires which implicates the risk of mis-
classifi cation due to the presence of unknown (previously undiagnosed) diabetes. 
Ideally, the diagnosis of type 2 diabetes should rely on laboratory tests which 
include fasting glucose, 2 h post-load glucose after an oral glucose tolerance test 
and HbA1c. One important advantage of these tests is the fact that they also allow 
to investigate the impact of air pollution on different stages of prediabetes which are 
already associated with increased risk of micro- and macrovascular complications 
(Tabák et al.  2012 ). In addition to the early stages of diabetes, a detailed analysis of 
air pollutants and their impact on the incidence of diabetic complications and co- 
morbidities is required to capture the full impact on diabetes-related morbidity and 
mortality. 

 Despite a number of publications on the relationships between (i)  air pollution   
and proinfl ammatory processes, (ii) air pollution and risk of type 2 diabetes and (iii) 
 subclinical infl ammation   and type 2 diabetes, the lack of studies analysing these 
associations in a combined approach is striking. Therefore, it is currently not pos-
sible to estimate to what extent air pollution and infl ammatory processes contribute 
to the risk of type 2 diabetes in areas with different levels of exposure. Furthermore, 
more prospective studies are needed to quantify effect sizes in subgroups of the 
population because the  susceptibility   to detrimental effects of air pollution may be 
modifi ed by genetic predisposition, age, sex,  obesity   and pre-existing cardiometa-
bolic disease. A better understanding of these questions is not only of purely aca-
demic interest, but these data will be needed for improved evidence-based regulations 
to reduce the burden of air pollution and to improve public health.     
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12.1           Human Exposure to Mercury Species 

 Human populations are primarily exposed occupationally to inorganic or elemental 
 mercury   as a result of dental amalgam or through other manufacturing processes 
and to methylmercury (MeHg) as a result of contaminated  fi sh   consumption 
(National Research Council (U.S.) Board on Environmental Studies and Toxicology 
 2000 ). Most human exposure to mercury occurs in the form of MeHg. Human expo-
sure to and toxicokinetic handling of the different species of mercury are reviewed 
below. 

12.1.1     Elemental or Metallic Mercury (Hg 0 ) 

 The greatest source of human exposure to elemental  mercury   (Hg 0 ) is dental amal-
gam, a combination of elemental mercury and various metal alloys used in the res-
torations of dental caries (WHO  1991 ; Berry et al.  1998 ). While animal studies 
indicate that less than 1 % of orally ingested elemental mercury is absorbed in the 
gastrointestinal (GI) tract, both animal and human studies have shown that the mer-
cury from dental amalgam fi llings can cross epithelial barriers in the lung and be 
dissolved in tissue fl uids and blood, such that 74 % of the inhaled dose is absorbed 
and retained in the body (Hursh et al.  1976 ). It is rapidly transported to other areas 
of the body, where it can cross the blood-brain and placental barriers and also enter 
breast milk (Maas et al.  1996 ; Oskarsson et al.  1996 ; Hultman et al.  1998 ; Takahashi 
et al.  2003 ). Elemental mercury is oxidized  in vivo  to mercuric mercury (Hg 2+ ) by 
the catalase–hydrogen peroxide pathway; once this oxidation has occurred, mercury 
can no longer pass through the blood-brain barrier or placental barrier. 

 Signifi cant exposures to metallic  mercury   can occur occupationally as well. 
Mercury is used in a wide variety of manufacturing processes, most notably the 
manufacture of caustic soda and chlorine using the chloralkali process, measure-
ment devices such as thermometers and manometers, and most recently an increas-
ing number of compact fl uorescent light bulbs. Manufacture and use of compact 
fl uorescent light bulbs containing mercury may have the potential to increase expo-
sure in the general population as well by releasing up to 4 t of mercury per year into 
the environment in the United States alone, once breakage and disposal are taken 
into account (Aucott et al.  2003 ). 

 Many occupational exposures to  mercury   are well controlled in the developed 
world, with airborne mercury vapor concentration standards put into place by orga-
nizations such as NIOSH in order to protect employee health. However, the practice 
of small-scale artisanal gold  mining   is widespread globally, and the resultant expo-
sures to miners and those in surrounding areas to mercury from this process are 
quite high (Castilhos et al.  1998 ; Crompton et al.  2002 ; Limbong et al.  2003 ; Silva 
et al.  2004 ; Taylor et al.  2005 ; Donkor et al.  2006 ; Gammons et al.  2006 ; Gardner 
et al.  2010b ). Mercury use is integral to artisanal gold mining, a process which 
involves hydraulic excavation of riverbeds to expose gold-containing placer depos-
its. Elemental mercury is used to dissolve gold particles by kneading several grams 
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of liquid mercury through the slurry, creating a mercury–gold amalgam. The amal-
gam is then heated to evaporate the mercury, leaving gold behind. This process 
usually occurs without the benefi t of personal protective equipment or measures to 
reduce release into the environment, leading to contaminated watersheds. This 
activity initiates the environmental cycle of mercury biotransformation and bioac-
cumulation and results in high methylmercury (MeHg) exposures to populations 
living downstream of mining camps and consuming  fi sh   from local rivers and lakes 
(Alves et al.  2006 ; Dominique et al.  2007 ; de Andrade Lima et al.  2008 ).  

12.1.2     Inorganic  Mercury  : Mercuric and Mercurous Species 

 Human exposures to both mercuric and mercurous species of  mercury   are generally 
low. Both forms were used in medical preparations up until the 1950s, but this use 
has been almost entirely discontinued. The one notable exception to this rule is the 
use of  skin   lightening creams that contain mercuric chloride and are still distributed 
and used in some countries (Dyall-Smith and Scurry  1990 ; Weldon et al.  2000 ). 

 Inorganic  mercury   salts are not well absorbed in the GI tract, with less than 10 % 
of the ingested dose being retained. Of the mercurous mercury that is absorbed, the 
Hg–Hg 2+  ion quickly dissociates to the mercuric ion (Hg 2+ ) and an atom of uncharged 
mercury (Hg 0 ), which is then oxidized to Hg 2+  (Hand et al.  1943 ). As noted below, 
MeHg is also converted to Hg 2+  in the body. Inorganic mercury is complexed with 
reduced glutathione (GSH) in the liver and transported to the kidney, where it is 
secreted by proximal tubular cells into the tubular lumen. The enzyme gamma- 
glutamyl transpeptidase degrades GSH, releasing cysteine–mercury complex that is 
reabsorbed by renal cells (Tanaka et al.  1990 ; Tanaka-Kagawa et al.  1993 ; Wei et al. 
 1999 ). This cycle leads to the accumulation of mercury in the kidneys and resultant 
damage to these tissues.  

12.1.3     Organic Mercury: Methylmercury 

 Geochemical cycling and biological conversion cause elemental and inorganic  mer-
cury   to be released into the environment where they are converted to methylmercury 
(MeHg) by microorganisms in the sediment of aquatic ecosystems (Mason et al. 
 2005 ; Harris et al.  2007 ). MeHg accumulates in the biological tissues of organisms 
that feed on MeHg-contaminated organisms lower in the trophic food chain, caus-
ing bioaccumulation and biomagnifi cation of mercury in aquatic food chains 
(Watras et al.  1998 ; Braga et al.  2000 ). Because this biomagnifi cation occurs in 
aquatic environments, the major source of human exposure to MeHg is through the 
consumption of contaminated  fi sh   and water mammals, especially predatory fi sh 
and mammals. While contaminated fi sh remains the major source of MeHg for 
human exposures, recent studies have demonstrated that rice, because it is grown in 
partially aquatic environment, can also be a source of MeHg exposure (Feng et al. 
 2008 ; Zhang et al.  2010 ; Li et al.  2012 ) 
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 The United Nation Environmental Programme estimates that the global daily 
average intake of MeHg is 2.4 μg/person, though this amount can vary greatly 
depending on the dietary composition of different populations (UNEP  2002 ). Allen 
et al. conducted a physiologically based pharmacokinetic modeling study, using 
Bayesian methods to estimate the posterior distribution of exposure to MeHg in the 
US populations based on MeHg data (Allen et al.  2007 ). Less than 1% of the US 
population of women of childbearing age were estimated to have  mercury   expo-
sures greater than the EPA reference dose (RfD) for MeHg of 0.1 μg MeHg/kg body 
weight (bw)/day, and exposures greater than the ATSDR minimal risk levels (MRL) 
of 0.3 μg MeHg/kg bw/day were estimated to be very few. 

 Approximately 95 % of the MeHg in  fi sh    muscle   that is consumed by humans 
is absorbed in the GI tract (WHO  1990 ). MeHg can rapidly cross biological bar-
riers, including the gut epithelium, the blood-brain barrier, and the placental bar-
rier, by complexing with the amino acid cysteine to form a structure that closely 
resembles the amino acid methionine. This complex is transported via the large 
neutral amino acid transporter across biological membranes (Leaner and Mason 
 2002 ; Simmons- Willis et al.  2002 ). MeHg is demethylated to inorganic  mercury   
(Hg 2+ )  in situ  in mammalian tissues such as the liver, brain, and phagocytic cell 
populations by an unknown mechanism (Suda and Hirayama  1992 ; Suda et al. 
 1992 ). Once metabolized, the presence of inorganic mercury in the brain and 
other body tissues is extremely persistent (Suda and Hirayama  1992 ; Suda et al. 
 1992 ; Vahter et al.  1994 ).   

12.2     Experimental Evidence of  Mercury    Immunotoxicity   

12.2.1     Immunosuppressive Effects of  Mercury   

 Until relatively recently, all forms of  mercury   were considered to be immunosup-
pressive, given their potent cytotoxicity in culture and high-dose effects in animals. 
Both inorganic mercury (HgCl 2 ) and MeHg prevented mitogen-induced prolifera-
tion in B cells and immunoglobulin (IgG and IgM) production  in vitro , with MeHg 
being 10 times more potent than HgCl 2  (Shenker et al.  1993a ). B cells were more 
resistant to these effects if stimulated with mitogen before mercury exposure, sug-
gesting that the activation state of the immune cells could modify their sensitivity to 
mercury. T-cell proliferation was also prevented, though only if monocytes were 
also present in the culture (Shenker et al.  1992b ). Shenker et al. have reported that 
T cells are specifi cally sensitive to mercury-induced apoptosis as a result of GSH 
depletion and increases in oxidative stress (Shenker et al.  1997 ,  1998 ,  2000 ,  2002 ). 
The doses used in these studies were extremely high (1000 ng/ml to 10 μg/ml, or 3.6 
to 36 μM), inducing lymphocyte death within 24 h and monocyte death within 4 h 
(Shenker et al.  1992a ,  b ,  1993a ). 

 Similar effects for MeHg were seen in animal studies. Short-term exposure to 
extremely high and acutely toxic doses of MeHg (3–9 mg Hg/kg bw/day) caused 
severe immunosuppression in mice in terms of proliferative response to mitogen 
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(Ohi et al.  1976 ; Hirokawa and Hayashi  1980 ; Brown et al.  1988 ). Subcutaneous 
injections of 1–4 mg MeHg/kg bw every 3 days (280–600 μg Hg/kg bw/day) were 
observed to reduce the number of splenocytes in mice, mostly by depleting B cells, 
within 5 days of commencement of treatment (Haggqvist et al.  2005 ). MeHg treat-
ment (58–180 μg Hg/kg bw/day) has also been shown to reduce calcium (Ca 2+ ) 
signaling at cellular membranes in lymphocytes after mitogen challenge, indicating 
that Hg could be effecting transmembrane signaling in splenocytes with potential 
immunosuppressive effects (Thompson et al.  1998 ). Extremely high doses of HgCl 2  
administered in water (100 mg HgCl 2 /L for 28 days, with an estimated internal dose 
of 1.8 mg Hg/kg bw/day) did not show similar effects on immune cell depletion in 
treated mice (Brunet et al.  1993 ). HgCl 2  treatment (37 μg Hg/kg bw/day) in Lewis 
rats induces a general suppression of T-cell function (Pelletier et al.  1990 ).  

12.2.2     Immune Stimulation by  Mercury  : Experimental Evidence 

 The immune-stimulating effects of  mercury   were described in early experimental 
models of mercury-induced autoimmune kidney disease in susceptible strains of 
rats that were dosed with HgCl 2  (25–37 μg Hg/kg bw/day) (Bariety et al.  1971 ). 
High doses of mercury damaged the kidney, leading to production of autoantibodies 
against laminin, a component of the glomerular basement membrane (Sapin et al. 
 1977 ; Icard et al.  1993 ). The resulting pathology is immune complex mediated, with 
infl ammation and thickening of the glomerular basement membrane, reduced fi ltra-
tion capacity of the kidney, and proteinuria (Bigazzi  1999 ). Immune complex was 
also reported to be deposited in other tissues of the body, without major pathologi-
cal consequences (Bernaudin et al.  1979 ). In terms of pathophysiology, the disease 
in rats refl ected the nephrotic syndrome that had been recently described in patients 
who were exposed to high levels of mercury occupationally or therapeutically 
(Cameron and Trounce  1965 ; Turk and Baker  1968 ; Tubbs et al.  1982 ). 

 Certain mouse strains injected with HgCl 2  (395 μg Hg/kg bw/day) were also 
shown to be susceptible to  mercury  -induced autoimmunity, but the induced patho-
physiology resembled the autoimmune disease lupus more than the autoimmune 
kidney disease described in rats and humans (Hultman and Enestrom  1988 ; Hultman 
et al.  1989 ). This lupus-like syndrome is characterized by lymphoproliferation, 
hyperproduction of immunoglobulin, systemic autoantibody circulation, and 
immune complex-mediated glomerulonephritis and vasculitis (reviewed by 
(Lawrence and McCabe  2002 ; Pollard et al.  2005 )). Mercury-induced autoimmu-
nity can be observed whether the exposure was through subcutaneous injection or 
oral ingestion of HgCl 2  (generally between 20 and 450 μg Hg/kg bw/day) or perito-
neal implantation of dental amalgam (8–100 mg/mouse, or about 320 mg/kg bw to 
4000 mg/kg bw) (Hultman et al.  1994 ; Nielsen and Hultman  2002 ; Havarinasab 
et al.  2007a ). 

 Despite initial fi ndings that organic species of  mercury   were immunosuppres-
sive, MeHg (280–600 μg Hg/kg bw/day) can induce autoimmune disease in suscep-
tible strains of mice (Hultman and Hansson-Georgiadis  1999 ; Haggqvist et al.  2005 ; 
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Havarinasab et al.  2005 ; Havarinasab and Hultman  2005 ). The response to mercury 
is slower and somewhat attenuated when organic species of mercury are used. The 
initial decline in splenocytes observed in MeHg-treated mice was reversed after 9 
days, leading to a delayed onset of lymphoproliferation (Haggqvist et al.  2005 ; 
Havarinasab et al.  2005 ). These results suggest that organic species of mercury can 
also stimulate autoimmunity in mice, but the delayed onset of effects suggests that 
metabolism of the organic species to inorganic mercury may be required. Studies 
have shown that treatment with MeHg leads to uptake into lymphoid tissue, fol-
lowed by progressive demethylation of MeHg within the lymph nodes, likely due to 
the activity of phagocytic cells (Suda et al.  1992 ; Havarinasab et al.  2007b ). 

 This model of murine  mercury  -induced autoimmunity, with supporting  in vitro  
work, has been extensively characterized. As a mechanism of murine mercury- 
induced autoimmunity, Pollard et al. suggest that HgCl 2  induces cell death, which 
exposes and modifi es self-antigens (Pollard et al.  2005 ). These antigens are pro-
cessed and presented to CD4+ T helper cells by monocytes, macrophages, and den-
dritic cells (all antigen-presenting cells, or APCs). CD4+ T helper cells then drive 
autoantibody production by B cells, leading to the observed increases in autoanti-
body production and subsequent pathologies such as immune complex deposition.  

12.2.3     T-Cell Populations in  Mercury  -Induced Immune 
Dysfunction 

 Mercury exposure causes an initial activation of T cells (Jiang and Moller  1996 ), 
followed by a period of T-cell proliferation in mouse models (Johansson et al.  1997 ; 
Havarinasab et al.  2007a ). This proliferation is more pronounced in CD4+ T cells 
and is dependent upon the presence of adherent macrophages and the presence of 
IL-1  in vitro  (at 10 μM HgCl 2 ) (Reardon and Lucas  1987 ; Jiang and Moller  1995 ; 
Pollard and Landberg  2001 ). Mercury-induced T-cell proliferation is prevented by 
concurrent treatment with anti-CD4 antibodies in this model (Jiang and Moller 
 1995 ). T-cell activation is required in models of  mercury  -induced autoimmunity 
(Pelletier et al.  1987 ,  1988 ; Stiller-Winkler et al.  1988 ; Kubicka-Muranyi et al. 
 1993 ; Hultman et al.  1995 ). T cells have been suggested to be the primary effector 
cells in mercury-mediated autoimmunity, as transfer of T cells from mercury-treated 
brown Norway rats was suffi cient to induce autoimmune disease in non-treated rats 
(Pelletier et al.  1988 ). Brown Norway rats treated neonatally with HgCl 2  are resis-
tant to mercury-induced autoimmunity later in life, though continuous exposure to 
HgCl 2  is required throughout life to maintain  tolerance   (Field et al.  2000 ). Depletion 
of CD8+ T cells breaks tolerance in this model, suggesting that CD8+ T cells may 
suppress mercury-induced autoimmunity (Field et al.  2003 ). 

 In an  in vitro  model using an immortalized T-cell line (Jurkat cells (Schneider 
et al.  1977 )), 5 μM HgCl 2  disrupted intracellular signaling in the CD95/Fas apop-
totic pathway, allowing cells which were stimulated with CD95 to resist apoptosis 
(Whitekus et al.  1999 ; McCabe et al.  2003 ,  2005 ). HgCl 2  treatment caused the dis-
sociation of preassembled Fas receptors in this model, preventing the formation of 

R.M. Gardner and J.F. Nyland



279

the death-inducing signaling complex (DISC) (Whitekus et al.  1999 ; Ziemba et al. 
 2005 ). McCabe et al. have suggested that T-cell resistance to apoptosis as a result of 
 mercury   exposure could be the underlying biological mechanism that allows self- 
tolerance to be broken in mercury-induced autoimmunity (McCabe et al.  2003 , 
 2005 ), though studies by Shenker et al. show that human T cells are sensitive to 
mercury-induced apoptosis at the same treatment concentrations (Shenker et al. 
 1992a ; Guo et al.  1998 ). Laiosa et al. reported that exposure of mice to high levels 
of mercury in drinking water (10 mg/L, 133.2 μg Hg/kg bw/day) led to reduced 
activation of apoptotic caspases in T cells after superantigen exposure, supporting 
the notion that mercury treatment may allow T cells to escape apoptosis (Laiosa 
et al.  2007 ).  

12.2.4     B Cells in  Mercury  -Induced Immune Dysfunction 

 B-cell activation occurs subsequently to and is dependent upon T-cell activation, 
although B-cell activation is directly responsible for many of the pathological out-
comes of  mercury  -induced autoimmunity including elevated levels of circulating 
immunoglobulins IgG and  IgE   (Johansson et al.  1998 ; Nielsen and Hultman  2002 ). 
Included in the increased immunoglobulin production are antibodies specifi c to 
self-antigens, most notably directed at nuclear and nucleolar proteins. Antinuclear 
autoantibodies (ANA) and anti-nucleolar autoantibodies (ANoA) are frequently 
observed in patients with systemic  autoimmune diseases   directed toward connective 
tissues, such as lupus and  scleroderma   (Gonzalez and Rothfi eld  1966 ; Ho and 
Reveille  2003 ). ANA and ANoA increase in a dose-response manner with HgCl 2  
treatment (Havarinasab et al.  2007a ). In mice, antibodies directed against the nucle-
olar protein fi brillarin predominate, similar to what is observed in scleroderma 
(Hultman et al.  1989 ; Pollard et al.  1989 ). This anti-fi brillarin response is dependent 
upon T cells and likely arises due to modifi cation of fi brillarin by mercury (Hultman 
et al.  1995 ; Pollard et al.  1997 ); however, similar anti-fi brillarin antibodies were not 
observed in mercury-exposed  mining   populations with elevated ANA and ANoA 
(Silva et al.  2004 ) (discussed in more detail below). In a B-cell lymphoma cell line, 
McCabe et al. have shown that 5–10 μM HgCl 2  causes dysregulation of B-cell 
receptor (BCR) signaling pathways, including reduced activation of Erk–MAPK 
signaling transduction pathways downstream of BCR antigen-induced activation 
(McCabe et al.  1999 ,  2007 ). This suggests that mercury may interact with signal 
transduction pathways in B cells as well as T cells.  

12.2.5     Requirement for Cellular Interactions in  Mercury  -Induced 
Immune Dysfunction 

 As described above, much of the experimental literature on  mercury  -induced 
immune dysfunction focuses on the actions and requirements of the effector T and 
B cells that are responsible for directly mediating pathology, with much less 
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emphasis on the actions of APCs which may be driving the autoimmune responses. 
However, evidence that cell–cell interactions are required suggests that APCs may 
be necessary. 

 In terms of cell–cell communication,  mercury  -induced autoimmunity in mice is 
absolutely dependent upon dysregulation of cytokine signaling. Given the impor-
tance of T cells in this model, the majority of cytokine studies have focused on the 
role of cytokines produced by the T H 1 and T H 2 T helper cell subsets. While diseases 
that are dominated by pathological B-cell responsiveness are generally thought to 
be skewed toward a T H 2-type response (characterized by increases in IL-4 and IL-5 
production), IL-4 is not required for mercury-induced autoimmunity in mice, as 
evidenced by the development of mercury-induced autoimmunity in IL-4 knockout 
mice. On the other hand, the signature T H 1 cytokine, interferon-γ (IFN-γ), is 
required for disease onset and progression (Bagenstose et al.  1998b ,  1999 ; Kono 
et al.  1998 ; Hu et al.  1999 ). Surprisingly, IL-12, which induces IFN-γ expression 
and drives T H 1-type responses, downregulates autoantibody production in mice, 
though the renal deposition of immune complex is not affected (Bagenstose et al. 
 1998a ). Treatment with IL-10, which suppresses T H 1 cytokine responses, sup-
presses mercury-induced autoimmunity, but does not completely prevent the dis-
ease (Haggqvist and Hultman  2005 ). 

  In vitro  studies of cytokine production have also focused on the balance of T H 1 
and T H 2 cytokines. In human peripheral blood mononuclear cells (PBMCs) acti-
vated with monoclonal antibodies to the T-cell receptor, IFN-γ and IL-12 produc-
tion were decreased while IL-4 was increased over a wide range of HgCl 2  
concentrations, mostly in the subcytotoxic range (Hemdan et al.  2007a ,  b ; Hemdan 
 2008 ). Changes in T H 1/T H 2 cytokine expression in response to HgCl 2  treatment 
were observed to be dependent upon the developmental stage at which splenocytes 
were harvested from mice and did not affect lymph node cells or thymocytes (Silva 
et al.  2005 ). 

 In addition to T helper cell-related cytokines, proinfl ammatory cytokines have 
also been reported to be dysregulated as a result of  mercury   treatment. Zdolsek 
et al. reported that macrophages isolated from mercury-sensitive mouse strains 
(SJL and DBA) and cultured with 1 μM HgCl 2  signifi cantly increased IL-1 
 production (though IL-1 was not further classifi ed) (Zdolsek et al.  1994 ). The 
authors noted that treatment at concentrations higher than 10 μM signifi cantly 
reduced the production of IL-1, due to decreases in cell viability.  In vivo , mercury 
treatment has been reported to cause systemic, early increases in TNF-α. As men-
tioned, T-cell proliferation was reported to be dependent upon adherent macro-
phages  in vitro  and the production of IL-1 (Pollard and Landberg  2001 ). In  in vitro  
modeling of human PBMC responses to subcytotoxic HgCl 2  treatments, there 
have been mixed results. In one report, TNF-α release was decreased in response 
to subcytotoxic HgCl 2  treatments (Hemdan et al.  2007b ). In two other more 
recent reports, subcytotoxic HgCl 2  (Gardner et al.  2009 ) and MeHg (Gardner 
et al.  2010a ) concentrations caused a dose-dependent increase in the release of 
proinfl ammatory cytokines with a concomitant decrease in anti-infl ammatory 
cytokines. 
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 In addition to cytokine regulation, direct cell–cell interactions have been shown 
to be necessary for the induction of autoimmunity by  mercury   treatment. 
Costimulatory interactions between APCs, including B cells, and T cells are 
required for the induction of autoimmunity by mercury treatment in mice (Biancone 
et al.  1996 ; Pollard et al.  2004 ). Disruption of CD40/CD40L interactions or CD28/
CD80 or CD86 interactions prevents the development of autoimmunity in mercury-
treated mice, whether the interruption was induced genetically or via culture 
conditions.  

12.2.6     Experimental Literature in the Context of Human 
Exposure 

 In the preceding sections, the doses used in animal models and the concentrations 
used for  in vitro  models have been emphasized. If these levels are compared with 
human daily exposures (Fig.  12.1 ) or blood  mercury   levels (Fig.  12.2 ), respectively, 
it becomes clear that most of these studies have occurred outside an exposure range 
that is relevant to humans, even when highly exposed populations are considered.

    Figure  12.1  compares doses used in animal models (standardized to daily expo-
sure) to the daily exposure levels reported in human populations. Passos et al. 
reported daily exposures based on detailed food-frequency questionnaires and anal-
ysis of MeHg in  fi sh   captured and eaten by participants (by species and region of the 
river) in a Brazilian population living along the Tapajos River (Passos et al.  2008 ). 
This river is heavily polluted by  mercury   release that occurs upstream as a result of 
small-scale artisanal gold  mining  , and the reported MeHg levels in fi sh were ele-
vated. In the most affected communities, noncarnivorous fi sh had mercury levels 
which were as high as those levels reported for tuna consumed within the United 
States, and carnivorous fi sh had levels which approached levels seen in swordfi sh 
(Mahaffey et al.  2004 ). The high level of fi sh consumption in these populations 
leads to the elevated daily intake of MeHg compared to other populations. The ani-
mal studies of mercury  immunotoxicity   reported in the literature and discussed so 
far had daily exposures to mercury that were above this level. Two more recent stud-
ies (Via et al.  2003 ; Nyland et al.  2012 ) used the lowest doses of mercury exposure 
in comparison to other studies. These experiments are discussed in detail below. 

 The most common concentration range used in  in vitro  studies is 5–10 μM, 
exemplifi ed in Fig.  12.2  by the concentration used by both McCabe et al. ( 1999 ) and 
Whitekus et al. ( 1999 ), and the higher concentration used by Mattingly et al. ( 2001 ). 
This corresponds to a blood  mercury   level that is higher than the cord blood level 
that has been reported by Harada to be the threshold for the development of con-
genital Minamata disease in infants (Harada  1995 ). This dose range is also close to 
the blood mercury levels that are observed in persons who have died as a result of 
mercury intoxication, as reported by Bakir et al. after analysis of the mass MeHg 
poisoning incident which occurred in Iraq in 1972 (Bakir et al.  1973 ). While 
Whitekus et al. were careful to show that these doses did not induce loss of viability 
in cultures of Jurkat cells, concentrations of this magnitude have been convincingly 
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shown to induce apoptosis in normal human lymphocytes  in vitro  (Shenker et al. 
 1992a ,  2000 ; Guo et al.  1998 ). In the study by Walker al. represented in Fig.  12.2 , 
heat shock protein genes were signifi cantly upregulated in human lymphocytes after 
incubation with 20 μM ethylmercury (another organic mercury compound like 
MeHg) (Walker et al.  2006 ). When human lymphocytes are cultured with such high 
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  Fig. 12.1    Animal model doses as compared to human exposures. Reported doses from the studies 
of  mercury    immunotoxicity   in animal models were standardized to represent the average amount 
of mercury the animals receive per day in terms of μg Hg/kg bw/day. In order to allow these studies 
to fi t on the same scale as the range of human exposures shown, doses are shown here on the log 
scale. Via et al. ( 2003 ) and Hultman and Enestrom ( 1988 ) represent studies using subcutaneous 
injections of HgCl 2  in mice. Nielsen and Hultman ( 2002 ) represent a study in which mice were 
dosed with HgCl 2  in drinking water. Hultman and Hansson-Georgiadis ( 1999 ) used subcutaneous 
injections of MeHg in mice. Bigazzi et al. ( 2003 ) represent a standard dose of HgCl 2  given subcu-
taneously to brown Norway rats in models of mercury-induced kidney autoimmunity. These doses 
are compared with log-transformed reported exposures in human populations. Allen et al. ( 2007 ) 
used Bayesian methods to estimate the parameters of MeHg exposure in a physiologically based 
pharmacokinetic modeling study based on NHANES data gathered in US populations (as reported 
by Schober et al. ( 2003 ); see Fig. 2). The UNEP reported the average daily worldwide exposure to 
MeHg (UNEP  2002 ). Passos et al. ( 2008 ) reported daily exposures based on detailed food- 
frequency questionnaires and analysis of MeHg in  fi sh   (by species and region of the river) in a 
Brazilian population living along the Tapajos River. This river is heavily polluted by mercury 
release that occurs upstream as a result of small-scale gold  mining  , and the point represents the 
maximum estimated daily dose of mercury in this highly exposed population       
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levels of mercury, cell defense mechanisms such as heat shock proteins come into 
play. Heat shock proteins function to preserve the basic functions of the cell in the 
presence of extreme stress (Beere  2004 ; Arya et al.  2007 ). In such a stressed state, 
specialized functions of cells are downregulated, especially energy-intensive pro-
cesses like cytokine or antibody peptide synthesis and secretion which are critical to 
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  Fig. 12.2    In vitro model doses as compared to human blood  mercury   levels. Reported concentra-
tions from the studies of mercury immunotoxicity in cell culture models were standardized to 
represent the concentration of mercury in terms of μg Hg/L. In order to allow these studies to fi t on 
the same scale as the range of human exposures shown, concentrations are shown here on the log 
scale. Mattingly et al. ( 2001 ) and Whitekus et al. ( 1999 ) used Jurkat cells, a T-cell-like leukemia 
cell line. McCabe et al. ( 2007 ) used WEHI-231 cells, derived from a B-cell lymphoma. Shenker 
et al. ( 1992a ,  b ,  1993a ,  b ), Walker et al. ( 2006 ), and Gardner et al. ( 2009 ,  2010a ) used human 
peripheral blood cells. These concentrations are compared with log-transformed reported blood 
mercury levels in human populations. Schober et al. ( 2003 ) reported the range of blood mercury 
levels in adult women in the United States using NHANES data. Passos et al. ( 2008 ) measured 
blood mercury levels in the population for which exposure was represented in Fig.  12.1 . This point 
represents the maximum blood mercury level observed in this highly exposed population. Similarly, 
the data point from Abdelouahab et al. ( 2008 ) represents the maximum blood mercury level 
reported in a Canadian population with consumption of highly MeHg-contaminated fi sh species, 
and the data point for Björnberg et al. ( 2005 ) represents the maximum blood mercury level reported 
in a Swedish population with frequent fi sh consumption. Harada ( 1995 ) reported the cord blood 
mercury level above which most exposed infants developed congenital Minamata disease in Japan 
in the 1960s. Finally, Bakir et al. ( 1973 ) reported the range at which death of exposed persons 
occurred after consumption of MeHg-contaminated grain during the mass poisoning incident in 
Iraq in 1972       
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immune function. If the stress is not relieved, cells will undergo apoptosis. At the 
levels required to induce heat shock protein genes and cell death,  immunotoxicity   is 
not likely to be of relevance in exposed humans as the other acutely toxic aspects of 
mercury exposure will likely supersede any effect on the immune system.   

12.3     Immunotoxic Effects of Hg in Humans 

 There is limited epidemiological data on the immunological effects of  mercury   in 
human populations. There have been no prospective studies on the immunological 
consequences of mercury exposure in humans. In a case-control study, Cooper et al. 
reported that past self-reported occupational exposure to mercury signifi cantly 
increased the risk of lupus (Cooper et al.  2004 ). Arnett et al., in another case-control 
study, revealed a correlation between urine mercury levels and the severity of sclero-
derma, though disease-related alterations in renal functions could not be ruled out 
as a cause of this trend (Arnett et al.  1996 ). 

 Silva et al. report that gold miners exposed to elemental  mercury   and  fi sh   con-
sumers exposed to MeHg had increased prevalence and titers of ANA and ANoA in 
serum compared to a nearby referent population with less exposure (Silva et al. 
 2004 ). In another study in the same elemental mercury-exposed  mining   population 
compared to referent mining populations with no mercury exposure, a positive cor-
relation between elevated mercury exposure and increased ANA/ANoA titers was 
also documented (Gardner et al.  2010b ). Given the similarities in ANA/ANoA 
response in these studies compared to murine models of mercury-induced autoim-
munity, anti-fi brillarin antibodies were measured by Silva et al. Of 40 subjects with 
elevated ANoA titers, only 3 had detectable anti-fi brillarin antibodies, suggesting 
that the development of an anti-fi brillarin response may not be necessary to the 
development of mercury-induced autoimmunity in humans as it is in murine models 
(Hultman et al.  1989 ). Other studies have also confi rmed the increased likelihood of 
elevated ANA/ANoA in MeHg-exposed populations (Alves et al.  2006 ; Nyland 
et al.  2011a ), although not in a study of paired maternal–cord blood samples from 
the same region of Amazonian Brazil (Nyland et al.  2011b ). 

 The body of evidence on immunological effects of  mercury   in occupationally 
exposed individuals is otherwise inconclusive. Cardenas et al. report that workers 
exposed to mercury show an increase in anti-DNA antibodies and increased  IgE   in 
serum compared to non-exposed referents (Cardenas et al.  1993 ). Dantas and 
Queiroz report an increase in serum IgE, but no detectable increase in anti-DNA 
antibodies or ANA was observed (Dantas and Queiroz  1997 ). Moszczynski et al. 
reported evidence of lymphoproliferation in mercury-exposed subjects, but Queiroz 
et al. found reduced numbers of T and B cells in exposed workers (Moszczynski 
et al.  1996 ; Queiroz and Dantas  1997a ,  b ). Queiroz et al. also reported evidence of 
hyperimmunoglobulin production in mercury-exposed individuals, with detectable 
increases in IgG, IgM, and IgA (Queiroz et al.  1994 ). Studies by Barregard et al., 
Langworth et al., and Ellingsen et al. found no differences in immunoglobulin, 
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immune complexes, or ANA levels in exposed workers. The equivocal fi ndings of 
these studies may be due to the relatively small sample sizes used or to differences 
in the underlying genetic  susceptibility   to mercury-induced immune dysfunction or 
both.  

12.4     Gene–Environment Interactions in Immune Responses 

12.4.1     Genetic Basis of  Susceptibility   to  Mercury    Immunotoxicity  : 
Experimental Evidence 

 In rodent models of  mercury  -induced autoimmunity, the effects of mercury on 
immune function are highly dependent on the genetic background of the mercury- 
challenged mouse or rat (Pelletier et al.  1990 ; Kosuda et al.  1994 ; Abedi-Valugerdi 
and Moller  2000 ; Hultman and Nielsen  2001 ). Susceptibility and resistance to 
mercury- induced autoimmunity are clearly complex traits. Hu et al. showed that 
resistance to mercury-induced autoimmunity was not due to general immunosup-
pression as a result of mercury exposure (Hu et al.  1998 ). Extensive analyses of 
inbred strains and backcrosses of mice have confi rmed the importance of the H-2 
locus of the major histocompatability complex (MHC) (Pelletier et al.  1990 ; 
Hultman et al.  1992 ; Kosuda et al.  1994 ; Hansson and Abedi-Valugerdi  2003 ). 
Mouse strains with the major histocompatibility complex H-2 S  genotype are the 
most sensitive to mercury-induced autoimmune disease. In a study of 15 different 
mouse strains representing seven H-2 genotypes, at least one strain of mice from 
every H-2 genotype was shown to be susceptible to mercury-induced changes in 
immunoglobulin production (Abedi-Valugerdi and Moller  2000 ). MHC class II 
molecules were required for cytokine induction and lymphoproliferation induced 
by mercury exposure  in vitro  (Hu et al.  1997 ). 

 Abedi-Valugerdi et al. determined that resistance to  mercury  -induced autoim-
munity was a dominant trait in mice ( 2001 ). Some aspects of the resistant pheno-
type appeared to involve a limited set of genes, while others appeared to involve 
more extensive loci including both H-2 and non-H-2 loci. Kono et al. ( 2001 ) con-
ducted two genome-wide scans for genes related to mercury-induced autoimmunity 
using intercrosses of two susceptible mouse strains. They found a single major 
quantitative trait locus on chromosome 1, designated as Hmr1, which was common 
to both crosses. Interestingly, this locus encompasses a region containing several 
identifi ed lupus  susceptibility   loci. 

 When mice that are genetically predisposed to the development of lupus are 
treated with  mercury  , including organic species, autoimmune pathology is acceler-
ated and exacerbated in the mercury-exposed animals compared to non-treated ani-
mals of the same strain (al-Balaghi et al.  1996 ; Abedi-Valugerdi et al.  1997 ; Pollard 
et al.  1999 ,  2001 ; Havarinasab and Hultman  2006 ; Hultman et al.  2006 ). Lower 
doses of mercury are required for this effect, compared to those necessary to induce 
autoimmune disease in H-2 S  mice strains.  
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12.4.2     Mercury and the  Epigenome   

 Not only is genetic composition (DNA sequence) a factor in  susceptibility   to the 
immunotoxic effects of  mercury  , but epigenetic changes can also be induced by 
environmental contaminant exposure.  Epigenetic   changes, those stable and herita-
ble changes in gene expression patterns that do not involve DNA sequence altera-
tions, come in many fl avors. DNA methylation and demethylation, histone 
hypoacetylation and hyperacetylation, and expression of certain noncoding RNAs 
are all types of epigenetic changes that can affect gene expression and regulation. 
These changes in gene expression can result in altered immune responses and 
immune dysfunction. 

 In a study utilizing murine embryonic stem cells  in vitro , Gadhia et al. found that 
 mercury   altered histone modifi cation pathways (Gadhia et al.  2012 ). In a study 
examining the effects of mercury exposure in wildlife, MeHg exposure was associ-
ated with DNA hypomethylation in the brains of polar bears (Pilsner et al.  2010 ). 
Finally, a small study in dental professionals found an association between MeHg 
exposure and hypomethylation of a particular gene promoter region (Goodrich et al. 
 2013 ). 

 Noncoding miRNAs, small 21 to 23 base pair RNAs that function as posttransla-
tional regulators, are believed to regulate approximately one third of the “transcrip-
tome” (Brooks et al.  2010 ). Multiple different miRNAs have been found to be 
differentially modulated in some patients with autoimmune disease, including miR- 
146a (Luo et al.  2011 ). miRNA levels can change for a variety of reasons, and many 
of the underlying triggers are unclear; however, a recent study demonstrated that, at 
least in plants, Hg exposure can modulate miRNA expression (Zhou et al.  2012 ).  

12.4.3     Autoimmune Disease “Triggers” and  Mercury   Modulation 
of Autoimmunity 

 Environmental exposure to xenobiotics, infectious disease exposure, and genetic 
background all interact to infl uence  susceptibility   to and severity of autoimmune 
disease in humans (Rioux and Abbas  2005 ). Antigen exposure is considered to be a 
“trigger” in autoimmune disease, as exposure to common pathogens has been asso-
ciated with increased risk of autoimmune disease (Bach  2005 ; Cooke et al.  2008 ). 
Inappropriate early innate responses to antigens may condition exaggerated immune 
responses, excessive infl ammation, and tissue damage, which later results in auto-
immune pathophysiology. In this context, it is interesting to consider murine models 
which include both  mercury   exposure and antigenic exposure. 

 Abedi-Valugerdi et al. reported that the antigenic stimulant lipopolysaccharide 
(LPS) infl uenced  susceptibility   to  mercury  -induced autoimmunity (Abedi-Valugerdi 
et al.  2005 ). When mice were treated with LPS and HgCl 2  (395 μg Hg/kg bw/day), 
autoimmunity was exacerbated in susceptible H-2 S  mice. These mice showed ele-
vated ANA and ANoA titers and increased glomerular immune complex deposition 
compared to mice treated with mercury only. In H-2 D  mice that are otherwise highly 
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resistant to mercury-induced autoimmunity (Abedi-Valugerdi and Moller  2000 ; 
Abedi-Valugerdi et al.  2001 ), concomitant exposure to LPS and HgCl 2  induced 
autoimmunity characterized by excess production of immunoglobulins and glomer-
ular immune complex deposition, without an increase in ANA or ANoA titers. 

 Via et al. ( 2003 ) also reported that HgCl 2  treatment at much lower doses (7.4 or 
74 μg Hg/kg bw/day) accelerated a lupus-like disease in a murine model of acquired 
autoimmune disease, chronic graft-versus-host disease (cGVHD). cGVHD is 
widely used to study mechanisms of autoimmune disease progression and to test 
novel pharmacotherapies (Gleichmann and Gleichmann  1985 ; Portanova et al. 
 1988 ; Via and Shearer  1988 ). Exposure to HgCl 2  before induction of cGVHD 
caused premature mortality, increased proteinuria, and more severe glomerulone-
phritis. The nephropathic changes were similar to those observed in the non-
mercury     - treated cGVHD mice and are distinct from those observed in rats with 
high-dose mercury exposure (Bigazzi et al.  2003 ). 

 Silbergeld et al. have reported that the same low doses of HgCl 2  (7.4 or 74 μg Hg/
kg bw/day) exacerbate cardiac myosin antigen-induced autoimmune myocarditis 
(experimental autoimmune myocarditis, EAM) in mice (Silbergeld et al.  2005 ). 
Similarly, HgCl 2  treatment prior to infection with coxsackievirus B3 (CVB3) 
increased the severity of myocardial infl ammation and the prevalence of dilated 
cardiomyopathy in mice (Nyland et al.  2012 ). Viral load in the heart was not affected 
in the CVB3-induced model, indicating that this effect did not depend on immune 
suppression, which can occur in this model at higher doses (Ilback et al.  1995 , 
 1996 ). However, timing of the  mercury   exposure was important as mercury treat-
ment after CVB3 infection was not suffi cient to modulate the disease pathology. 
Interestingly, the number of macrophages was increased in the hearts of mercury- 
treated mice, suggesting a role for the activation of the innate immune response and 
proinfl ammatory cytokines in the mercury-exacerbated autoimmune disease.  

12.4.4     Diversity in Human Immunogenetics: Implications 
for Gene–Environment Interactions 

 One reason for the apparent discrepancies between experimental and epidemiologi-
cal studies on  mercury  -induced  immunotoxicity   described above may relate to 
unexamined differences in individual  susceptibility   to mercury-induced immuno-
toxicity as a result of the inherent variability in the human immune system. 

 As noted above, there is a clear role for genotype in murine models of  mercury  - 
induced   autoimmune diseases   and some suggestion that some of these genotypes 
may be important in modulating risk of autoimmune disease in human populations. 
However, humans are hypervariable in the genes which together control immune 
responses (Rodey and Fuller  1987 ). In humans, human leukocyte antigen (HLA) 
molecules on antigen-presenting cells (APCs) restrict immune responses by binding 
antigenic peptides and presenting them to T cells, analogous to the MHC in mice. 
HLA molecules greatly infl uence  susceptibility   and resistance to infectious disease 
based on variable affi nity for antigenic peptides (Krensky  1997 ; Ghodke et al. 
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 2005 ). The hypervariability present in HLA loci is driven by the evolutionary advan-
tage conferred in infectious disease resistance. Heterozygotes (people who have two 
types of antigen-presenting molecule encoded per HLA locus, rather than one) can 
present a wider range of pathogenic antigens, increasing the likelihood that they 
will be able to effectively respond to and survive infection (Doherty and Zinkernagel 
 1975 ; Martin and Carrington  2005 ). Diversity in HLA molecules between people 
also confers a selective advantage to populations, enhancing the likelihood that at 
least some members can survive a disease outbreak (Singh et al.  1997 ). Despite the 
variability in HLA molecules in humans and its selective advantage, most genetic 
components of heritable difference in disease susceptibility map to loci outside of 
the HLA, including cytokine promoter regions and genes for their receptors (Hill 
 1998 ,  2001 ). 

 In addition to controlling  susceptibility   to infectious diseases, HLA and non- 
HLA  polymorphisms   in humans have been linked with risk of autoimmune disease 
(Braun  1992 ; Ebringer and Wilson  2000 ). Autoimmune diseases cluster in families, 
although not every family member has same disease and many family members go 
unaffected (Cooper et al.  1999 ). Alternately, for those  autoimmune diseases   which 
have been associated with exposure to some risk factor, only a small minority of 
those exposed go on to develop autoimmune disease (Inadera  2006 ). This suggests 
that the etiology of autoimmune diseases involves complex interactions between 
genetic and environmental risk factors. 

 In addition to genetic variability in genes controlling immune response, there is 
evidence that responses to environmental toxins can also vary within populations as 
a result of gene  polymorphisms  . There is relatively little data on the direct genetic 
modulation of responses to  mercury   in humans, except for a recent study reporting 
a modest association between brain-derived neurotrophic factor (BDNF) polymor-
phisms and neurotoxic symptoms in persons exposed to mercury in dental medicine 
(Heyer et al.  2004 ). Toxicokinetic handling of mercury can be modulated in humans 
as a result of polymorphisms in the GSH pathway, given its prominent role in the 
excretion of mercury from the body. Reports have indicated that polymorphisms in 
genes related to GSH synthesis and conjugation may result in increased body bur-
den in exposed humans (Ballatori et al.  1998 ; Zalups et al.  1999 ; Custodio et al. 
 2005 ; James et al.  2005 ; Clarkson et al.  2007 ). Until recently, a separate biomarker 
of mercury was not used in population studies to assess the possibility that increased 
mercury levels may be a result of increased exposure. Custodio et al. and Schlawicke- 
Engstrom et al. recently demonstrated that certain polymorphisms in glutathione-S- 
transferase π1 were correlated with higher mercury levels in erythrocytes once  fi sh   
consumption was controlled for by the measurement of a highly specifi c exposure 
marker for fi sh, long-chain n-3 polyunsaturated fatty acids in plasma (Custodio 
et al.  2004 ; Schlawicke Engstrom et al.  2008 ).   
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12.5     Immunological Interactions in Other  Mercury  -Induced 
Pathologies 

 Mercury exposure had wide-ranging consequences for human health. Many toxic 
end points that result from  mercury   exposure have been extensively characterized, 
though little is known about whether these pathologies also have some aspects that 
are immune mediated. Here, we evaluate similarities between other end points of 
mercury-mediated toxicity and the immunotoxic effects of mercury that are 
observed in experimental models. 

12.5.1     Kidney Disease 

 Mercury-induced kidney pathology provides the most direct evidence for an under-
lying dysregulation of immune response. Mercury, especially in elemental and inor-
ganic forms, is directly toxic to kidney tissue as a result of  mercury   toxicodynamics 
discussed above. The accumulation of mercury in the kidneys damages tubular cells 
and causes the release of enzymes into the urine that are often used as  biomarkers   
of damage to the kidney. At lower exposure levels, an increase in the lysosomal 
enzyme N-acetyl-β-d-glucosaminidase (NAG) is the most consistently observed 
biomarker in the urine of exposed subjects, an effect that is reversible once exposure 
has ceased (Ellingsen et al.  2000 ; Frumkin et al.  2001 ; Mandic et al.  2002 ). At 
higher exposures levels, intracellular enzymes including lactate dehydrogenase, 
aspartate aminotransferase, and acid phosphatase are released into the urine along 
with proteins such as albumin (Cardenas et al.  1993 ; Van Vleet and Schnellmann 
 2003 ; Barbier et al.  2005 ). 

 However, there is considerable evidence that damage to the kidney can result in 
autoimmune pathology directed against kidney tissue in susceptible individuals. As 
described above,  mercury  -induced glomerulonephritis has been characterized in 
both occupationally exposed human populations and animal models (Tubbs et al. 
 1982 ; Cardenas et al.  1993 ; Bigazzi  1999 ). This disease has also been characterized 
in populations exposed to mercury via use of  skin   lightening creams containing 
inorganic mercury (Barr et al.  1972 ,  1973 ). 

  Glomerulonephritis   is characterized by an infi ltration of infl ammatory cells, 
including macrophages and monocytes. In a rat model of  mercury  -induced kidney 
autoimmunity, blocking the accumulation of glomerular macrophages and exces-
sive TNF-α secretion by treatment with anti-TNF-α polyclonal antibodies blocked 
the development of nephritis in HgCl 2 -exposed animals (Molina et al.  1995 ). As 
reviewed above, experimental evidence suggests that mercury may be able to modu-
late both proinfl ammatory cytokine signaling and the actions of APCs including 
macrophages.  
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12.5.2     The Nervous System 

 The developing nervous system and the immune system are in many ways concep-
tually and biologically linked: neuronal migration involves intercellular interactions 
that utilize cytokines and chemokines, the same signaling molecules as the immune 
system, in addition to other signaling molecules. The developing nervous system is 
considered to be the most sensitive target organ of MeHg toxicity, and the effects of 
MeHg have been extensively reviewed elsewhere (National Research Council (U.S.) 
Board on Environmental Studies and Toxicology.  2000 ; Clarkson and Magos  2006 ). 

 Several experimental fi ndings in the studies of the neurological effects of  mer-
cury   exposure are relevant to the discussion of the  immunotoxicity   of mercury. 
Charleston et al. reported an increase in reactive gliosis, or an infl ux of activated 
glial cells, in brains of nonhuman primates exposed to both organic and inorganic 
mercury (Charleston et al.  1994 ). Sass et al. reported that  in vitro  studies of 
microglia- directed neuronal migration showed that mercury decreased both the 
number of migrating neurons and the distance traveled by migrating neurons (Sass 
et al.  2001 ). Microglia are macrophage lineage cells resident in the  CNS   that per-
form important roles in neuronal migration and that synthesize, release, and respond 
to immunological signals. They function in the mature CNS to respond to infection 
and cell injury (Gehrmann et al.  1995 ). Decreases in neuronal migration observed 
by Sass et al. were related to disrupted cytokine signaling in the microglia. These 
results suggest that a possible mechanism of mercury-induced CNS damage may be 
the disruption of the complex neuro-immune signaling essential for neuronal migra-
tion and brain development.  

12.5.3     Dermal Effects of  Mercury   

 Toxic effects of  mercury   on the  skin   (Pink disease or acrodynia, mercury exanthem, 
and contact dermatitis) are also mediated by the immune system (Boyd et al.  2000 ). 
Acrodynia normally occurs in young children or infants, historically as a result of 
exposure to  calomel   (mercurous chloride) used as teething powder until the 1950s 
or mercurial antibacterial agents used in diaper laundering (Warkany and Hubbard 
 1953 ; Warkany  1966 ). In addition to general listlessness, anorexia, and irritability, 
affected children experience pain and swelling in their hands and feet, the skin of 
which become infl amed and pink, along with the skin of the nose. Skin biopsies 
reveal infi ltrate of infl ammatory cells. Given the infl ammatory nature of the disease 
and the occurrence of the disease in only 1 in about every 500 exposed children, 
acrodynia is considered to be a  hypersensitivity   reaction that will only occur in 
susceptible individuals.  

12.5.4     Cardiovascular Disease 

 The most recently characterized toxic end point of  mercury   exposure is effects on 
cardiovascular health. Several studies have reported increased risk of acute 
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coronary events and  cardiovascular disease   as a result of mercury exposure from 
 fi sh   consumption (Salonen et al.  1995 ; Virtanen et al.  2005 ). Guallar et al. presented 
evidence that mercury body burdens resulting from fi sh intake may directly counter-
act the cardioprotective benefi ts of n-3 fatty acids in fi sh tissue and confi rmed that 
mercury exposure increased the risk of myocardial infarction (Guallar et al.  2002 ). 
Interestingly, the studies in the Faroe and Seychelles Islands cohorts have shown 
that higher  prenatal   exposures to mercury are associated with higher blood pressure 
in children at age seven (Faroe Islands) and fi fteen (Seychelles Islands, in males 
only) (Sorensen et al.  1999 ; Thurston et al.  2007 ). The relationship between mer-
cury exposure and increased blood pressure was also observed in adult populations 
exposed to mercury via fi sh consumption in the Brazilian Amazon, though analysis 
in a US population (NHANES data) failed to fi nd a correlation between blood mer-
cury levels and blood pressure (Vupputuri et al.  2005 ; Fillion et al.  2006 ). Population 
studies of mercury effects on cardiovascular disease are diffi cult to conduct given 
the negative confounding relationship between the health effects of fi sh oils and the 
toxic effects of mercury exposure (Choi et al.  2008 ). 

 The infl ammatory basis of  cardiovascular disease   has been extensively charac-
terized in human populations, including evidence for the role of macrophage 
involvement and elevated proinfl ammatory cytokine levels in disease etiology and 
progression (Dinarello  1996 ; Boyle  2005 ; Apostolakis et al.  2008 ). As reviewed 
above, experimental evidence suggests that  mercury   may be able to modulate both 
proinfl ammatory cytokine signaling and the actions of APCs including macro-
phages. Given that mercury exposure is ubiquitous and that cardiovascular disease 
is the leading cause of death worldwide (Mathers et al.  2008 ), investigations of the 
direct links between mercury exposure, infl ammation, and cardiovascular disease 
risk should be a high priority in future studies.   

12.6     Conclusions 

 Animal models strongly suggest that  mercury   can disrupt immune processes, with 
pathological consequences for the exposed animal. These effects occur at exposures 
that are above the range of human exposure to mercury. The ability of inbred strains 
of mice to appropriately model the range of  susceptibility   to mercury-induced 
immune dysfunction in humans is questionable, given the inherent variability in 
human immune responses and the complex gene–environment interactions that are 
likely to be involved. 

 In order to evaluate the risk that  mercury    immunotoxicity   poses to human health, 
studies that specifi cally examine the effects of mercury on the human immune sys-
tem are required. Work that directly examines the impact of mercury on immune 
function in population-based studies is of high priority. The evidence presented in 
this review suggests that future experimental work ought to be conducted at low 
concentrations that accurately refl ect the range of human exposures and ought to be 
conducted with human cells. Given the importance of cell–cell interactions in ani-
mal models of mercury immunotoxicity, monotypic cell lines should not be consid-
ered an adequate model to evaluate the effects of mercury in human cells. Instead, 
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mixed culture models, such as PBMCs, ought to be used. If the appropriate study 
design is used, the use of primary cells would also allow for the evaluation of natural 
variability in response to mercury in human immune cells from different volunteers, 
presumably arising from intrinsic (genetic) and acquired factors such as previous 
infections. Finally evidence in animal models suggests that the activation state of 
mercury-exposed immune cells may play a signifi cant role in determining the nature 
or magnitude of the impact of mercury, so the immunotoxic effects of mercury, 
including those effects on the  epigenome  , ought to be evaluated in both the presence 
and absence of antigenic stimulation or triggers of immune response.     
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13.1           Introduction 

 The etiology of  autoimmune diseases   remains unknown; even if many studies have 
investigated it in the past and are still exploring it, until now no unique genetic or 
environmental risk factor has been identifi ed to be responsible for the onset of 
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autoimmune diseases. We now consider autoimmune diseases to be induced by 
multiple factors, genetic and environmental, and this is well supported by the fact 
that no direct genetic transmission of the same autoimmune disease has yet been 
found in a familiar group, even if different expressions of autoimmunity (organ 
specifi c or systemic) are found in families with affected individuals. An important 
observation comes from the incomplete concordance rate for autoimmune dis-
eases in couples of monozygotic twins, in which only one twin expresses the 
rheumatic disease, despite the identical genomic sequences (Miller et al.  2012b ; 
Selmi et al.  2012a ). Twin  studies   are indicated in the study of autoimmune dis-
eases as these allow also the possibility to calculate the genetic heritability of each 
condition, i.e., the proportion of observable differences in a phenotype between 
individuals that is due to genetic differences (Bogdanos et al.  2012 ; Christensen 
et al.  2011 ; De Santis and Selmi  2012 ). Since heritability is a proportion, its value 
ranges from 0 (when genes do not contribute to phenotypic differences) to 1 
(when the environment does not contribute to phenotypic differences). This esti-
mate depends on numerous variables, including the prevalence of the disease in 
the general population, and does not refl ect the risk of getting a disease but the 
variance between twins. The term “heritability” defi nes the proportion of the phe-
notypic variance attributable to genetics (A + D), while the less known term “envi-
ronmentability” represents the proportion of phenotypic variance attributable to 
environmental features (or 1-heritability). Of particular importance in the discus-
sion of environmental factors is the fact that “environmentability” includes envi-
ronmental infl uences that are the sum of common/shared environmental factors 
and individual environmental variance, while also including the differences due to 
measurement errors or observation bias. In specifi c autoimmune diseases, genetic 
heritability estimates are summarized in Table  13.1  and demonstrate that the 
weight of genetic infl uences is mostly observed in some conditions (as for Crohn’s 
disease or ankylosing spondylitis) while being almost negligible in others (as for 
systemic sclerosis) (Selmi et al.  2004 ,  2011 ). To tackle this complex view in 
which causality is diffi cult to prove, the National Institute of Environmental 
Health Sciences (NIEHS) organized an expert workshop in September 2010 to 
provide a consensus on the defi nition of environmentally induced autoimmune 
diseases (Parks et al.  2014 ). The results of the expert panel were reported in three 
comprehensive articles on the mechanisms, epidemiology, and animal models, 
while a consensus statement was later reported (Miller et al.  2012a ,  b ; Parks et al. 
 2014 ; Selmi et al.  2012a ). The Delphi  exercise   results are summarized for immune 
or other mechanisms (Table  13.2 ), animal studies (Table  13.3 ), and factor-specifi c 
mechanisms (Table  13.4 ).

      Based on these observations, it is now commonly accepted that multiple genetic 
predisposition factors must interact with epigenetic and environmental triggers to 
induce the clinical expression of  autoimmune diseases  , such as rheumatic ones 
(Ehrenfeld  2010 ). This could explain why some diseases develop mainly in some 
geographic areas (usually industrial zones), and they seem to have a seasonal con-
centration, maybe related to  viral infections  , as in the case of dermatomyositis 
(Tanaka and Takikawa  2013 ; Invernizzi  2010 ; Shapira et al.  2010 ; Chandran and 
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Raychaudhuri  2010 ; Zeki et al.  2010 ; Moroni et al.  2012 ; Selmi and Tsuneyama  2010 ; 
Prieto and Grau  2010 ). Despite the increasing interest about environmental risk fac-
tors, the recommendations and the ongoing growth of pathophysiological data about 
autoimmune diseases, there are still numerous gaps in our knowledge. The aim of this 
chapter is to describe the environmental factors and the general and specifi c mecha-
nisms that are considered to play a role in the onset of autoimmune diseases.  

13.2     Environment and  Autoimmune Diseases  : The Role 
of Chemicals, Xenobiotics, and Adjuvants 

 Every day an increasing number of factors responsible for  autoimmune diseases   are 
under evaluation, and in particular growing evidence for a pathogenic role is associ-
ated to chemicals, xenobiotics, and adjuvants (Chandran and Raychaudhuri  2010 ; 
Costenbader et al.  2012 ; Hemminki et al.  2010 ; Miller et al.  2012a ,  b ). In the case 
of chemicals, some studies have demonstrated that aryl hydrocarbon receptor (AhR) 
can induce Th17 cell to differentiate with their activity exacerbating autoimmune 
diseases in animal models (Veldhoen et al.  2008 ), while others have shown that AhR 
promotes the expansion of regulatory T-cell (Treg) populations, decreases Th17 

   Table 13.1    Genetic heritability based on twin concordance rates for specifi c  autoimmune dis-
eases   (Selmi et al.  2012b )   

 Genetic heritability  Reference 

 Acute rheumatic fever  0.60 (0.41–0.81)  Engel et al. ( 2011 ) 

 Ankylosing spondylitis  0.97 (0.92–0.99)  Brown et al. ( 1997 ) 

 Celiac disease  0.57 (0.32–0.93)  if 1/1000 
prevalence  
 0.87 (0.49–1.00)  if 1/91 
prevalence  

 Nistico et al. ( 2006 ) 

 Crohn’s disease  1.00 (0.34–1.00) 
 0.55  (*  )  

 Tysk et al. ( 1988 ) 
 So et al. ( 2011 ) 

 Multiple sclerosis  0.25 (0–0.88) 
 0.76 (0.33–0.88) 

 Hawkes and Macgregor 
( 2009 ) 

 Psoriasis  0.66 (0.52–0.77)  Grjibovski et al. ( 2007 ) 

 Psoriatic arthritis  0.65 (0.22–1.00)  Pedersen et al. ( 2008 ) 

 Rheumatoid arthritis  0.68 (0.55–0.79)  ACPA positive  
 0.66 (0.21–0.82)  ACPA negative  

 van der Woude et al. ( 2009 ) 

 Sarcoidosis  0.66 (0.52–0.80)  Sverrild et al. ( 2008 ) 

 Systemic lupus 
erythematosus 

 0.66  (*)   So et al. ( 2011 ) 

 Systemic sclerosis  0.008  Feghali-Bostwick et al. 
( 2003 ) 

 Type 1 diabetes  0.88 (0.78–0.94) 
 0.80  (*)  

 Hyttinen et al. ( 2003 ) 
 So et al. ( 2011 ) 

  * prospective longitudinal study 
 When available, 95 % confi dence intervals are provided  

13 Environment and Autoimmunity: Facts and Gaps
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frequency, and limits the clinical symptoms of disease (Quintana et al.  2008 ). 
Mechanisms linking nicotine, infl ammation, and interleukin-17 (IL-17) production 
were studied in a rat adjuvant-induced arthritis model of human rheumatoid arthritis 
(RA). In this model, nicotine pretreatment aggravates arthritis increasing interferon 
(IFN) and IL-17 production, whereas posttreatment nicotine suppressed the disease 
(Yu et al.  2011 ). 

 Moreover, toxicological factors, such as silica, have been recently considered as 
triggering factors for  autoimmune diseases   based on both epidemiological and 
experimental evidences. The observation of a possible link between chemicals and 
disease onset is based on epidemiological studies that associate chemical exposure 
with biological markers of autoimmunity and also by laboratory studies that iden-
tify plausible biological mechanisms through which environmental agents can infl u-
ence autoimmunity (Miller et al.  2012a ,  b ). As for the role of xenobiotics in 
autoimmune diseases, recent works showed that the activation of toll-like receptors 
(TLR) in macrophages predisposes the cells to produce toxin-induced infl ammatory 
cytokines. In fact, co-exposure to nickel and TLR2 agonists induces the release of 
IL-6 by lung fi broblasts in a protein kinase-dependent pathway (Gao et al.  2010 ). 
Because TLR signaling and IL-6 production are key elements in autoimmune dis-
eases, they may be involved in the onset and perpetuation of an autoimmune 
response in the long term. In mouse models undergoing  mercury   exposure later 
developing an autoimmune disease, lipopolysaccharide (LPS) exposure has been 
shown to trigger the disease onset. Similarly, studies performed in vitro on human 
peripheral blood mononuclear cells stimulated with mercuric chloride showed that 
proinfl ammatory cytokines were induced only when the cells were co-exposed to 
LPS (Gardner et al.  2009 ). Similarly to chemicals and xenobiotics, adjuvants can 
stimulate the immune system even without having an antigenic effect per se. 
Adjuvants such as  pristane  ,  squalene  , and mineral oil are capable of activating the 
immune response and can induce the release of chemokines and proinfl ammatory 
cytokines. Some studies, mainly performed on animal models, showed that adju-
vants can activate the innate immune system mainly by binding to TLR and induc-
ing dendritic cells or macrophage function, and moreover, they can modulate the 
release of chemokines and the recruitment of immune cells. Based on these data, we 
assume that environmental adjuvants can stimulate the innate immune response and 
then activate the adaptive response, which fi nally leads to chronic arthritis and pro-
duction of autoantibodies such as lupus-related anti-Sm/RNP or Su antibodies 
(Rose  2008 ; Meroni  2011 ). Beside adjuvants that can be traced because of their use 
in experimental models, no specifi c autoimmune-associated biomarker of adjuvant 
exposure is currently used to identify and design studies of specifi c  biomarkers   of 
adjuvant exposure. 

 Another mechanism through which dietary components and environmental tox-
ins can infl uence autoimmune  disease   onset is through the modifi cation of the Th17 
response in susceptible individuals. This has been evaluated and supported by sci-
entifi c evidence in autoimmune diseases such as RA, Crohn’s disease, and psoriasis, 
where Th17 cells seem to be involved in the development and in the relapse of the 
diseases (Di Cesare et al.  2009 ; Sarkar and Fox  2010 ; Segal  2010 ). In the last 
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decade, several reports showed that vitamin A and vitamin D can exert an immune 
modulatory effect by controlling the Th17 and Treg balance, and also they play a 
hormonal role linked not only to bone health but also to immune homeostasis 
(Quintana and Weiner  2009 ). 

 Several studies have indicated that  mercury  -induced cell death leads to the for-
mation of a unique 19 kDa cleavage fragment of fi brillarin, which cannot be detected 
in cells died from other causes. These mercury modifi cations of fi brillarin appear to 
increase its immunogenicity, and it is unclear whether this process is limited to 
fi brillarin itself or whether nontargeted cellular proteins are left intact following 
mercury exposure (Havarinasab and Hultman  2005 ; Pollard et al.  1997 ). 

 Recent reports suggest that environmental chemicals could infl uence the autoim-
mune response through the alteration of Treg production or function mediated by 
multiple intracellular receptors. But new studies are necessary to analyze the 
assumption that exposure to environmental chemicals, capable of modulating intra-
cellular receptor signaling, is associated with the risk or severity of  autoimmune 
diseases   in humans.  

13.3     Environment and  Autoimmune Diseases  : The Role 
of Physical Elements 

 Among many environmental factors that can play a role in  autoimmune diseases  , 
receptor-independent stressor-mediated environmental effects have been reported. 
Among these factors, ultraviolet B (UVB) light is able to induce Treg cell differen-
tiation to produce IL-10 for antigen-specifi c immunosuppression (Maeda et al. 
 2008 ; Shintani et al.  2008 ). This process mediated by UV light may represent an 
immunosuppressive response to UV-mediated epithelial cell death and autoantigen 
presentation by  Langerhans cells   (Lehmann and Homey  2009 ). Ionizing radiations 
are also likely to contribute to the onset of autoimmune diseases, especially thyroid 
diseases, such as Hashimoto thyroiditis and Graves’ disease, even if research bias 
(i.e., few studies of medical radiation therapy and inconsistency in fi ndings from 
nuclear testing fallout and accidental radiation contamination) is still present. 
Another important fi eld of investigation that deserves further development is the 
role of UV exposure as risk factor for dermatomyositis and systemic lupus erythe-
matosus (SLE), as suggested by prospectively collected and preclinical data on sun 
sensitivity.  

13.4     Environment and Autoimmune Disease: The Role 
of Infectious Agents 

 Infectious agents are one of the most studied environmental factors in the etiopatho-
genesis of  autoimmune diseases  . A well-known example is represented by rheu-
matic fever, caused by streptococcal antigens that can induce systemic symptoms 
such as fever, arthritis, and also heart disease (Malkiel et al.  2000 ). Other infections, 
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mainly mediated by viruses such as Epstein-Barr virus (EBV), are linked to the 
development of autoimmune diseases such as SLE (Barzilai et al.  2007 ) but also RA 
(Balandraud et al.  2004 ), and Sjögren’s syndrome (Padalko and Bossuyt  2001 ). 
Besides EBV, a potential role for  cytomegalovirus   ( CMV  ) in the development of 
SLE has been suggested (Su et al.  2007 ), similarly to antiphospholipid syndrome 
(Blank et al.  2004 ; Blank and Shoenfeld  2004 ; Shoenfeld and Blank  2004 ). 

 The mainly accepted hypothesis assumes that genetically predisposed individu-
als with a normal immune system who develop a viral infection (probably with 
other concomitant environmental factors) activate autoimmunity through the action 
of viral superantigens, molecular mimicry, polyclonal activation, epitope spread-
ing, and bystander activation (Barzilai et al.  2007 ). This uncontrolled activation 
leads to autoimmunity, which we can detect through sera autoantibodies, even 
before the onset of the clinical symptoms of the disease. Whether these are sto-
chastic associations or signifi cant pathogenetic links remains to be clarifi ed in most 
cases; however, the time lapse between induction of infection and clinical manifes-
tations will make a direct proof poorly feasible in humans, maybe in animal 
models.  

13.5     Conclusions 

 The data reported in this chapter show that multiple agents are under investigation 
for their capacity to lead to multiple modifi cations (i.e., phosphorylation, glycosyl-
ation, acetylation, deamidation) in response to self-antigens, with the breakdown of 
tolerance and the onset of autoimmune reactions and diseases. Beside cellular 
mechanisms of innate and adaptive immunity, also autoantibodies to modifi ed self- 
antigens can be crucial to the effector immune reaction against target tissues, as well 
represented in RA. 

 The lack of epidemiological data refl ects that main diffi culties and gaps are still 
present in this fi eld, such as quantifying the exposure to environmental chemicals 
and analyzing multiple cellular subsets and their functions in human populations. A 
few recommendations for future research include (i) analysis of  multiple chemical 
mixtures  , refl ecting the real-life complexity of human life in contact with the envi-
ronment; (ii) exposure-related risks within specifi c disease phenotypes and in the 
context of genetic risk factors, such as the smoking associated with RA-defi ned 
anti-citrullinated peptide antibody positivity; and (iii) the defi nition of critical “win-
dows of opportunity” in the timing of exposure and latency relative to age/develop-
mental stage, understanding dose-response relationship, and identifying mechanisms 
that lead to autoimmunity. 

 More “translational” epidemiological studies of environmental autoimmunity 
are needed and should be guided by mechanisms defi ned in animal model systems 
and vice versa. An integrated, multidisciplinary approach is critical, and programs 
should be established to provide opportunities for collaboration and improve com-
munication between epidemiologists, exposure scientists, and basic cellular/molec-
ular biologists, i.e., fostering of interdisciplinary research through forums, funding, 
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and training. Moreover, funding opportunities need to be specifi cally addressed 
toward autoimmunity and environmental factor research studies. In fact, a better 
coordination across the different disciplines and agencies conducting autoimmune 
research may help to encourage collaborations. Such coordinated efforts may also 
promote a more cohesive body of knowledge through studies of multiple  autoim-
mune diseases   with similar underlying mechanisms and shared genetic or environ-
mental risk factors. 

 An important need for human autoimmune research is, for example, the avail-
ability of high-quality, validated measurement tools. As to the efforts to characterize 
the genome, new technologies should be harnessed to address the critical need to 
characterize human environmental exposures. An environment-wide association 
(exposure/EWAS) study database (complementing PHENX) would facilitate future 
epidemiological studies. More data are also needed to establish the contribution of 
psychosocial factors, infections, complex mixtures, and  susceptibility   factors to the 
development and severity of  autoimmune diseases  . Biomarkers identifi ed by mech-
anistic studies should be applied to epidemiological research in the context of rele-
vant exposure measures. Investments in high-quality exposure measures and 
biological markers will increase the ability to identify environmental contributions 
to the etiopathogenesis of autoimmune diseases. 

 Finally, a consensus-based approach should be established to defi ne autoimmune 
phenotypes (rather than diseases), which may improve comparability between 
human studies and animal models. The focus on studying diseases defi ned by clas-
sifi cation criteria may limit interpretation of animal model data and the ability to 
identify human exposure cohorts using the broadest disease defi nitions. Conversely, 
there is a need for animal models to better represent phenotypes that occur in human 
diseases (e.g.,  CNS  -SLE). Some environmental exposures may cause diseases char-
acterized by a mixture of outcomes or multiple phenotypes that do not fi t the stan-
dard diagnostic criteria. Outbreak investigations should collect data to characterize 
the emerging phenotypes and include the preservation and archiving of biological 
specimens. Long-term follow-up of affected individuals is critical to assess pheno-
types that might develop with long latency.     
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14.1           What Is Immunotoxicology? 

14.1.1     Introduction 

 Well before the mechanisms were understood, pulmonary immune diseases had 
been associated with environmental chemicals, i.e., air contaminants. During the 
second half of the twentieth century, purpose and function of the different 
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components of the immune system as well as their interactions with chemicals were 
extensively investigated and ultimately understood in more detail. In addition to a 
deeper understanding of immunological interactions and mechanisms, a series of 
accidents involving immunotoxic compounds pushed the development of immuno-
toxicological science in the last century. 

 In Europe in particular, the fi eld of  immunotoxicology   came to the forefront fol-
lowing the accidental release of 2,3,7,8-TCDD near Seveso in 1976. This accident 
marked the starting point of public discussion around chemical-induced immune 
defi ciencies which still continue to this day. Broad public attention led to a fl ood of 
activity by academics, authorities, and the industry. Immunotoxic effects induced 
by drugs had been observed and experimentally investigated prior to this incident. 
However, these studies were – in most cases – not conducted as special  immunotox-
icity   investigations, i.e., based on understanding of immunological processes. 
Furthermore, they did not obtain wide publicity. Authorities started the process of 
drafting immunotoxicity  guidelines  , and several workshops were initiated to discuss 
possible testing strategies for immunotoxicological screening (e.g., by IPCS) as 
well as intra- and interlaboratory validation studies (ICICIS, BGA, NTP, etc.). 
Several proposals for such screening batteries had been published between 1982 
and 1998 from various sites. 

 Development of  guidelines   for industrial chemicals and  agrochemicals   reached a 
milestone as a result of the fi ndings published by M. Luster et al. in 1992 and 1993, 
in which the authors presented data from studies of 51 substances, 35 of which were 
declared immunotoxic, in a comprehensive test battery in mice to investigate 
changes in functional parameters after 28-day administration of the substance. The 
key fi nding in this study was that immunotoxic effects (immunosuppression of host 
resistance) could not be detected by the incorporation of a single immune parameter 
into the routine toxicological testing. A combination of two or three additional 
parameters was required. One of these additional parameters was a functional assay, 
the Plaque-Forming Cell  Assay   (PFCA; Fig.  14.1 ). Another test was the analysis of 
subpopulations of spleen cells by fl ow cytometry. However, from the very begin-
ning, many discussions about whether advanced histopathology of lymphoid organs 
alone could be suffi cient to pick up all of the immunotoxic effects of chemicals, a 
discussion which persists to this day.

14.1.2        Definitions 

 The fi rst international seminar on the immune system as a target for toxic damage 
was held in Luxembourg in 1984 (UNEP, ILO, WHO: IPCS, CEC; 1987). During 
the meeting the defi nition for the term “ immunotoxicology  ” was agreed upon for 
the fi rst time by all the participants. The defi nition reads as follows:

  Immunotoxicity is defi ned as undesired effects as a result of interaction of xenobiotics with 
the immune system. 
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   Such interactions of chemicals with the immune system can induce immunosup-
pression or enhancement (undesired immunostimulation). While immunosuppres-
sion may result in decreased resistance to infections or increased tumor development, 
overstimulation may increase the risk of autoimmune or allergic reactions. Although 
several additions and/or alterations have been made to the defi nition over the years, 
the end points of  immunotoxicity   are still valid. The meeting in Luxembourg was 
the starting point for several workshops, seminars, and symposia focusing on defi ni-
tions and testing strategies for immunotoxic evaluation. 

 A workshop held in Hannover, Germany, in 1989 (IPCS 1990) was followed by 
a workshop in 1992 organized in Bilthoven, Netherlands (Vos and van Loveren 
 1995 ). Two special joint workshops of IPCS and the Norwegian National Institute 
of Public Health were held in Oslo in 1995 and 1996, of which the fi rst was entitled 
“Environmental Chemicals and Respiratory Hypersensitisation” (Dybing et al. 
 1996 ). Finally, two additional scientifi c symposia were organized in Bilthoven, 
Netherlands, in 1997 (Van Loveren et al.  1999 ) and in 1999 in Berlin, Germany. 

 In course of this period, the most accepted defi nitions of  immunotoxicology   
evolved signifi cantly:

  Immunotoxicology is defi ned as the study of adverse effect on the immune system associ-
ated with exposure to environmental chemicals, pharmacologic agents, and biological. 
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  Fig. 14.1    Scheme of the Plaque-Forming Cell Assay (PFCA) as performed in accordance to rel-
evant  guidelines   (Fischer, A, modifi ed). In most cases, satellite animals are immunized with SRBC 
for the PFCA instead of animals in the main group to avoid any interference of the toxic effects by 
a strong immune reaction to SRBC       
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Generally these effects can be categorized as immunomodulation (immune suppression or 
potentiation),  hypersensitivity   (i.e.,  allergy  ), and autoimmunity. 

   While some authors added “chronic infl ammation” and/or “fl u-like reactions” to 
this enumeration of effects, Jacques Descotes published a further refi ned view on 
the possible end points of  immunotoxicity  . In 2005 he made precise distinctions 
between specifi c (immune-mediated) and nonspecifi c interactions, allergic and 
pseudoallergic reactions, etc. (Descotes  2005 ):

  The immunotoxic effects of drugs are divided into immunosuppression, immunostimulation, 
 hypersensitivity   and autoimmunity. The major adverse consequences of immunosuppression 
are infectious complications and virus-induced malignancies. Flu-like reactions, more fre-
quent  autoimmune diseases   and hypersensitivity reactions to unrelated allergens, and inhibi-
tion of drug-metabolising enzymes are the adverse effects related to immunostimulation. 
Hypersensitivity reactions are the most frequent immunotoxic effects of drugs. They include 
immune-mediated (“allergic”) and non-immune-mediated (“pseudoallergic”) reactions. 
Drug-induced autoimmune reactions, either systemic or organ-specifi c, are seemingly rare. 

   Although Descotes’ defi nition referred only to drug interactions with the immune 
system, the same holds true for environmental and industrial chemicals. 

 Immunotoxic effects can be a signifi cant cause of morbidity or in some cases 
even mortality. Early immunotoxicological investigations in a regulatory environ-
ment were predominantly based on  in vivo  studies (28/90 days or short-term tests) 
with rats or mice. There were ongoing discussions regarding what parameters are 
essential for a sound immunotoxic assessment, and in parallel a set of relatively 
robust, standardized, and validated assays were established. However, with the 
exception of type IV investigations (guinea pig assays or LLNA), focus and experi-
ences were mainly based on immunosuppression and not on immunostimulation. 
For non-clinical  immunotoxicity  , safety assessments of unexpected immunostimu-
lation, like systemic or local  hypersensitivity   reactions, types I to III, or autoimmu-
nity, the situation was unsatisfactory, because no validated and widely accepted 
assays for determining these end points were available. 

 Great efforts were made during the last few years to generate reliable assays for 
the prediction of immunogenicity of biologicals, but much less for the detection of 
immunostimulating properties of small molecules. Authorities and the public 
increased pressure on immunotoxicologists to develop additional  in vitro  assays and 
to extend  immunotoxicity   screening to animal species more relevant to humans 
(e.g., nonhuman primates (NHP)). While this effort has resulted in an increasing 
number of new models, protocols, and parameters, these are still a long way from 
standardization and validation. Few models and assays have so far been validated 
and used in preclinical safety assessment of undesired immunostimulation. The 
situation is more dire with respect to the prediction of  hypersensitivity   and autoim-
mune reactions. Last but not the least situation, industrial and environmental chemi-
cals remain largely unstudied in relevant species. This is in contrast to therapeutic 
drug development where most studies are performed on rodents and other species 
such as dogs or monkey. In addition, side effects of drugs observed during 
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preclinical development can shortly afterward be compared with fi ndings in clinical 
investigations, i.e., in humans. This is unfortunately not the case for environmental 
chemicals. This will be the focus of the following chapters.  

14.1.3     International  Guidelines   on  Immunotoxicology   

 As described below, authorities started to think about  immunotoxicity    guidelines   in 
the late 1970s and 1980s. In order to support the development of guidelines backed 
by a fi rm set of data, several national and international validation studies were initi-
ated, one of which will be subsequently described in more detail. 

 The fi rst guideline which was adapted to immunotoxicological end points was 
the OECD 407 (Repeated Dose 28-day Oral Toxicity Study in Rodents,  1981 ) for 
chemicals in 1992. Of note is that the immune parameters added to the existing 
 guidelines   were not the most sensitive ones as described by Luster et al. in 1992/1993 
(Fig.  14.2 ). The history of the development of  immunotoxicity   guidelines is 
described in the following chapter.

14.1.4        Collaborative “BGA” Study 

14.1.4.1     Cyclosporin A 
 In 1989, the German Federal Health Authority (Bundesgesundheitsamt, BGA) initi-
ated a collaborative study in Europe to determine the most sensitive parameters for 
the detection of immunological side effects induced by chemicals after a 28-day 
treatment period. All fi ve participating laboratories agreed to incorporate several 
additional investigations into the toxicological investigation in accordance with the 
OECD 407 guideline. Advanced histopathology of lymphoid organs was incorpo-
rated as well as a functional assay (PFCA), analyses of NK cell activity, subpopula-
tions in the spleen, mitogen stimulation of splenic cells, and antibody titer in the sera 
of the treated animals. The “chemical” chosen for the fi rst round was a well- known 
immunosuppressive standard, cyclosporin A. This drug was chosen not only because 
of its clear immunosuppressive potential but also because Cyclosporin A was used 
during the second international ring trial of ICICIS Dayan et al. ( 1998 ). Thus, the 
hope was to ultimately compare the two sets of data from these collaborative studies. 
Unfortunately, this has never been done, although the reason is not quite clear. 

 Although the additional immune parameters, especially fl ow cytometry and 
PFCA, turned out to be most sensitive for picking up signifi cant effects on the 
immune system, the histopathology of the thymus was also more affected than other 
organs. This fact led to a discussion on whether the “new” additional immune 
parameters are valuable or not or if advanced histopathology would suffi ce. A fi nal 
agreement about the necessity of additional immune parameters was also not 
reached by the participating labs of the BGA study (Richter-Reichhelm et al.  1995 ; 
Vohr  1995 ), and the discussion about this topic remains undecided to the present 
day. This is especially astonishing considering that Germolec et al. ( 2004 ), Lappin 
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and Black ( 2003 ), as well as Vohr and Rühl-Fehlert ( 2001 ) showed that only the 
combination of both advanced histopathology of lymphoid organs and determina-
tion of additional immune parameters are suffi cient to pick up all immunotoxic 
effects of chemicals.  

14.1.4.2      Hexachlorobenzene   (HCB) 
 For the second round of the BGA ring study with nine participating labs, an “immu-
nostimulating” chemical had to be chosen to investigate immunotoxic end points, 
immunosuppression, and immunostimulation. HCB had been selected for the sec-
ond round on the basis of some reports, e.g., Vos et al. ( 1979 ), on the 
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  Fig. 14.2    Individual and pairwise concordance to establish predictability using the immune panel. 
Values are presented as percentage concordance which is the sum of specifi city (−/−) and sensitiv-
ity (+/+). Individual concordance values are shown in boldface on the diagonal of the matrix and 
combinations, using two tests on the off-diagonal element. Values in parenthesis are the number of 
chemicals tested for the assay. Since the individual tests were also used to establish the “immuno-
toxic classifi cation,” the frequency of concordance will obviously increase as the number of tests 
included for the analysis is increased (−). No overlapping studies were performed. P values are 
given for individual concordance only (Slightly modifi ed after Luster et al. ( 1992 ))       
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immunomodulating properties of this compound. However, during the evaluation of 
the histopathology, it became clear that an irritant property of the compound was 
primarily responsible for the observed changes. In accordance with this fi nding, the 
additional immunological parameters verifi ed a secondary immunotoxic effect of 
HCB due to nonspecifi c activation of the immune system via irritation, i.e., infl am-
mation. While a faint immunostimulating effect had been picked up for HCB, the 
additional immunological parameters clearly demonstrated the indirect effect of this 
reaction. As a result, there was no fi nal agreement about the favorable additional 
immunological parameters to be included in the normal routine toxicology package 
to fl ag immunotoxicological changes. 

 Mike Luster from the National Toxicology Program (NTP) of the USEPA inves-
tigated a series of 52 chemicals, 39 of which were known immunosuppressives. 

 While some information on potential immunotoxic effects may be obtained from 
hematology, lymphoid organ weights, and histopathology, the data published by 
Mike Luster demonstrate that these end points alone are not suffi cient to predict 
 immunotoxicity   (Luster et al.  1992 ,  1993 ).   

14.1.5     Guidelines 

 The US Environmental Protection Agency (USEPA) was the fi rst public authority to 
really push the development of  guidelines   on  immunotoxicity  . After a longlasting 
discussion about the optimal test battery for immunotoxicological screening, the 
USEPA developed its guideline, OPPTS 780.8700 ( 1998 ), which is exclusively 
based on the fi ndings of Luster et al. mentioned above. 

 The USEPA further agreed and defined on the following definition: 
 “Immunotoxicity refers to the ability of a test substance to suppress immune 
responses that could enhance the risk of infectious or neoplastic disease, or to 
induce inappropriate stimulation of the immune system, thus contributing to 
allergic or autoimmune disease. This guideline only addresses potential 
immune suppression.”  Nevertheless, the USEPA excluded all aspects of immu-
nostimulation as this was also not part of Luster’s analyses, and there were no 
validated widely accepted test methods available to pick up an allergic or auto-
immune potential of chemicals. This is still true today for the prediction of 
allergic reactions of types I, II, and III and autoimmunity, but not for type IV 
reactions (contact  allergy  ), which have been investigated for decades using a 
guinea pig assay (OECD TG 406) or the mouse local lymph node assay (OECD 
TG 429, 442A and 442B). 

 In principle most of the other  guidelines   on  immunotoxicity   published thereafter 
pursued similar concepts. Only the harmonized tripartite guideline ICH S6 
“Preclinical Safety Evaluation of Biotechnologically Derived  Pharmaceuticals  ” 
(1997; revision 2009) included immunostimulation as one of the end points to be 
determined. This is understandable because immunogenicity of biologicals is an 
issue during preclinical and clinical development of pharmaceuticals.  
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14.1.6     Summary 

 Based on the EPA guideline recommendations, it is vital to differentiate between pri-
mary and secondary  immunotoxicities  , the latter being a nonspecifi c sequela of toxic-
ity to other organs. In our studies, we found examples for both mechanisms, where 
primary immunotoxic substances tend to be markedly more immunosuppressive, 
although primary effects on the whole occurred relatively seldom during toxicological 
screening of SMOL, i.e., in less than 10 % of the studies. In both cases, there is a 
strong correlation between cell analysis and functional parameters on the one hand 
and pathology on the other, thus ensuring that overt immunotoxicity would not remain 
undetected in routine studies with high dose levels. However, the higher predictivity 
of functional parameters and the analysis of special subpopulations are necessary for 
setting a correct no observed adverse effect level (NOAEL) and for fi ne differentiation 
during the screening of comparable immunotoxic compounds. As verifi ed by the col-
laboration studies, an advanced histopathology of lymphoid organs, combined with 
fl ow cytometry of immune competent cells and a functional assay, is able to discrimi-
nate between primary and secondary effects as well as immunosuppression and 
immunostimulation and thus to identify an immunotoxic hazard.  

14.1.7     Experiences in Screening Chemicals (Immunosuppression) 

 The development or selection of suitable tests for immunotoxicological screening 
and incorporation into  guidelines   presents a considerable problem. In the beginning, 
most of the tests which had been proposed for immunotoxicological investigations 
and the knowledge and experience in immunology were based on mouse models or 
on a few collaborative studies in rats (cf. above). Adaptation of suitable tests to rats 
was not always easy, partly because of lack of suitable reagents. The next problem 
was to fi nd which tests could suitably be used for reliable identifi cation of interac-
tions with the immune system. As mentioned above, publications about collabora-
tive studies as well as the investigations of Luster et al. were of major importance in 
this regard. Another question which still has not been answered yet was that of the 
dosages, kinetics, and changes in immunological parameters which are still tolera-
ble over time, i.e., after short-term (28-day) or long-term (90-day) treatment. With 
respect to ideal time points to screen for immunotoxic effects, the vast majority of 
experts agree that short-term treatments (14 or 28 days) are of optimal length. 

 In order to put the discussion on a somewhat more sound footing, it was impor-
tant to test the various models/parameters for the detection of immunotoxicological 
potential in practice. For this reason, Bayer AG (Bayer HealthCare AG) has not only 
been a collaborator in the trial mentioned above, but has also introduced a set of 
functional immunological tests into its routine toxicological testing of  agrochemi-
cals   in rats to determine the informative value of these parameters in daily practice. 
Hence, we started to incorporate additional immunotoxicological parameters 
according to those used for the collaborative studies into each routine subacute 
study of agrochemicals as early as 1992. During the fi rst few years, investigations 
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were performed under GLP-like conditions before being subsequently changed to 
fully GLP compliant.  

14.1.8     Results 

 During the screening of  agrochemicals  , we found that  pesticides   with primary 
immunotoxic effects were relatively rare (Vohr and Rühl-Fehlert  2001 ). To gain 
more experience with positive (immunotoxic) chemicals, we also screened closely 
related immunosuppressive drugs which showed an impact on the bone marrow. 
Histopathology revealed reduced hematopoiesis, with the affected dose level vary-
ing depending on the compound. The additional immune parameters showed higher 
sensitivity with respect to the affected dose level and confi rmed primary  immuno-
toxicity  . Thus, the combination of histopathology of lymphoid organs and measure-
ment of additional immune end points were of especial value in screening assays 
that can be adjusted according to the class of compound being tested. 

 It became evident that immunotoxic effects were detectable after only a few days 
of treatment by screening additional immune parameters. Histopathological changes 
of the lymphoid organs may only occur with a delay of some days to weeks. On the 
other hand, the immune system seemed to tolerate the test substance after longer 
exposure times (>90 days), and overall toxicity became most prominent with time. 
To check the correctness of these observations, we included an advanced screening 
battery at different time points of treatment during the development of an immunos-
timulating drug. As expected, the immunostimulating property of the compound was 
confi rmed histopathologically by the increased number and size of germinal centers 
in the spleen in the high-dose group. There was no evidence of other organ toxicity 
that might have been causally related to this fi nding. As in the cyclosporin A collab-
orative study, the additional immune parameters were highly sensitive (mid-dose). 
However, these parameters detected the immunostimulating effect after only 2 weeks 
of exposure. At that time point, increased splenic germinal center formation was not 
yet detectable in histopathology. After 1 year of dosing with the test compound, the 
toxicological effects shifted from  immunotoxicity   to other organ toxicity.   

14.2     What About Immunostimulation? 

 As mentioned at the end of the last chapter, determination of immunostimulating 
properties of chemicals is not as simple as it is for immunosuppression. The major-
ity of clear cases of  immunostimulation   based on scientifi c evidence are due to 
 pharmaceuticals   developed for this purpose like vaccines or per se immunogenic 
pharmaceuticals like biologics. Especially the immunogenicity of biologics is one 
of the main concerns during preclinical and clinical development of such therapeu-
tics. Immunogenic epitopes (e.g., OKT 3), directly T-cell-activating therapeutics 
(e.g., Tegenero antibody), and administration of high amounts of monoclonal anti-
bodies can induce different kinds of infl ammatory cytokines and chemokines. As a 
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consequence patients suffer from fl u-like reactions and, in severe cases, of “cyto-
kine storm,” i.e., the so-called cytokine release syndrome (CRS). 

 For environmental chemicals or small molecules (SMOL), such tremendous or 
comparable effects have not been described so far. However, after binding to carrier 
molecules, SMOL can act as haptens, i.e., they can elicit an immune response to 
“altered self” molecules. This immunological principle of anti-hapten antibody 
response was fi rst described by Mitchison in 1971. The consequence of these 
hapten- carrier formations can be allergic responses of type I to type IV or autoim-
mune reactions depending on several additional factors like genetic background, 
duration of contact, route of exposure, preexisting condition, etc. Unfortunately, no 
validated and widely acknowledged prediction tools for these undesired health 
effects exist with the exception for type IV reactions. For the determination of cell- 
mediated  hypersensitivity   (type IV reactions), which results clinically in allergic 
contact dermatitis, there are well-established animal models available: guinea pig 
assays (Buehler or maximization assay) or a mouse assay ( local lymph node assay  , 
LLNA). Other hypersensitivities mediated by antibodies (types I to III) are diffi cult 
to predict, and most of our knowledge in this area comes from retrospective human 
data, i.e., from humans whose history of induction of sensitization remains unknown. 
It is therefore possible to investigate the specifi city of reacting antibodies by differ-
ent methods like the human prick test, but such investigations will not clarify the 
underlying mechanisms or intrinsic potential of the chemical to induce these reac-
tions. Therefore, the risk assessment for these end points is often controversial. 

 The same holds true and is even worse for the prediction or determination of 
chemical-induced autoimmune reactions. Development of autoimmune responses is 
a longlasting process that it is in many cases impossible to narrow down and link to 
contact with a single chemical or class of chemicals. 

 Another hurdle of predicting chemical-specifi c immunostimulation is the fact 
that several environmental chemicals or SMOL exhibit different kinds of undesired 
properties to varying degrees. For example, cytotoxicity, severe irritation/corrosion, 
 skin      sensitization, photo irritation, photoallergy, or combinations of these belong to 
such properties. Therefore, it is hard to discriminate the nonspecifi c from chemical- 
specifi c immune reactions because nonspecifi c infl ammatory reactions can show 
comparable characteristics as severe specifi c immune reactions (Hölzle et al.  1991 ). 

  Ketoprofen   illustrates how numerous distinct properties can be expressed by a 
single chemical compound. Ketoprofen is not only irritating and sensitizing to the 
 skin   but is also known to induce photo irritation as well as photoallergy in humans. 
Although ketoprofen and other nonsteroidal anti-infl ammatory drugs (NSAIDs) are 
not “classical” environmental chemicals due to their prevalence in plants, they are 
also part of our environment. This illuminates another aspect of the problem in 
assessing  immunotoxicity   of environmental chemicals. While drugs and most  agro-
chemicals   are intensively screened for immunotoxicological side effects, this is not 
the case for industrial or other environmental chemicals. With respect to risk assess-
ment for environmental chemicals, we rely therefore mainly on experiences and 
data from non-environmental chemicals. There is still an enormous gap in the 
knowledge and understanding of undesired immunological side effects induced by 
molecules of natural origin or chemicals found ubiquitously in the environment.  

H.-W. Vohr



331

14.3     REACH and Its Influence on Immunotoxicological 
Screening of Chemicals in Europe 

 Assessment of immunotoxic effects such as immunosuppression and undesired 
immunostimulation rely at present on several animal-based assays. The use of ani-
mals, however, faces a number of issues, e.g., ethical concerns and relevance to 
human risk assessment. There is a growing belief that non-animal approaches can 
eliminate these issues without impairing human safety, provided that biological 
markers are available to identify the immunotoxic potentials of chemicals to which 
humans may be exposed. As mentioned before, the growing knowledge that the 
immune system can be the target of many chemicals, resulting in a range of several 
adverse effects, has raised serious concerns from the public and within the regula-
tory agencies. In combination with the European REACH legislation (Regulation 
(EC) No. 1907/2006), immunotoxicological side effects such as  skin    hypersensitiv-
ity   must be studied for preregistration. This new EU policy on chemicals has a 
strong impact on manufacturers, importers, distributors, and downstream users due 
to the underpinning principle: “no data, no market.” Driven by the 7th Amendment 
to the EU Cosmetics Directive as well as the REACH act, animal-based testing for 
chemicals is to be reduced to an unavoidable minimum (REACH) or even prohib-
ited (Cosmetics Directive). Hence, there is an enormous pressure on the industry to 
develop and establish batteries of  in vitro  methods for predicting general toxicity 
and immunotoxicological side effects. Such  in vitro  methods have to focus on 
immunosuppressive as well as on immunostimulative properties of chemicals. At 
present we are far away from predicting the toxicity of chemicals toward the immune 
system by simple, fast, and reliable cell-based  immunotoxicity   assays. Some new 
methods which may lead the way are described in more detail in the last chapter. 

 This dilemma between advanced  animal welfare   and the need to (re)evaluate 
chemicals for their toxic (and immunotoxic) properties has given rise to a series of 
new  in vitro  and  in silico  methods, many of which lack validation and general 
acceptance. These methods are nevertheless widely used due to the lack of alterna-
tives. While it is relatively easy to establish and validate  in vitro  assays for simple 
end points like cytotoxicity (irritation/corrosion), it is much more diffi cult to develop 
assays for more complex end points, where metabolism, cell interaction, and induc-
tion of factors are all playing a role. 

 An example of the difference between simple and more complex end points is 
the  in vitro  testing of  skin   effects caused by chemicals. For years, skin irritation and 
corrosion are tested by  in vitro  methods on 3D human skin equivalents. These meth-
ods have been established, pre-validated, validated, and fi nally accepted by regula-
tors over a period of more than a decade. All these efforts resulted in two OECD 
Guidelines, which came into force in 2004 (OECD TG 431; skin corrosion; update 
2013) and 2008 (OECD TG 439; skin irritation; update 2013), respectively. 

 In contrast  in vitro  methods for predicting  skin      sensitization are still far away 
from proposal for an OECD Guideline. One assay, KeratinoSens TM  Assay devel-
oped by Givaudan, which was published as a draft version in 2014, is the furthest 
along. However, skin sensitization is a multilayered process which includes pene-
tration of the chemical through the  stratum corneum;  metabolism in the skin; cell 
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interaction of keratinocytes, dendritic cells, and T cells; chemokine and cytokine 
induction; cell migration; etc. An interesting review about the complexity of skin 
sensitization testing has been published previously by Van der Veen et al.  2014 . 

 The implications of the complex interactions mean that for  in vitro   skin      sensitiza-
tion analysis, a battery of tests for several end points has to be established, mimicking 
all the different steps necessary for interactions to develop contact dermatitis. Indeed, 
there are  in vitro  methods that are underdevelopment measuring skin penetration, 
hapten-carrier binding, dendritic cell activation, signal transduction, T-cell activa-
tion, or cytokine/chemokine release caused by chemicals. The validation status of 
these different methods is heterogeneous. While some are already almost accepted 
by regulators (e.g., KeratinoSens or Direct Peptide Reactivity Assay (DPRA)), oth-
ers are still far away from any international validation or global acceptance (e.g., 
hCLAT or signal transduction, IL-18 production by 3D skin models, etc.). 

 To replace the  in vivo  evaluation of  skin sensitization  , a battery of at least three 
assays is necessary. It is clear that each of these models has a certain level of sensitiv-
ity and specifi city and a certain percentage of false-negative and false-positive results. 
This is the primary disadvantage of such a composite of assays as the overall accuracy 
and/or variance will increase with the number of test models included. In addition, 
each  in vivo  or  in vitro  assay has a specifi c applicability domain (AD), i.e., the classes 
of chemicals which can be tested by the model are restricted to the intrinsic properties 
of the compounds like solubility in aqueous vehicles, cytotoxicity, etc. These ADs can 
be very specifi c for single test models and so will not always overlap 100 % in a test 
battery and thus will decrease the classes of chemicals which can be tested by such a 
battery. Therefore, the aim should be to develop test models with a broader applicabil-
ity domain, e.g., gene expression analyses or use of organoid models like recon-
structed human epidermis. However, these assays must be validated before they can 
be used in an  in vitro  test battery, which must itself also be validated. 

 A validated and widely accepted  in vitro  battery for  skin sensitization   will not be 
available in anytime soon. On the other hand, the cosmetic industry in Europe has 
to test new components exclusively in  in vitro  systems, and the same holds true for 
many chemicals to be re-evaluated under the REACH legislation. A relatively sim-
ple end point such as skin sensitization has taken decades to be developed; there-
fore, an  in vitro  alternative to testing the more complex toxicity effects of small 
molecules or environmental chemicals will likely require an enormous effort. Other 
ways to overcome this dilemma could be via  biomonitoring   and epidemiological 
investigations which is the topic of the next chapter.  

14.4     Risk Assessment for the Immunotoxic Potential 
of (Environmental) Chemicals 

14.4.1     Accidents and Biomonitoring 

 The history of  immunotoxicity   is closely related to accidents and pollution with 
small molecules showing immunomodulating properties like  dioxin  ,  heavy metals  , 
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 polychlorinated biphenyls   (PCBs), asbestos, latex, essential oils, pesticides, isocya-
nates,  diesel   engine emissions, etc. All of these molecules are ubiquitously available 
in the environment or are released into the environment by very different mecha-
nisms. Some of these chemicals were released by accidental spillage where large 
amounts were released. It was during these accidents that the immunomodulating 
properties of these compounds became a focal point. 

 There are several examples of such accidents, be it the methylmercury contami-
nation of  fi sh   and shellfi sh in Japanese Minamata Bay in the 1950s, the contamina-
tion of special feed supplement for lactating cows with polybrominated biphenyls in 
Michigan 1973 and 1974, or the accidental release of 2,3,7,8-TCDD near Seveso in 
1976. All such cases of accidental or ignorantly released chemicals led to decades 
of investigations on the toxic mechanisms observed and raised the general public 
and regulatory awareness of immunotoxic screening. 

 Another approach for obtaining information about the possible immunotoxic 
side effects of (environmental) chemicals is through  biomonitoring  . The fi rst 
investigation of workplace-related poisoning was that of chimney sweepers. As 
early as 1775, the dependency between intensive contact with soot and the devel-
opment of testicular cancer was reported by Percivall Pott. This report is consid-
ered the starting point for the history of biomonitoring of workplace-specifi c body 
burden with chemicals. Today biomonitoring in the workplace spans the measure-
ment of concentrations of relevant chemicals, the routes of possible application, 
as well as the detection of chemicals and their metabolites in a variety of biologi-
cal fl uids and tissues. The result is a sound risk assessment and determination of 
so-called maximum allowable concentrations (MACs). Many immunotoxic chem-
icals have been assessed by this manner, although in many cases, the discrimina-
tion between, e.g., cancerogenous and immunotoxic properties, was not made 
clear. Ultimately, whether a worker was protected from cancer or  immunotoxicity   
was irrelevant. 

 While this is one way of providing a reasonable risk assessment for chemical 
exposures at work,  biomonitoring   is not well suited for a similar risk assessment in 
the overall population. This is the goal of epidemiological investigations as described 
in the next chapter.  

14.4.2     Epidemiological Evaluation 

 Epidemiology is a scientifi c discipline dealing with prevalence, mechanisms, and 
consequences of health conditions and events of the entire population. One part of 
this discipline is epidemiological evaluation of possible toxic effects of environ-
mental chemicals. Universities, private, and governmental institutions all over the 
world maintain several positions for this special part of epidemiology. One of the 
main and most effi cient tools used in this discipline is surveys and networking. It is 
beyond the scope of this chapter to go into too much detail about different surveys. 
The most important surveys will be mentioned, and a closer look at one example 
will be undertaken, i.e.,  skin      sensitization.  
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14.4.3     Surveys 

 As early as 1976, a comprehensive survey was initiated in the United States by the 
CDC (Centers for Disease Control and Prevention). The National Health and 
Nutrition Examination Survey (NHANES) program tested samples from the general 
population for lead and certain pesticides over a period of several years (Annest 
et al.  1983 ). The NHANES program had considerably been expanded over the 
years, not only to measure pollution in the general population with chemicals by 
 biomonitoring   but also to investigate the impact of this pollution on the general 
health status (Stokstad  2004 ). The aim in 2004 was to monitor nearly 1000 chemi-
cals in persons from all over the United States. It is clear that this number of chemi-
cals and all their varying interactions, metabolisms, distributions, and kinetics in the 
body would not simplify the interpretation and evaluation of risk assessment. In 
2006 Dennis Paustenbach and David Galbraith critically discussed this aspect of 
biomonitoring in a much-noticed review. 

 Similar surveys were initiated in Germany, of which the  German Environmental 
Survey (GerES)   is one of the most important. It was started in 1985 with determina-
tion of chemicals in the urine of the general population grouped by age,  gender  , resi-
dential area, etc. This program developed stepwise to a more complex determination 
of different classes of environmental chemicals, in specifi c groups (ages and gen-
der) or living areas (Angerer et al.  2007 ; Schulz et al.  2007a ,  b ). For example, 
GerES IV survey was the fi rst one in Germany to investigate body burden of pollut-
ants in children and the exposure to pollutants in their homes at about 150 different 
locations in Germany. Due to the experience gained with a large amount of data, 
human  biomonitoring   has been subdivided into biological monitoring of exposure 
and biological effect monitoring. Accordingly the biomarker, organs, or body fl uids 
tested became increasingly comprehensive. To further harmonize these, in order to 
maximize the value of the ever-increasing data set, the “Human Biomonitoring 
Commission of the German Federal Environment Agency” was established in 1992 
(Schulz et al.  2007a ,  b ). 

 There are a growing number of surveys across the globe, and due to more harmo-
nized strategies, the focus of different initiatives is more and more refi ned. Also the 
existing methods were validated and/or harmonized with time to accurately mea-
sure biologically relevant concentrations of the chemicals investigated. However, 
due to the large amount of data produced and the enormous variety of interactions 
of the different parameters analyzed, controversial discussions about the reasonable 
selection of chemicals evaluated took place (Paustenbach and Galbraith  2006a ,  b ) 
and objections about the reasonableness of such investigations were put forth 
(Boccia et al.  2007 ; Baker and Gibson  2014 ; Chang et al.  2014 ). 

 In spite of or maybe because of large amounts of data were generated by differ-
ent groups, clear-cut and reliable effects of environmental chemicals on the immune 
system are rare and in most cases controversially discussed. This is often due to 
external or basic parameters of a survey which were not addressed or over- interpreted 
depending on the intention of an investigation. In many publications, the mere pres-
ence of a toxic compound around the detection limit in the environment or tissue is 

H.-W. Vohr



335

discussed as a major health problem. Realistic exposure scenarios or risk assess-
ments based on relevant NOELs are simply not done. Even for experts in the fi eld 
of immunology/immunotoxicology, it is sometimes hard to eliminate the noise. 
Therefore, data presented are often looked at with skepticism. 

 So it is really not clear at all whether huge amounts of date as would, for exam-
ple, be generated by the American “National Children’s Study” which should fol-
low 100,000 children across the United States from birth until age 21, to address the 
effects of social, economic, and environmental factors on a child’s health, would at 
the end help to understand all the factors infl uencing the development and the health 
status of children. Because of the expected extreme costs and the abovementioned 
shortcomings of such a study, the planning has lasted over 14 years (for details, 
  http://www.nap.edu/catalog.php?record_id=18826    ).  

14.4.4     German Survey on  Skin      Sensitization 

 The Information Network of Departments of Dermatology for recording and scien-
tifi c analysis of contact allergies (IVDK) founded in 1988 cooperates with 55 der-
matological hospitals in Germany, Austria, and Switzerland. As a multicentric 
project, the IVDK collects data about allergens and publishes lists at regular inter-
vals on the prevalence of allergies in different regions (Schnuch et al.  2004 ; Uter 
et al.  2007 ,  2010 ). At present (2014) data of about 12,000 prick-tested patients are 
collected and analyzed each year. 

 The data is extrapolated into incidences of allergic contact dermatitis (ACD) in 
the general population between 3 (medium case scenario) and 7 (worst case sce-
nario) cases per 1,000 persons a year. Thus far, no comprehensive studies exist to 
determine the actual incidences of such ACDs in the general populations. The data 
is based on extrapolation prick test data or interviews of patients by dermatologists 
(Hermann-Kunz  1999 ). 

 Beyond calculation of incidences and prevalence of allergic diseases, the IVDK 
also publishes ranking lists of the most frequent allergens. For years, nickel has 
always topped the charts, although it is a weak sensitizer (Geier et al.  2011 ). Thus, 
in contrast to the low potency of nickel to induce ACDs, the prevalence of nickel 
allergies is high due to the extreme frequency of contact in the general population. 
This discrepancy is one of the reasons for frequent discussions about potency of 
chemicals relative to their frequency of exposure. In addition, the different assay 
protocols used in dermatology are not yet fully standardized, and it is not always 
clear if the data from different sources can be pooled for evaluation of potency 
(Thyssen et al.  2012a ,  b ,  c ). 

 This example illustrates the diffi culty in evaluating or predicting the risk of an 
environmental chemical to induce contact  allergy   across the population, particularly 
as the majority of data analyzed is exclusively based on patients with a longer his-
tory of disease. If evaluation of a relatively simple side effect such as induction of 
contact dermatitis is already complex, the diffi culty of measuring a more complex 
side effect of environment chemicals can be envisioned. 
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 In conclusion, prediction of risk assessment of immunotoxic effects of environ-
mental chemicals based solely on epidemiological data should be regarded with 
skepticism.   

14.5     Future Developments 

14.5.1      In Vitro  Screenings 

 Although there are still several problems to be solved for “classical”  immunotoxic-
ity   screening, such as autoimmunity or systemic  hypersensitivity  , the fi eld of immu-
notoxicity is already expanding into new areas. Such new directions are  in vitro/in 
silico   immunotoxicology   and developmental immunotoxicity. While the roots of 
the fi rst are more common in Europe, those of the second fi eld of interest are more 
prevalent in America. 

 As already mentioned before, there is increasing pressure in the European Union 
to develop  in vitro  screening methods and thus reduce the number of animals used 
in toxicological studies, including  immunotoxicity   screenings. However, a number 
of questions need to be addressed prior to embarking on validation studies: Which 
cell source should be used for these  in vitro  studies – human or mouse/rat cell lines 
or primary cells from lymphoid organs? How can we discriminate between overall 
cytotoxicity and immunotoxicity to cells? Which end points are to be measured – 
induction/inhibition of surface marker expression, and/or proliferation, and/or cyto-
kine expression? Which activation stimuli should be used – T-cell mitogens, 
antigens, B cell, or macrophage stimuli? It is clear that a simple  in vitro  determina-
tion of the cytotoxicity of chemicals against cells of lymphoid organs like lymph 
nodes, bone marrow, thymus, blood, or spleen will not be suffi cient to replace  in 
vivo  screening in  immunotoxicology  . The fact that the basic principle of immune 
cell activation is cell–cell interaction will make it absolutely necessary to develop 
an  in vitro  functional assay which includes coculture of various relevant cell types.  

14.5.2     Mishell–Dutton Cultures ( In Vitro  PFCA) 

 An increasing aim in safety assessment of chemicals and drugs is to reduce, refi ne, 
and replace animal testing. Therefore, alternative methods for this purpose are 
highly desirable. Furthermore, importance of immunotoxicological studies for 
determining potential adverse effects of pesticides and  pharmaceuticals   is growing. 
However,  in vitro  alternatives for immunosuppression are available only at a 
research level, and up to now, no  in vitro  test for the prediction of  immunotoxicity   
is fully validated or accepted by regulatory authorities. 

 The production of antigen-specifi c antibodies represents a major defense mecha-
nism of humoral immune responses, and TDAR, like the PFCA, has been identifi ed 
in a regulatory context as a main functional test for immunotoxicological investiga-
tions. The PFCA  in vitro  equivalent, also known as MD culture or MD test, repre-
sents a comprehensive evaluation of immune function based on the interaction of 
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antigen-presenting cells, T cells, and B cells involved in the antigen-specifi c anti-
body response. Using MD cultures of mouse spleen cells treated with 11 different 
test items, we were able to both demonstrate immunosuppressive effects and clearly 
discriminate between specifi c immunosuppression and nonspecifi c cytotoxicity 
(Koeper and Vohr  2009 ). To compare the  in vitro  antibody responses of rats and 
mice, we performed a study with three standards using spleen cells as well as 
peripheral blood mononuclear cells (PBMC) from both species. Preliminary data 
showed an excellent concordance between species (including dog, monkey, and 
humans) as well as different cell sources (Fischer et al.  2011 ) (Fig.  14.3 ).

14.5.3        Developmental  Immunotoxicity   

 Another challenge in the near future will be to screen for the impact of a chemical on 
the developing immune system, i.e., developmental  immunotoxicity   (DIT). There are 
different views and opinions with respect to a reasonable test strategy, but at present 
we are far away from a validated and fully accepted protocol. There are considerable 
differences in the time required for full development of the immune system across 
species and in the placental structure and transport mechanisms. Thus, caution is 
required both in planning the treatment period and dose in the species selected for 
developmental immunotoxicity studies and in translating the data from animals to 
humans (Holladay and Smialowicz  2000 ). Nevertheless, testing developmental immu-
notoxicity in rats instead of mice would have the advantage that such studies could 
easily be incorporated into existing test protocols (Luster et al.  2003 ; Barnett  2005 ). 
On the other hand, there is an ongoing discussion about the feasibility and value of 
incorporation of a DIT module in complex and longlasting rat studies like the extended 
one-generation reproductive toxicity study (EOGRTS) (Boverhof et al.  2014 ).   

blood

D0 D5/ D7
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spleen Ficoll

plaque counting
after 4 h

viability assay
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or

  Fig. 14.3    Principle of the in vitro Plaque-Forming Cell Assay, the so-called Mishell–Dutton cul-
ture (MD test) as described previously by Koeper and Vohr  2009  and Fischer et al.  2011 . The MD 
test can be performed with splenic or blood cells of rodents as well as other species like dog, 
monkey, or humans       
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14.6     Overall Summary 

 Current  immunotoxicology   testing approaches for  pharmaceuticals  ,  agrochemicals  , 
or animal health products differ signifi cantly from the testing of new and environmen-
tal chemicals. Whether comparable immunotoxicological screenings should also rou-
tinely be done for industrial, and to some extent also for environmental chemicals, has 
been discussed controversially for years. Such testing would subject these chemicals 
to the USEPA OPPTS 870.7800 guideline or the ICH S8 guidance by including a 
functional test (TDAR) as well as a fl ow cytometric analysis of blood or splenic cell 
populations. Especially controversial is whether environmental chemicals should also 
be subjected to such tests; a trigger-based approach would be necessary. 

 A trigger-based approach for environmental chemicals could be followed in 
accordance with the ICH S8 guidance, i.e., evaluation would start with a weight-of- 
evidence (WoE) assessment. This assessment should include all data available for 
the relevant chemical, i.e., data from standard toxicity studies, structural similarities 
to known toxicants, toxicokinetics data, intrinsic properties of a chemical class, and 
possible routes of exposure. This initial WoE assessment would then trigger an 
immunotoxicological screening as described in the abovementioned  guidelines  . 
Although such an approach sounds reasonable, it raises a number of key questions: 
Who will collect the data and prepare a WoE assessment? Are there suffi cient and 
reliable data available for environmental chemicals as basis for such an approach? 
Who will sponsor a full-blown immunotoxicological screening if required? What 
will be the consequences of positive outcomes of such a study? 

 Routine toxicological investigations of  agrochemicals   have produced consider-
able amounts of data with respect to special immune parameters. These data show 
that a combination of advanced histopathology and some additional immunological 
investigations such as PFCA (TDAR) and/or fl ow cytometric analyses of subpopu-
lations can be used not only to fl ag immunomodulating chemicals but also to dis-
criminate whether such effects are due to the primary or secondary impact on the 
immune system. Although direct immunosuppressive as well as immunostimulating 
effects can be determined by such  in vivo / ex vivo  test batteries, there are as yet no 
robust and validated tests for the determination of other end points such as autoim-
munity or type I  allergy  . The development of widely accepted models for such end 
points will necessitate much effort in the near future. 

 Nonetheless, there are already demands for additional new fi elds of  immunotoxi-
cology  , i.e.,  in vitro   immunotoxicity   screenings or developmental immunotoxicity. 
This will likewise represent a signifi cant challenge for the future. 

 We are still far from applying these investigations to environmental chemicals as 
described in this chapter. Our knowledge about the impact of environmental chemi-
cals on the immune system is still fragmented and requires further study. For prog-
ress in the fi eld, it will be critical to obtain consensus between the scientifi c and 
administrative communities about the path forward. A consolidated expert panel 
discussion and consultation to move the discussion forward is already being con-
ducted by various associations like ILSI-HESI, ECVAM, and others who have rec-
ognized the importance of this alignment. Importantly, these efforts should go 
beyond publication by providing results in well-defi ned research projects.     
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15.1           An Introduction to Human Rights Law 

 National constitutions throughout the world contain enumerated rights and free-
doms for individuals residing within the state’s territory or subject to its jurisdiction. 
In the twentieth century, the international community increasingly recognized that 
such constitutional guarantees sometimes prove inadequate or even illusory when 
military coups, armed confl icts, or repressive governments disrupt or deliberately 
ignore the rule of law, including constitutional limits on the exercise of power. 
Responding to this awareness, international and regional organizations created or 
reformed after the Second World War recognized that  human rights   must be consid-
ered a matter of international concern if individuals and groups are to be ensured 
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their fundamental rights and freedoms. With the leadership of a group of states and 
strong advocacy from civil society groups, intergovernmental organizations began 
elaborating the international law of human rights. 

15.1.1     The United Nations (UN) 

 At the global level, the  United Nations Charter  , a binding treaty, contains  human 
rights   obligations that are freely accepted by each state when it joins the organiza-
tion, but the Charter does not contain a list of guaranteed rights. This lacuna led the 
UN to begin almost immediately to draft an International Bill of Rights. The fi rst step 
was the adoption without dissent on December 10, 1948, of the  Universal Declaration 
of Human Rights  , a text cited in virtually every subsequent human rights instrument 
and incorporated into the constitutions of many new states. Although the Declaration 
was adopted as a nonbinding resolution of the UN General Assembly, it is today 
considered to defi ne the term human rights as used in the binding UN Charter and is 
thus the standard by which the performance of each UN member state is judged. 

 The Declaration was further transformed into binding law through the adoption 
of two treaties in 1966:  the International Covenant on Civil and Political Rights   
(ICCPR) and the  International Covenant on Economic Social and Cultural Rights   
(ICESCR). Together, these three instruments are referred to as the International Bill 
of Rights (Box  15.1 ). 

  Subsequent UN standard-setting has sought to protect particularly vulnerable 
groups (racial minorities, women, children, indigenous peoples, persons with dis-
abilities) or to prevent and punish particularly egregious violations (slavery, torture, 
forced disappearances). The UN considers nine of its global treaties to be “core” 
agreements to which each member state should adhere (i.e., become a “state party”), 
although no treaty will bind a state without its consent. 

 Each UN core treaty establishes its own monitoring body, composed of indepen-
dent experts elected by the participating states for a fi xed term of offi ce. The moni-
toring bodies receive periodic reports from states parties to the treaties and have 
(usually optional) jurisdiction to receive complaints by a state party or a victim 
against a state that has accepted the treaty and the complaints procedure. Some 
treaty bodies have additional powers of investigation. Reports on the work of each 
treaty body are submitted annually to the General Assembly. 

 Whether or not a state accepts to be bound by any or all of the core  human rights   
treaties, the UN monitors human rights performance through a procedure known as 

  Box 15.1 The International Bill of Rights 
    Universal Declaration of Human Rights, 1948  
  International Covenant on Civil and Political Rights, 1966  
  International Covenant on Economic, Social, and Cultural Rights, 1966    
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Universal Periodic Review, pursuant to which the UN  Human Rights Council  , an 
organ established by the General Assembly in 2006 to replace the former UN 
Commission on Human Rights, conducts a periodic peer review. The Council also 
appoints thematic working groups or rapporteurs to conduct studies or investigate 
particular human rights issues or problematic countries; and the Council maintains a 
complaints procedure that allows anyone to denounce a situation of gross and system-
atic violations of human rights within a state. The studies authorized by the Council in 
2013 include the topic of human rights and the environment, undertaken by an inde-
pendent expert (now called special rapporteur) appointed for a 3-year term.  

15.1.2     Regional Systems 

 Regional organizations reinforce the  human rights   efforts of the United Nations and 
offer something that does not exist at the global level: courts with jurisdiction to 
render binding judgments and award redress to victims of violations. 

15.1.2.1     Europe 
 In 1950, ten “like-minded” governments adopted the  European Convention for the 
Protection of Human Rights and Fundamental Freedoms   (ECHR) (Rome, Nov. 4, 
1950) taking “the fi rst steps for the collective enforcement of certain of the rights 
stated in the Universal Declaration” (ECHR, preamble). Those rights are largely 
civil and political rights; a separate European Social Charter (1961) contains eco-
nomic and social rights. Both treaties have been amended and supplemented over 
time to add further guarantees and improve procedures. 

 Initially, the jurisdiction of the European Court of Human Rights was extremely 
limited, in that both the right of individuals to fi le petitions and the jurisdiction of 
the court were optional and need not be accepted by any of the small number of 
original states parties. Today, due to a series of reforms and geographic expansion, 
the Court has mandatory jurisdiction over the 47 member states of the Council of 
Europe, allowing more than 800 million people the possibility of “going to 
Strasbourg” once they have exhausted available local remedies.  

15.1.2.2     The Americas 
 The Organization of American States (OAS) serves as the body of regional coopera-
tion in the Americas, including on matters of  human rights  . From the late nineteenth 
century, regional conferences of the American states, which preceded the OAS, 
acted on issues concerning the rights of political asylum-seekers, aliens, women, 
and children. 1  The OAS adopted the  American Declaration of the Rights and Duties 
of Man   on May 2, 1948, simultaneously with concluding the constitutional Charter 
of the OAS, some 6 months before the adoption of the UN’s Universal Declaration 

1   On the early history of the inter-American system, see  Anna P Schreiber, The Inter-American 
Commission on Human Rights  (Sijthoff 1970). 
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of Human Rights. Notably, Latin American states were instrumental in promoting 
the inclusion of references to human rights in the UN Charter. 2  

 The OAS did not immediately establish an institutional framework for monitor-
ing compliance with the American Declaration, but in 1959, its General Assembly 
created the Inter-American Commission on Human Rights (IACHR), a body of 
seven independent experts who serve one or two four-year terms. A decade later, in 
1969, the OAS member states adopted the American Convention on Human Rights 
(ACHR), which expanded the jurisdiction of the IACHR and created an Inter- 
American Court of Human Rights. For those persons residing within 23 states par-
ties to the American Convention on Human Rights, it is possible to take a case from 
the domestic legal system to the Inter-American Commission on Human Rights and 
thereafter to the Inter-American Court, which has broad remedial powers. The other 
11 OAS member states remain subject to the IACHR, but the cases cannot proceed 
to the Court because the states have not accepted the Court’s jurisdiction. Protection 
of socioeconomic rights was added in 1988, with the adoption of the Protocol to the 
American Convention on Human Rights in the Area of Economic, Social, and 
Cultural Rights (Protocol of San Salvador, 17 Nov. 1988). This Protocol extends the 
petition or complaints system to include trade union rights and the right to educa-
tion. The OAS has also adopted additional specialized treaties (Box  15.2 ) and 
important political declarations, for example, the Inter-American Democratic 
Charter of 2001. 

15.1.2.3       Africa 
 In 1981, the then-Organization of African Unity (OAU) adopted the  African 
Charter on Human and Peoples’ Rights   (AfCHPR), now accepted by all 53 
member states. In the Preamble to the Charter, the member states of the OAU reaf-
fi rmed their commitment to the  human rights   instruments of the United Nations. 

2   Mary Ann Glendon,  The Forgotten Crucible: The Latin American Infl uence on the Universal 
Human Rights Idea  (2003) 16  Harv Hum Rts  J 27. 

  Box 15.2 Inter-American Specialized Human Rights Treaties 
    Inter-American Convention to Prevent and Punish Torture (Cartagena de 

Indias, 9 Dec. 1985), OASTS No. 67  
  Protocol to the American Convention on Human Rights to Abolish the Death 

Penalty (Asuncion, 8 June 1990), OASTS No. 73  
  Inter-American Convention on Forced Disappearance of Persons (Belem do 

Para, 9 June 1994)  
  Inter-American Convention on the Prevention, Punishment, and Eradication 

of Violence against Women (Belem do Para, 9 June 1994), OASTS 5 
March 1995  

  Inter-American Convention on the Elimination of All Forms of Discrimination 
against Persons with Disabilities (Guatemala City, 7 June 1999)    
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The sole supervisory body that the African Charter foresaw was the African 
Commission of Human and Peoples’ Rights, which held its fi rst session in 1987. 
The Charter explicitly mandates the African Commission to “draw inspiration 
from international law on human and peoples’ rights” (African Charter, art. 60). 
The Protocol to the African Charter on Human and Peoples’ Rights on the Rights 
of Women in Africa supplemented the Charter in 2003. A 1990 African Charter on 
the Rights and Welfare of the Child entered into force in 1999, following which the 
Committee of Experts on the Rights and Welfare of the Child was established in 
2001. In 2002, the African Union (AU), whose Constitutive Act, Article 3 h, recog-
nizes human rights as one of the Union’s objectives, replaced the OAU. In 2004, a 
Protocol to the African Charter on Human and Peoples’ Rights on the Establishment 
of an African Court on Human and Peoples’ Rights (June 1988) entered into force; 
its fi rst judges were elected in 2006.  

15.1.2.4     Other Regions 
 Other regional and subregional intergovernmental organizations around the world 
have also addressed  human rights   in recent years. Some have created human rights 
institutions, if not fully equipped human rights systems. These include initiatives 
in Southeast Asia and the Arab-speaking world, as well as subregional bodies in 
Europe, the Americas, and Africa. These regional bodies provide platforms to 
states and civil society, where people can potentially make their voices heard in the 
global human rights discourse. The opportunities for participation offered by the 
regional systems can help bridge the gap between the universality of human rights 
norms, on the one hand, and the cultural and political particularities of each region, 
on the other.    

15.2     The Environment as a Human Rights Issue 

 Environmental degradation became a matter of national and international concern 
beginning in the 1960s, some two decades after  human rights   emerged on the inter-
national agenda. Given the timing, there are few explicit references to environmen-
tal matters in the earlier-drafted international human rights instruments. The two 
most often-cited provisions are ICESCR article 12, where the right to health 
expressly calls on states parties to take steps for “the improvement of all aspects of 
environmental and industrial hygiene” and article 24 of the Convention on the 
Rights of the Child (20 Nov. 1989) which requires that states parties shall take 
appropriate measures to combat disease and malnutrition “through the provision of 
adequate nutritious foods and clean drinking water, taking into consideration the 
dangers and risks of environmental pollution.” 

 Despite this lack of specifi c reference to the environment in  human rights   trea-
ties, international awareness of the linkages between human rights and environmen-
tal protection has expanded considerably since the emergence of environmental 
protection as a legal issue. The defi nition of pollution in international and domestic 
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law partly explains the linkage, establishing that only those substances that are 
harmful to human health or other interests constitute pollution (Box  15.3 ). 

  The links between  human rights   and environmental protection were apparent at 
least from the fi rst international conference on the human environment, held in 
Stockholm in 1972. At the Stockholm concluding session, the preamble of the fi nal 
declaration 3  proclaimed that

  Man is both creature and moulder of his environment, which gives him physical sustenance 
and affords him the opportunity for intellectual, moral, social and spiritual growth.… Both 
aspects of man’s environment, the natural and the man-made, are essential to his well-being 
and to the enjoyment of basic  human rights   – even the right to life itself. 

   Principle 1 of the  Stockholm Declaration   established a further connection 
between  human rights   and environmental protection, declaring that

  Man has the fundamental right to freedom, equality and adequate conditions of life, in an 
environment of a quality that permits a life of dignity and well-being. 

   In resolution 45/94, the UN General Assembly recalled the language of 
Stockholm, stating that all individuals are entitled to live in an environment ade-
quate for their health and well-being. The resolution called for enhanced efforts to 
ensure a better and healthier environment. 

15.2.1     Environmental Quality as a Prerequisite to the Enjoyment 
of  Human Rights   

 Many  human rights   tribunals and experts understand that environmental protection 
is a precondition to the enjoyment of several internationally guaranteed human 
rights, especially the rights to life and health. Environmental protection is thus seen 
as an essential instrument subsumed in or a prerequisite to the effort to secure the 

3   Stockholm Declaration  of the United Nations Conference on the Human Environment, 16 June 
1972, U.N. Doc. A/.CONF.48/14/Rev.1 at 3 (1973). 

  Box 15.3 International Treaty Defi nition of Pollution 
 Pollution of the marine environment is

  the introduction by man, directly or indirectly, of substances or energy into the 
marine environment, including estuaries, which results or is likely to result in such 
deleterious effects as harm to living resources and marine life, hazards to human 
health, hindrance to marine activities, including fi shing and other legitimate uses of 
the sea, impairment of quality for use of sea water and reduction of amenities. 

   United Nations Convention on the Law of the Sea (1982), Art. 1(4) 
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effective enjoyment of human rights. In this sense, the General Assembly has called 
the preservation of nature “a prerequisite for the normal life of man” (GA Res. 
35/48 of 30 October 1980). 

 Several UN treaty bodies or experts have addressed the intersection of  human 
rights   and environmental protection from this perspective. The former United 
Nations Human Rights Commission appointed a  Special Rapporteur   on the 
adverse effects of the illicit movement and dumping of toxic and dangerous prod-
ucts and wastes on the enjoyment of human rights, conferring a mandate that 
included investigating complaints about such trade. 4  In its resolutions on this mat-
ter, the Commission consistently recognized that environmental law violations 
“constitute a serious threat to the human rights to life, good health and a sound 
environment for everyone” (Commission on Human Rights, Resolutions 199/23 
and 2000/72). 

 The Commission also named a Special Rapporteur on the right to food whose 
mandate includes the issue of safe drinking water, subsequently proclaimed to be a 
right in itself. The Commission specifi cally linked the issue of the right to food with 
sound environmental policies and noted that problems related to food shortages 
“can generate additional pressures upon the environment in ecologically fragile 
areas.” Other resolutions of the Commission referred explicitly to the right to a safe 
and healthy environment. 5  In recent years, the Human Rights Council has adopted 
resolutions on climate change as a  human rights   issue.  

15.2.2     Human Rights Necessary for Environmental Protection 

 Another approach to the linkage of these issues considers certain  human rights   as 
essential elements to achieving sound environmental protection. This approach is 
well illustrated by the Rio Declaration on Environment and Development, adopted 
at the conclusion of the 1992 Conference of Rio de Janeiro on Environment and 
Development. Principle 10 formulates a link between human rights and environ-
mental protection largely in procedural terms, declaring in Principle 10 that access 
to information, public participation, and access to effective judicial and administra-
tive proceedings, including redress and remedy, should be guaranteed because 
“environmental issues are best handled with the participation of all concerned 

4   Resolution 2001/35, Adverse effects of the illicit movement and dumping of toxic and dangerous 
products and wastes on the enjoyment of  human rights , E/CN.4/RES/2001/35. See the Report of 
the Special Rapporteur on the Adverse Effects of the Illicit Movement and Dumping of toxic and 
Dangerous Products and Wastes on the Enjoyment of Human Rights, Addendum, Commission on 
Human Rights, E/CN.4/2001/55/Add.1 (21 Dec. 2000), documenting  inter alia  damage to tissues 
from  arsenic  poisoning, risks to health from the dumping of  heavy metals , illnesses from pesticide 
use at banana plantations, deaths from petrochemical dumping, and kidney failure in children due 
to contaminated  pharmaceuticals . 
5   In Resolution 2001/65, entitled “Promotion of the Right to a Democratic and Equitable 
International Order”, the Commission affi rmed that “a democratic and equitable international 
order requires,  inter alia , the realization of … [t]he right to a healthy environment for everyone.” 
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citizens, at the relevant level.” These procedural rights, contained in all human rights 
instruments, are thus adopted in environmental texts in order to have better environ-
mental decision-making and enforcement.  

15.2.3     Environmental Quality as a Human Right 

 Still other legal texts proclaim the existence of a right to a safe and healthy environ-
ment as a human right. Two regional  human rights   treaties contain such a provision. 
The African Charter on Human and Peoples’ Rights, Article 16, guarantees to every 
individual the right to enjoy the best attainable state of physical and mental health 
while Article 24 was the fi rst international treaty to proclaim that “All peoples shall 
have the right to a general satisfactory environment favorable to their development.” 
The 1988 Additional Protocol to the American Convention on Human Rights in the 
area of Economic, Social, and Cultural Rights, 6  in its Article 11, followed this prec-
edent in proclaiming that “Everyone shall have the right to live in a healthy environ-
ment and to have access to basic public services” and that the states parties shall 
promote the protection, preservation, and improvement of the environment. Also at 
the regional level, the preambles of European Union legal texts often state their aim 
as being “to protect human health and the environment.” 7  

 On the national level, more than 100 constitutions throughout the world guaran-
tee a right to a clean and healthy environment, impose a duty on the state to prevent 
environmental harm, or mention the protection of the environment or natural 
resources. Such provisions vary in the chosen description of the environmental 
quality that is protected. While many of the older provisions refer to a “healthy” or 
“healthful” environment, more recent formulations add references to ecology and/
or biodiversity to the guarantee. 

6   Additional Protocol to the American Convention on Human Rights in the Area of Economic, 
Social, and Cultural Rights (San Salvador, Nov. 17, 1988, OAS T.S. 69). 
7   EC Council Directive No. 85/201 on Air Quality Standards for Nitrogen Dioxide, 7 Mar. 1985, L 
87 O.J.E.C. (1985); EC Council Directive No. 80/779 on Air Quality Limit Values, 15 July 1980, 
L 229, O.J.E.C. 30 (1980). 

 Box 15.4 Examples of Constitutional Guarantees for Environmental Quality 
  Angola:  “all citizens shall have the right to live in a healthy and unpolluted 
environment” (art. 24–1). 

  Argentina:  “all residents enjoy the right to a healthy, balanced environment 
which is fi t for human development …” (art. 41). 

  Azerbaijan:  “everyone has the right to live in a healthy environment.” 
  Brazil : “everyone has the right to an ecologically balanced environment, 

which is a public good for the people’s use and is essential for a healthy life” 
(art. 225). 
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  The US federal constitution does not mention the environment, but states in the 
USA have the power to provide their citizens with rights additional to those contained 
in the federal constitution and state constitutions revised or amended from 1970 to the 
present have added environmental protection among their provisions. 8  To mark the 
occasion of the fi rst Earth Day in 1970, the  Pennsylvania   legislature adopted a pro-
posed amendment to the state constitution, 9  subsequently approved overwhelmingly by 
voters in the state, 10  adding what is now Article I, section 27, to the state constitution:

  Section 27. Natural resources and the public estate. 
 The people have a right to clean air, pure water, and to the preservation of the natural, 

scenic, historic and aesthetic values of the environment. Pennsylvania’s public natural 
resources are the common property of all the people, including generations yet to come. As 
trustee of these resources, the Commonwealth shall conserve and maintain them for the 
benefi t of all the people. 

8   See Ala. Const. art. VIII; Cal. Const. art. X, § 2; Fla. Const. art. II, § 7; Haw. Const. art. XI; Ill. 
Const. art. XI; La. Const. art. IX; Mass. Const. § 179; Mich. Const. art. IV, § 52; Mont. Const. art. 
IX, § 1; N.M. Const. art. XX, § 21; N.Y. Const. art. XIV; N.C. Const. art. XIV, § 5; Ohio Const. 
art. II, § 36; Pa. Const. art. I, § 27; R.I. Const. art. 1, § 17; Tex. Const. art. XVI, § 59; Utah Const. 
art. XVIII; and Va. Const. art. XI, § 1. For discussions of these provisions, see A. E. Dick Howard, 
 State Constitutions and the Environment , 58  Va. L. Rev.  193, 229 (1972); Roland M. Frye, Jr., 
 Environmental Provisions in State Constitutions , 5  Envtl. L. Rep . 50028–29 (1975); Stewart 
G. Pollock,  State Constitutions, Land Use, and Public Resources: The Gift Outright , 1984  Ann. 
Surv. Am.  L. 13, 28–29; Robert A. McLaren, Comment,  Environmental Protection Based on State 
Constitutional Law: A Call for Reinterpretation , 12 U. Haw . L. Rev.  123, 126–27 (1990).; and 
Carole L. Gallagher,  The Movement to Create an Environmental Bill of Rights: From Earth Day 
1970 to the Present ,  9 Fordham Envtl . L.J. 107 (1997). 
9   Franklin L. Kury,  The Pennsylvania Environmental Protection Amendment ,  Pa. B. Ass’n  Q., Apr. 
1987, at 85, 87. 
10   The vote was more than 3–1 in favor of the amendment, with close to 2 million voters. See 
Franklin L. Kury,  The Environmental Amendment to the Pennsylvania Constitution: Twenty Years 
Later and Largely Untested , 1  Vill. Envtl . L.J. 123, 123–24 (1990). 

  Chile : Article 19 of the 1980 Constitution of Chile provides for a “right to 
life” and a “right to live in an environment free of contamination” and estab-
lishes that certain other individual rights may be restricted to protect the envi-
ronment (CHILE CONST, art. 19 §§ 1, 8). 

  France : The right to live in a “balanced environment, favorable to human 
health” (Charter of the Environment, 2005). 

  Hungary : “Hungary recognizes and implements everyone’s right to a 
healthy environment” (A MAGYAR KÜZTÁRSASÁG ALKOTMÁNYA 
[Constitution] art. 18 (Hung)). 

  Quebec : The provincial Charter provides “Every person has a right to live 
in a healthful environment in which biodiversity is preserved, to the extent 
and according to the standards provided by law” (Charter of Human Rights 
and Freedoms, R.S.Q., c. C-12, s. 46). 
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   The amendment and others like it were intended to elevate environmental protec-
tion as a fundamental value to a constitutional status above the states’ legislative and 
regulatory norms and to protect the environment beyond issues of human health. 11  
A second aim was to expand standing to sue to allow public interest  litigation   on 
behalf of the environment. 12   Illinois  ,  Massachusetts  , and  Montana   all amended their 
constitutions in 1972 to provide in similar fashion a right to a clean and healthful 
environment (Box  15.5 ). 

  The Supreme Court of  Montana   has provided the most detail about the substan-
tive implications of a right to a specifi ed environmental quality. In  Montana 
Environmental Information Center et al. v. Department of Environmental 
Quality , 13  the plaintiffs contended that the constitution’s environmental protec-
tions were violated by the legislature when it amended state law to provide a 
blanket exception to requirements governing discharges from water well without 
regard to the degrading effect that the discharges would have on the surrounding 

11   The Pennsylvania Supreme Court has indicated that environmental litigants may sue for general-
ized harm because “[a]esthetic and environmental well-being are important aspects of the quality 
of life in our society” and because its constitution establishes a local government’s duty to protect 
its citizen’s “quality of life” ( Commonwealth, Pa. Game Comm’n v. Commonwealth, Dept. of 
Envtl. Resources , 509 A.2d 877, 883–84 (Pa. Comm2. Ct. 1986), aff’d 555 A.2d 812 (Pa. 1989)). 
12   For example, see  Life of the Land v. Land Use Comm’n of the State of Hawai’i , 623 P.2d 431 (Haw. 
1981) (granting standing to an environmental organization which sought to challenge a reclassifi ca-
tion of certain lands which were not owned by any of the organization’s members. The Supreme 
Court held that the plaintiffs’ “aesthetic and environmental interests” were “personal” rights guar-
anteed by Art. XI, Section. 9, of the Constitution). See also  Richard v. Metcalf , 921 P.2d 122 (Haw. 
1997);  Kahuna Sunset Owners Ass’n v. Mahui County Council , 948 P.2d 122 (Haw. 1997). 
13   296 Mont. 207, 988 P.2d 1236 (1999). 

  Box 15.5 US State Constitutional Provisions on Environmental Rights 
  Hawai’i : “Each person has the right to a clean and healthful environment, as 
defi ned by law relating to environmental quality, including control of pollu-
tion and resources. Any person may enforce this right against any party, pub-
lic or private, through appropriate legal proceedings” (Constitution, Article 
XI, section 9). 

  Massachusetts : Guarantees the right to clean air and water, freedom from 
excessive and unnecessary noise, and the natural scenic, historic, and aes-
thetic qualities of their environment (Mass. Const. art. XLIX). 

  Montana : “The people shall have the right to clean air and water, freedom 
from excessive and unnecessary noise, and the natural, scenic, historic, and 
esthetic qualities of their environment; and the protection of the people in 
their right to the conservation development and utilization of the agricultural, 
mineral, forest, water, air and other natural resources is hereby declared to be 
a public purpose” (Mont. Const. XLIX). 
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environment. The monitoring of well tests was also inadequate because it was 
done without regard to the harm caused by those tests. The Court concluded that 
“the right to a clean and healthful environment is a fundamental right because it is 
guaranteed by the Declaration of Rights found at Article II, Section 3 of Montana’s 
Constitution, and that any statute or rule which implicates that right must be 
strictly scrutinized and can only survive scrutiny if the State establishes a compel-
ling state interest and that its action is closely tailored to effectuate that interest 
and is the least onerous path that can be taken to achieve the State’s objective.” 
The Court examined the drafting history of the Constitutional provision and held 
as follows:

  The delegates did not intend to merely prohibit that degree of environmental degradation 
which can be conclusively linked to ill health or physical endangerment. Our constitution 
does not require that dead  fi sh   fl oat on the surface of our state’s rivers and streams before 
its farsighted environmental protections can be invoked…. 

 We conclude that the constitutional right to a clean and healthy environment and to be 
free from unreasonable degradation of that environment is implicated based on the 
Plaintiffs’ demonstration that the pumping tests proposed by SPJV would have added a 
known carcinogen such as  arsenic   to the environment in concentrations greater than the 
concentrations present in the receiving water and that the DEQ or its predecessor after 
studying the issue and conducting hearings has concluded that discharges containing carci-
nogenic parameters greater than the concentrations of those parameters in the receiving 
water has a signifi cant impact which requires review pursuant to Montana’s policy of 
nondegradation…. 14  

   Other national courts have similarly given broad reading to constitutional guar-
antees and have done so through reference to national and international environ-
mental standards. Article 24, the South African constitution, provides that:

  Everyone has a right to (a) to an environment that is not harmful to their health or well 
being; and (b) to have the environment protected, for the benefi t of present and future gen-
erations, through reasonable legislative and other measures that (i) prevent pollution and 
ecological degradation; (ii) promote conservation; and (iii) secure ecologically sustainable 
development and use of natural resources while promoting justifi able economic and social 
development. 15  

14   The Montana Supreme Court further applied its constitutional provision in the case  Cape-
France Enterprises v. The Estate of Peed,  305 Mont. 513, 29 P.3d 1011 (2001), in which it held 
that “the protections and mandates of this provision apply to private action – and thus to private 
parties – as well” as to state action. Thus, “it would be unlawful for Cape-France, a private busi-
ness entity, to drill a well on its property in the face of substantial evidence that doing so may 
cause signifi cant degradation of uncontaminated aquifers and pose serious public health risks.” 
The court held that it would be a violation of the state’s obligation under the constitution for it to 
grant specifi c performance of a contract for the sale of the land in question. See Chase Naber, 
 Murky Waters: Private Action and the Right to a Clean and Healthful Environment – An examina-
tion of Cape-France Enterprises v. Estate of Peed,  64  Mont. L. Rev . 357 (2003) and B. Thompson, 
 Constitutionalizing the Environment: The History and Future of Montana’s Environmental 
Provisions , 64  Mont.L.Rev . 157 (2003). 
15   S. AFR. CONST. ch. IV, § 24. 
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   The S outh African Constitutional Court   has explicitly relied on international 
environmental principles in giving substantive content to this constitutional guaran-
tee. 16  In the Court’s view, the National Environmental Management Act, which was 
enacted to give effect to section 24 of the constitution, embraces the concept of 
sustainable development, defi ned to mean “the integration of social, economic and 
environmental factors into planning, implementation and decision-making for the 
benefi t of present and future generations.” In turn, this broad defi nition of sustain-
able development integrates environmental protection and socioeconomic develop-
ment and incorporates the internationally recognized principle of intergenerational 
and intragenerational equity. 17  The Court thus set aside the decision of the environ-
mental authorities and required reconsideration consistent with the judgment. As to 
the role of the courts in giving effect to environmental rights, the Court was clear:

  The role of the courts is especially important in the context of the protection of the environ-
ment and giving effect to the principle of sustainable development. The importance of the 
protection of the environment cannot be gainsaid. Its protection is vital to the enjoyment of 
the other rights contained in the Bill of Rights; indeed, it is vital to life itself. It must there-
fore be protected for the benefi t of the present and future generations. The present generation 
holds the earth in trust for the next generation. This trusteeship position carries with it the 
responsibility to look after the environment. It is the duty of the court to ensure that this 
responsibility is carried out. 18  

16   Fuel Retailers Association of Southern Africa v Director-General Environmental Management, 
Department of Agriculture, Conservation and Environment, Mpumalanga Province, and Others,  
Case no CCT 67/06; ILDC 783 (ZA 2007). The case arose out of a decision by a provincial 
Department of Agriculture, Conservation, and Environment to grant private parties permission to 
construct a fi lling station. 
17   Id,  paras. 59. In addition, NEMA sets out some of the factors that are relevant to decisions on 
sustainable development. These factors largely refl ect international experience. But as NEMA 
makes it clear, these factors are not exhaustive. The Court quoted the factors set forth in the domes-
tic National Environmental Management Act, Section 2(4)(a): 
 “Sustainable development requires the consideration of all relevant factors including the following: 

   (i)         That the disturbance of ecosystems and loss of biological diversity are avoided, or, where 
they cannot be altogether avoided, are minimised and remedied; 

   (ii)       that pollution and degradation of the environment are avoided, or, where they cannot be 
altogether avoided, are minimised and remedied; 

   (iii)      that the disturbance of landscapes and sites that constitute the nation’s cultural heritage is 
avoided, or where it cannot be altogether avoided, is minimised and remedied; 

   (iv)       that waste is avoided, or where it cannot be altogether avoided, minimised and re-used or 
recycled where possible and otherwise disposed of in a responsible manner; 

   (v)        that the use and exploitation of non-renewable natural resources is responsible and equitable, 
and takes into account the consequences of the depletion of the resource; 

   (vi)       that the development, use and exploitation of renewable resources and the ecosystems of 
which they are part do not exceed the level beyond which their integrity is jeopardised; 

   (vii)     that a risk-averse and cautious approach is applied, which takes into account the limits 
of current knowledge about the consequences of decisions and actions; and 

   (viii)    that negative impacts on the environment and on people’s environmental rights be antic-
ipated and prevented, and where they cannot be altogether prevented, are minimised and 
remedied.” 

18   Id.,  para. 102. 
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   In India, a series of judgments between 1996 and 2000 responded to health 
concerns caused by industrial pollution in Delhi. In some instances, the courts 
issued orders to cease operations. 19  The Indian Supreme Court based closure 
orders on the principle that health is of primary importance and that residents are 
suffering health problems due to pollution. In Argentina, the right to environment 
is deemed a subjective right entitling any person to initiate an action for environ-
mental protection. 20  Colombia also recognizes the enforceability of the right to 
environment. 21  In Costa Rica, a court stated that the rights to health and to the 
environment are necessary to ensure that the right to life is fully enjoyed. 22  The 
French Conseil Constitutionnel has used its Constitutional Charter to review leg-
islative enactments, fi nding that the Charter constitutes a “fundamental freedom” 
of constitutional value allowing for the suspension of an administrative decision 
under French procedural law.  

15.2.4     Why a “Rights-Based” Approach? 

 Many lawyers concerned either with the environment or with  human rights   prefer 
this “rights-based approach” to environmental protection in contrast to relying on 
environmental regulations, private  litigation  , or market-based incentives, because 
human rights are generally seen as maximum claims on society, elevating concern 
for the environment above a mere policy choice that may be modifi ed or discarded 
at will. All legal systems establish a hierarchy of norms. Constitutional guarantees 
usually are at the apex and “trump” any confl icting norm of lower value. Thus, to 
include respect for the environment as a constitutional right ensures that it will be 
given precedence over other legal norms that are not constitutionally based. In addi-
tion, the moral weight afforded by the concept of rights as inherent attributes that 
must be respected in any well-ordered society exercises an important compliance 
pull. Finally, at the international level, enforcement of human rights law is more 
developed than are the procedures of international environmental law. The avail-
ability of individual complaints procedures has given rise to extensive jurisprudence 
from which the specifi c obligations of states to protect and preserve the environ-
ment are detailed. The danger of placing confi dence in the regulatory process alone 

19   See, e.g.,  M.C. Mehta v. Union of India & Others,  JT 1996, reprinted in 1  s at 631. 
20   Kattan, Alberto and Others v. National Government, Juzgado Nacional de la Instancia en lo 
Contenciosoadministrativo Federal . No. 2, Ruling of 10 May 1983, La Ley, 1983-D, 576;  Irazu 
Margarita v. Copetro S.A., Camara Civil y Comercial de la Plata , Ruling of 10 May 1993 (avail-
able at www.eldial.com) (“The right to live in a healthy and balanced environment is a fundamental 
attribute of people. Any aggression to the environment ends up becoming a threat to life itself and 
to the psychological and physical integrity of the person.”). 
21   Fundepublico v. Mayor of Bugalagrande and Others , Juzgado Primero superior, Interlocutorio 
# 032, Tulua, 19 Dec. 1991 (“It should be recognized that a healthy environment is a sina qua non 
condition for life itself and that no right could be exercised in a deeply altered environment.”). 
22   Presidente de la sociedad Marlene S.A. v. Municipalidad de Tibas , Sala Constitucional de la 
corte Supreme de justicia. Decision No. 6918/94 of 25 Nov. 1994. 
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is illustrated by  Zander v. Sweden , 23  where the applicants complained about con-
tamination of their well water by cyanide from a neighboring dump site. The munic-
ipality initially furnished temporary water supplies, but later, adhering to the normal 
regulatory procedures, the town raised the permissible level of cyanide in the city 
water supply. The permit for the dump was later renewed and expanded while the 
applicant’s request for safe drinking water was denied. 24  The European Court of 
Human Rights found in favor of the individual who had no redress before domestic 
courts. 

 Human rights, enshrined in international and constitutional law, thus set the lim-
its of majority rule as well as provide protection against dictatorial repression. The 
scope and contours of substantive as well as procedural rights are sometimes 
detailed in legislation, but they are also given content through  litigation  . International 
 human rights   tribunals in particular elaborate on the often generally stated rights 
whose implementation they monitor.  

15.2.5     Linking Human Rights to Obligations: What Human Rights 
Tribunals Say 

 Human rights tribunals have given effect to various  human rights   linked to environ-
mental protection by reference to international environmental principles, standards, 
and norms. In addition, they have emphasized the importance of giving effect to 
national environmental rights provisions. As a general matter, the European Court 
of Human Rights has indicated that the scope of rights guaranteed by the European 
Convention is affected by the “growing and legitimate concern both in Europe and 
internationally about offenses against the environment.” 25  In its  Öneryıldız v. 

23   Zander v. Sweden , App. No. 14282/88, Eur. Ct. Hum. Rts [1993] Ser. A, No. 279B. Concededly, it was 
the denial of judicial review of this decision that formed the basis of Lander’s successful claim before 
the European Court. The Court, fi nding that the applicants had a right to clean water under Swedish law, 
held that the lack of judicial review violated the European Convention, Article 6(1), because the appli-
cants were entitled as of right to seek precautionary measures against water pollution. 
24   The European Court did not actually have to reach a conclusion on the substance of this decision, 
because it found that the applicant’s procedural right of access to justice under Article 6 was vio-
lated. The applicants had been unable to obtain judicial review by Swedish courts of the board’s 
permitting decision. 
25   See  Mangouras v. Spain , no. 12050/04, 8 Jan. 2009, para. 41 (referred to a Grand Chamber 5 
June 2009). Increased concern with the environment has also proved important in cases where 
states have taken measures to protect the environment and the actions are resisted on the grounds 
that they interfere with the right to property. In  Fredin v. Sweden , the applicant argued that nature 
protection was an inadequate reason to revoke a license to extract gravel on his property and there-
fore was a violation of Article I, Protocol 1. The Court found no violation, noting that the protec-
tion of the environment is an increasingly important consideration ( Fredin v. Sweden , No. 
12033/86, 13 EHRR. 784 (1991)). The Court similarly found no violation of the same provision in 
 Pine Valley Developments Ltd v. Ireland , where permission to carry out construction in a greenbelt 
area was revoked on grounds of environmental protection ( Pine Valley Devs. Ltd. v Ireland,  App. 
No. 12742/87, 14 EHRR. 319 (1992)). The most diffi cult and contentious cases in this respect have 
concerned travelers or gypsies, whose lifestyle may bring them into contact with modern land use 
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Turkey  26  judgment, the European Court referred to environmental laws, in particular 
the  Convention on Civil Liability for Damage   resulting from Activities Dangerous 
to the Environment (Lugano, 21 June 1993) and the Convention on the Protection of 
the Environment through Criminal Law (Strasbourg, 4 November 1998) in fi nding 
violations of the right to life. 

  Taşkin and Others v. Turkey  involved challenges to the development and opera-
tion of gold mine, which the applicants alleged caused environmental damage to the 
detriment of people in the region. Appropriate procedures had been followed; the 
challenge was to the substance of the decision taken. Applicants litigated the issue 
and won in domestic courts. The Turkish Supreme Administrative Court repeatedly 
concluded that the mine’s operating permit did not serve the public interest and that 
the safety measures which the company had taken did not suffi ce to eliminate the 
risks involved in such an activity. Before the European Court, the applicants alleged 
a violation of Article 8. 

 In reviewing the applicable legal framework, the Court referred to the procedural 
rights set forth in Rio Principle 10 and the subsequent Aarhus Convention elaborat-
ing on these rights. In addition, however, the Court also quoted from a Council of 
Europe Parliamentary Assembly resolution on environment and  human rights   that 
recommended that member states ensure appropriate protection of life, health, fam-
ily and private life, physical integrity, and private property, taking particular account 
of the need for environmental protection, and that member states recognize a human 
right to a healthy, viable, and decent environment. Such right corresponds to an 
objective obligation for states to protect the environment in national laws, preferably 
at the constitutional level. Given this recommendation and the domestic Constitutional 
guarantees in Turkey, the Court found a violation despite the absence of any acci-
dents or incidents at the mine. The mine was deemed to present an unacceptable risk. 

 The European Court’s application of environmental standards reached a new level 
in a judgment delivered 27 January 2009 in the case of  Tatar v. Romania . The case 
arose in the aftermath of an ecological disaster at a gold mine in Romania, which 
resulted in high levels of sodium cyanide and  heavy metals   being released into local 
freshwaters. The contaminated water passed into the Tisza River in Hungary and 
eventually into the Danube River, causing pollution as far as the Black Sea. After two 
Romanians, father and son, were unable to achieve any redress through Romanian 
administrative and penal procedures, they complained to the European Court, alleg-
ing violations of Convention articles 2 and 8. As in other cases, the Court made note 
of the right to a healthy and balanced environment under the Romanian Constitution 
and of the domestic law implementing this right. The Court considered the 

planning. The European Court has repeatedly refused to override local zoning restrictions, espe-
cially the creation of green belts, in order to ensure a permanent home for this minority group. See 
 Buckley v. United Kingdom , 1996-IV Eur. Ct. H.R. 1271 (1996) and the four recent cases:  Smith v. 
United Kingdom , App. No. 25154/94, 33 EHRR 712 (2001);  Lee v. United Kingdom , App. No. 
25289/94, 33 EHRR 677 (2001);  Chapman v. United Kingdom , App. No. 27238/94, 33 EHRR 399 
(2001); and  Beard v. United Kingdom , App. No. 24882/94, 33 EHRR (2001). 
26   Oneryildiz v. Turkey  (GC), Reports 2004-VI (30 Nov.). 

15 Environmental Pollution: A Human Rights Perspective



356

procedural rights to information, public participation, and redress, but it also assessed 
the substantive obligations of the government under international environmental 
standards. The Court relied on UN fi ndings about the causes and consequences of the 
accident, as well as determinations of the World Health Organization about the health 
consequences of exposure to sodium cyanide, placing heavy reliance on them in the 
absence of adequate domestic fact-fi nding. The Court referred to international stan-
dards on best practices for the  mining   industry and, signifi cantly, quoted extensively 
from the  Stockholm Declaration   on the Human Environment, the Rio Declaration on 
Environment and Development, and the Aarhus Convention. 

 Two of the Court’s conclusions in the  Tatar  case were particularly important to 
the development of the law. First, the European Court declared in this case that the 
“precautionary principle” has become a legal norm with applicable content. This 
means the government must adopt reasonable and adequate measures capable of 
respecting the rights of individuals in the face of serious risks to their health and 
well-being, even where scientifi c certainty is lacking. Secondly, the Court recalled 
to Romania the obligation under Stockholm Principle 21 and Rio Principle 14 to 
prevent signifi cant transboundary harm, in noting that both Hungary and Serbia 
were affected by the  mining   accident. These international norms, the Court found, 
should have been applied by the Romanian government.  

15.2.6     The Environmental Quality Required 

 In the Western Hemisphere, the Inter-American Commission and Court have insisted 
on everyone’s right to an environment at a quality that permits the enjoyment of all 
guaranteed  human rights  . In the cases presented to these institutions, applicants have 
asserted violations of the rights to life, health, property, culture, and access to justice, 
but some of them have also cited to guarantees of freedom of religion and respect for 
culture. The Commission’s general approach to environmental protection has been to 
recognize that a basic level of environmental health is not linked to a single human 
right but is required by the very nature and purpose of human rights law:

  The American Convention on Human Rights is premised on the principle that rights inhere 
in the individual simply by virtue of being human. Respect for the inherent dignity of the 
person is the principle which underlies the fundamental protections of the right to life and 
to preservation of physical well-being. Conditions of severe environmental pollution, which 
may cause serious physical illness, impairment and suffering on the part of the local popu-
lace, are inconsistent with the right to be respected as a human being. 27  

   Similarly, using environmental standards, the European Court has given some 
indications of the quality of environment required to comply with the Convention’s 
substantive guarantees. In its fi rst major decision 28  involving environmental harm as 

27   Inter-Am. Comm.H.R.,  Report on the Situation of Human Rights in Ecuador , OAS doc. OEA/
Ser.L/V/II.96, doc. 10 rev. 1, April 24, 1997, at 92 [hereinafter Report on Ecuador]. 
28   Lopez Ostra v. Spain , Eur. Ct. Hum. Rts [1994] Ser. A, No. 303C. 
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a breach of the right to private life and the home, guaranteed by Article 8 of the 
European Convention, the European Court held that severe environmental pollution 
may affect individuals’ “well-being” to the extent that it constitutes a violation of 
Article 8. The pollution need not reach the point of affecting health, if the enjoy-
ment of home, private, and family life is reduced and there is no fair balance struck 
between the community’s economic well-being and the individual’s effective enjoy-
ment of guaranteed rights. 29  

 The Court further explained this standard in  Fadayeva v. Russia , 30  noting that the 
adverse effects of environmental pollution must attain a certain minimum level if 
they are to fall within the scope of Article 8. The requisite effects or interference 
need not reach the level of proven injury to health; it is enough if they pose serious 
risks. In  Fadayeva , the applicant succeeded on her claim because she was made 
more vulnerable to various diseases, even though quantifi able harm to her health 
was deemed not proved; in addition, the Court found that her quality of life at her 
home was adversely affected.  

15.2.7     Positive Obligations 

 Enforcement of environmental rights involves courts in not only determining the 
mandated environmental quality but also in assessing whether or not the govern-
ment has taken the requisite actions to achieve that quality. Human rights tribunals 
have made clear that the state may be responsible whether pollution or other envi-
ronmental harm is directly caused by the state or whether the state’s responsibility 
arises from its failure to regulate adequately private sector activities. 31  Human rights 
instruments require states not only to respect the observance of rights and freedoms 
but also to guarantee their existence and the free exercise of all of them against 
private actors as well as the state. Any act  or omission  by a public authority which 
impairs guaranteed rights may violate a state’s obligations. 32  This is particularly 

29   In  Powell & Raynor v. United Kingdom , Eur. Ct. Hum. Rts [1990] Ser. A No. 172, the European 
Court found that aircraft noise from Heathrow Airport constituted a violation of Article 8 but was 
justifi ed as “necessary in a democratic society” for the economic well-being of the country and was 
acceptable under the principle of proportionality because it did not “create an unreasonable burden 
for the person concerned.” The latter text could be met by the State if the individual had “the pos-
sibility of moving elsewhere without substantial diffi culties and losses.” See also  Taşkin and 
Others v. Turkey , App. No. 46117/99, 2004 Eur. Ct. Hum. Rts. 621 (10 Nov.). 
30   Fadayeva v. Russia , no. 55723/00, judgment of 9 June 2005, 2005/IV Eur. Ct.H.R. 255 (2005). 
 See also Leon and Agnieszka Kania v. Poland , no. 12605/03, 21 July 2009, para. 102;  Borysewicz 
v. Poland , no. 71146/01, 1 July 2008, para. 55; . Hatton and Others v. the United Kingdom , (GC) 
no. 36022/97, Reports 2003-VIII. 

31   See Mareno Gomez v. Spain , no. 4143/02, 16 Nov. 2004, para. 55;  Giacomelli v. Italy , paras. 
78–79;  Surugiu v. Romania , no. 48995/99, 20 April 2004. 
32   Velasquez Rodriguez Case , 4 Inter-Am. Ct. H.R. (ser. C) at 155 (Judgment of July 29, 1988) 
(concerning disappearance of civilians perpetrated by the Honduran army);  Godinez Cruz Case , 5 
Inter-Am. Ct. H.R. (ser. C) at 152–53 (Judgment of Jan. 20, 1989). 
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important in respect to the environment, where most activities causing harm are 
undertaken by the private sector. 

 In the inter-American system, positive obligations for the state to act derive not 
only from the generic obligations of Convention Article 1 33  but also from specifi c 
rights, including an individual’s right to have his or her life respected and protected 
by law. 34  In the case of Yanomami v. Brazil, 35  the Inter-American Commission 
found that the government had violated the  Yanomani   rights to life, liberty, and 
personal security guaranteed by Article 1 of the Declaration, as well as the right of 
residence and movement (Article VIII) and the right to the preservation of health 
and well-being (Article XI) 36  because the government failed to implement measures 
of “prior and adequate protection for the safety and health of the Yanomami 
Indians.” 37  

 Other inter-American cases and country studies have specifi ed that governments 
must enact appropriate laws and regulations and then fully enforce them. In a coun-
try report on Ecuador, the Commission referred generally to the obligation of the 
state to respect and ensure the rights of those within its territory and the responsibil-
ity of the government to implement the measures necessary to remedy existing pol-
lution and to prevent future contamination which would threaten the lives and health 
of its people, including through addressing risks associated with hazardous develop-
ment activities, such as  mining  . 38  Governments must regulate industrial and other 
activities that potentially could result in environmental conditions so detrimental 
that they create risks to health or life. 39  Furthermore, the government must enforce 
the laws that it enacts as well as any constitutional guarantee of a particular quality 
of environment. 40  The Commission was clear: “Where the right to life, to health and 

33   Article 1 provides: “The States Parties to this Convention undertake to respect the rights and 
freedoms recognized herein and to ensure to all persons subject to their jurisdiction the free and 
full  exercise  of those rights and freedoms….” (American Convention, art. 1). 
34   Art 4(1) reads: Every person has the right to have his life respected. This right shall be protected 
by law…. No one shall be arbitrarily deprived of his life. 
35   Yanomami Case , Res. No. 12/85, Case 7615 (Brazil), in  Annual Report of the IACHR 1984–
1985,  OEA/Ser.L/V/II.66, doc. 10, rev. 1 (1985), 24. 
36   Id. at 33. 
37   Id. at 32. 
38   Report on Ecuador  supra  note 27 at 94. 
39   Id , p. v. 
40   In the Ecuador report, the Commission heard allegations that the Government had failed to 
ensure that oil exploitation activities were conducted in compliance with existing legal and policy 
requirements. The Commission’s on-site delegation also heard that the Government of Ecuador 
had failed to enforce the inhabitants’ constitutionally protected rights to life and to live in an envi-
ronment free from contamination. The domestic law of Ecuador recognizes the relationship 
between the rights to life, physical security and integrity, and the physical environment in which 
the individual lives. The fi rst protection accorded under Article 19 of the Constitution of Ecuador, 
the section which establishes the rights of persons, is of the right to life and personal integrity. The 
second protection establishes “the right to live in an environment free from contamination.” 
Accordingly, the Constitution invests the State with responsibility for ensuring the enjoyment of 
this right and for establishing by law such restrictions on other rights and freedoms as are neces-

D. Shelton



359

to live in a healthy environment is already protected by law, the Convention requires 
that the law be effectively applied and enforced.” 41  

 The state must also comply with and enforce the international agreements to 
which it is a signatory, whether these are  human rights   instruments or ones related 
to environmental protection. In the  Ecuador   report, the Commission noted that the 
state is party to or has supported a number of instruments “which recognize the 
critical connection between the sustenance of human life and the environment,” 
including the Additional Protocol to the American Convention in the Area of 
Economic, Social, and Cultural Rights, the ICCPR and the ICESCR, the  Stockholm 
Declaration  , the Treaty for Amazonian Cooperation, the Amazon Declaration, the 
World Charter for Nature, the Convention on Nature Protection and Wildlife 
Preservation in the Western Hemisphere, the Rio Declaration on Environment and 
Development, and the Convention on Biological Diversity. Through the standard- 
setting and enforcement process, the state must “take the measures necessary to 
ensure that the acts of its agents … conform to its domestic and inter-American 
legal obligations.” 42  

 States thus are not exempt from  human rights   and environmental obligations in 
their development projects: “the absence of regulation, inappropriate regulation, or a 
lack of supervision in the application of extant norms may create serious problems 
with respect to the environment which translate into violations of human rights pro-
tected by the American Convention.” 43  In the case of the  Saramaka People v. 
Suriname , 44  the Inter-American Court set forth three safeguards it deemed essential 
to ensure that development is consistent with human rights and environmental pro-
tection: (1) the state must ensure the effective participation of the members of the 
Saramaka people, in conformity with their customs and traditions, regarding any 
development, investment, exploration, or extraction plan within  Saramaka territory  ; 
(2) the state must guarantee that the Saramakas will receive a reasonable benefi t from 
any such plan within their territory; and (3) the state must ensure that no concession 
will be issued within Saramaka territory unless and until independent and technically 
capable entities, with the state’s supervision, perform a prior environmental and 
social impact assessment. 45  The Court viewed benefi t sharing as inherent to the right 
of compensation recognized under Article 21(2) of the Inter-American Convention. 46  

sary to protect the environment. Thus, the Constitution establishes a hierarchy according to which 
protections which safeguard the right to a safe environment may have priority over other entitle-
ments.  Id.  pp. 78–86. 
41   Id. 
42   Report on Ecuador,  supra  n. 27 at 92. 
43   Id.  at 89. 
44   Case of the Saramaka People v. Suriname , Inter-Am. Ct. Hum. Rts, Ser. C No. 172 (28 Nov. 
2007). 
45   Id . at para. 129. 
46   Article 21(2) provides that [n]o one shall be deprived of his property except upon payment of just 
compensation, for reasons of public utility or social interest, and in the cases and according to the 
forms established by law. 
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 The European Court’s jurisprudence is similar. The Court requires at a minimum 
that the state should have complied with its domestic environmental standards. 47  
Noise pollution cases often turn on compliance with local environmental laws. 
When the state conducts inspections and fi nds that the activities do not exceed per-
missible noise levels established for the area, at least in the absence of evidence of 
serious and long-term health problems, the Court is unlikely to fi nd that the state 
failed to take reasonable measures to ensure the enjoyment of Article 8 rights. In 
other words, where no specifi c environmental quality is guaranteed by the constitu-
tion or applicable  human rights   instrument, the courts accord considerable defer-
ence to the level of protection enacted by state or local authorities. 

 The issue of compliance with domestic law is particularly important when 
there is a domestic constitutional right to environmental protection. The European 
Court will review governmental actions in the light of the domestic law.  Okyay 
and Others v. Turkey  48  concerned the failure of Turkish authorities to enforce 
constitutional rights and statutory environmental laws. The applicants had suc-
cessfully challenged in domestic courts the operations of thermal power plants in 
Southwest Turkey, which they claimed would damage the environment and pose 
risks for the life and health of the Aegean region’s population. They explicitly 
argued that Article 56 of the Turkish Constitution guaranteed them the right to 
life in a healthy and balanced environment. They did not argue that they had suf-
fered any economic or other loss. The European Court agreed that they had a 
right under Turkish law to protection against damage to the environment and that 
their rights under Article 6(1) had been violated due to the failure of Turkish 
authorities to comply in practice and within a reasonable time with the domestic 
court’s judgments. 

 The African Commission also has identifi ed governmental obligations in this 
fi eld by reference to environmental norms. In  SERAC v. Nigeria , the African 
Commission held that African Charter Article 24 “imposes clear obligations upon a 
government to take reasonable and other measures to prevent pollution and ecologi-
cal degradation, to promote conservation, and to secure an ecologically sustainable 
development and use of natural resources.” 49  Compliance with these obligations 
includes ordering or permitting independent scientifi c monitoring of threatened 
environments, requiring environmental and social impact studies, monitoring haz-
ardous materials and activities, as well as providing information and an opportunity 
for the public to participate in decision-making. 50  While the Commission did not 
cite to specifi c environmental agreements, the obligations it mentions are part of 
international environmental law.  

47   See,  e.g.,  Ashworth and Others v. the United Kingdom , App. No. 39561/98, 20 Jan. 2004;, 
 Moreno Gomes v. Spain , 2004-X Eur. Ct. H.R. 327 (2005). 
48   Okyay and Others v. Turkey , App. 36220/97, 2005 Eur. Ct. H.R. 476, 12 July 2005 at 57. 
49   Social and Economic Rights Action Center/Center for Economic and Social Rights v. Nigeria , 
Comm. 155/96, Case No. ACHPR/COMM/A044/1, May 27, 2002. 
50   Id . para. 53. 
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15.2.8     Reviewing National Actions and Decisions 

 Beyond ensuring that any domestic environmental rights are enforced, the European 
Court scrutinizes the adequacy of the domestic law, to see if the state has ensured a 
fair balance between the interests of the community and the rights of those affected. 
The Court accords each state considerable deference in this respect (known as the 
“margin of appreciation”), because national authorities “are in principle better placed 
than an international court to assess the requirements” in a particular local context 
and to determine the most appropriate environmental policies and individual mea-
sures while taking into account the needs of the local community, 51  especially in a 
technical sphere like environmental protection. 52  The Court will only fi nd a violation 
if there is a “manifest error of appreciation” by the national authorities in striking a 
fair balance between the competing interests of the different private actors. 53  Only 
“in exceptional circumstances” will the Court look beyond the procedures followed 
to disallow the conclusions reached by domestic authorities on the environmental 
protection measures to be taken on the projects and activities allowed to proceed. 54  
Even if it fi nds that the state decided wrongly, the Court will not determine exactly 
what should have been done to reduce the pollution in a more effi cient way. 55  

 Another  human rights   supervisory body has also found violations of substantive 
guarantees due to the failure of the government to legislate to protect the environ-
ment. The fi rst European Social Charter complaint to concern environmental condi-
tions, lodged April 4, 2005, claimed violations of the Charter’s right to health 
provisions 56  because the state had not adequately prevented negative environmental 
impacts nor had it developed an appropriate strategy to prevent and respond to the 
health hazards stemming from lignite  mining  . The complaint also alleged that there 
was no legal framework guaranteeing security and safety of persons working in 
lignite mines. The European Committee of Social Rights concluded that the govern-
ment had violated the Charter. 57  On the issue of the right to health (Article 11), the 
Committee examined the Greek National Action Plan for  greenhouse gas emissions   
and found it inadequate in the light of the state’s obligations under the Kyoto 
Protocol and the principle requiring use of the “best available techniques.” 58  While 

51   Giacomelli , para. 80. 
52   Fadayeva v. Russia , supra note 30 at para 104, citing  Hatton ,  supra  n. 30 at para. 122. 
53   Id . 
54   Id.  para. 105, citing  Taskin . 
55   In particular, the Court says it would be going too far to assert that the State or the polluting 
undertaking was under an obligation to provide the applicant with free housing (Para. 133). It is 
enough to say that the situation called for a special treatment of those living near the plant. 
56   Complaint No. 30/2005  Marangopoulos Foundation for Human Rights (MFHR) v. Greece. 
57   The Committee transmitted its decision on the merits to the Committee of Ministers and to the 
Parties on 6 December 2006. The Committee of Ministers adopted its resolution on the matter on 
January 15, 2008. 
58   According to the Committee, “[t]he Greek National Action Plan for 2005–2007 (NAP1) provides 
for greenhouse gas emissions for the whole country and all sectors combined to rise by no more 
than 39.2 % until 2010, whereas Greece was committed, in the framework of the Kyoto Protocol, 
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the Committee found that Greek regulations on information and public participation 
were satisfactory, the evidence showed “that in practice the Greek authorities do not 
apply the relevant legislation satisfactorily” and very little had been done to orga-
nize systematic epidemiological monitoring of those concerned and no morbidity 
studies have been carried out. 

 In  Guerra v. Italy , 59  the applicants alleged that the Italian authorities violated 
European Convention rights by failing to mitigate the risk of a major accident at a 
nearby chemical factory and by withholding information from local residents about 
the risks and emergency procedures. The “right to information” claim was dis-
missed, because the European Convention does not require the collection and dis-
semination of information about the environment, but the European Court effectively 
incorporated this requirement into the applicant’s Article 8 claim as the “procedural 
dimension” of the obligation of states to secure effective respect for the applicants’ 
right to family and home life.  

15.2.9     Industrial Accidents and Natural Disasters 

 In  Oneryildiz v. Turkey , 60  the European Court of Human Rights held the Turkish 
government responsible for the loss of life and property resulting from a methane 
explosion at a  waste disposal   site. It noted the duty under the Strasbourg Convention 
for authorities to establish criminal offenses for loss of life involving the disposal or 
treatment of hazardous wastes. The Court explained that the right to life provision, 
Article 2 of the European Convention, “must be construed as applying in the context 
of any activity, whether public or not, in which the right to life may be at stake, and 
a fortiori in the case of industrial activities, which by their very nature are danger-
ous, such as the operation of waste–collection sites.” According to European stan-
dards,  waste disposal   is a hazardous activity; therefore, Article 2 applies. The 
resulting duty of care depends on several factors: the harmfulness of the phenomena 
inherent in the activity, the contingency of the risk to the applicant, the status of 
those involved in creating the risk, and whether or not the conduct was deliberate. 
The Court found that “particular emphasis” should be placed on the public’s right to 
information concerning the risks to life and the duty to investigate when loss of life 
occurs. 61  Assessing the evidence, the Court found that the authorities must have 
known of the risk and of the need to take preventive measures “particularly as there 

to an increase in these gases of no more than 25 % in 2010. When air quality measurements reveal 
that emission limit values have been exceeded, the penalties imposed are limited and have little 
dissuasive effect. Moreover, the initiatives taken by DEH (the public power corporation operating 
the Greek lignite mines) to adapt plant and  mining  equipment to the “best available techniques” 
have been slow.” 
59   Guerra v. Italy , App. No: 14967/89, Reports 1998-I, no. 64. 
60   Oneryildiz v. Turkey ,  supra  note 26. 
61   Id . para. 90. 
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were specifi c regulations on the matter.” 62  As such, they had an obligation under 
Convention Article 2, “to take such preventive measures as were necessary and suf-
fi cient to protect those individuals….” 63  The government failed in its duty. 

 Like  Oneryildiz , the case of  Budayeva and Others v. Russia  64  concerned govern-
mental knowledge of a hazard and the failure to act on that knowledge. The differ-
ence was that  Budayeva  involved repeated natural disasters rather than hazards 
originating in human activities. The standard of care did not differ appreciably, 
however. Governmental authorities aware of mudslide hazards in a  mining   district 
failed to take reasonable precautions, with resulting deaths in a village and loss of 
property. The applicants pleaded violations of the right to life and the right to prop-
erty. The Court held the government responsible for the loss of life but found that 
the causal link was not established in respect of the latter claims because the appli-
cants could not demonstrate that “but for” the offi cial failures to act, their property 
would have been safe. The July 2000 mudslide was of unprecedented severity. 

 Looking at the substantive aspect of the government’s obligations respecting dan-
gerous activities, the Court placed special emphasis on the adoption of regulations 
geared to the special features of the activity in question, particularly with regard to the 
level of the potential risk to human life. 65  Such regulations must govern the licensing, 
setting up, operation, security, and supervision of the activity and must make it com-
pulsory for all those concerned to take practical measures to ensure the effective pro-
tection of citizens whose lives might be endangered by the inherent risks. 66  Supervision 
and monitoring are also required. The choice of particular practical measures is in 
principle a matter within the state’s margin of appreciation and the Court will seek to 
avoid placing an impossible or disproportionate burden on authorities. 67  

 The Court reviewed the measures taken by the government found that they were 
limited to a mud-retention dam and collector that were not adequately maintained. 
The Court held that there was no justifi cation for the failure to act regarding foresee-
able mortal risks to the residents of the town and there was a causal link between 
that failure and the death and injuries suffered in the mudslide. Accordingly, there 
was a violation of the right to life, even though the state’s positive obligation is less 
in the context of natural disasters, “which are as such beyond human control,” than 
in the sphere of dangerous activities of a man-made nature. The right to peaceful 
enjoyment of possessions, which is not absolute, requires only that the state do what 
is reasonable in the circumstances. 68  The standard of care is different and higher 

62   Id . para. 101. 
63   Id . 
64   Budayeva and Others v. Russia , App. No. 15339/02 & Ors (20 March 2008). 
65   Id,  para. 132. 
66   Id. 
67   Id. , para. 135. 
68   Id ., at para. 174. While the Court found that the measures taken by the state were negligent, it 
found the causal link was not well established. The mudslide of 2000 being exceptionally strong, 
the Court said it was unclear whether a functioning warning system or proper maintenance of the 
defense infrastructure would have mitigated the damage. 
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when the risk involves potential loss of life. The state in this situation has a positive 
obligation to do everything within the authorities’ power in the sphere of disaster 
relief for the protection of the right to life. The origin of the threat and the extent to 
which one or another risk is susceptible to mitigation are factors to be evaluated in 
determining the scope of the state’s positive obligations. 69  

 The Court found that the authorities had been given warnings about the risks, 
including the state of disrepair of the dam, and had failed to provide resources for 
strengthening the defense infrastructure – resources that became available immedi-
ately after the mudslide. Nor were any alternative land-planning policies being 
implemented or monitoring stations set up. The Court noted that the public’s proce-
dural right of information can only be implemented if the government obtains the 
relevant information, which in this case was indispensable for ensuring the resi-
dents’ safety. The authorities’ failure to ensure the functioning of an early warning 
system was thus also unjustifi ed.   

15.3     Causality, Evidence, and Precaution 

 Assessing risk is an important issue in litigating substantive environmental rights. 
Some  human rights   procedures limit standing to “victims” of violations and there 
must be a suffi cient threat for the applicants or petitioners to qualify as victims. 70  
The precautionary principle has begun to play a role in bringing more risks within 
the ambit of human rights  litigation  . 

 The  Taşkin  case described above was one based on risk, stemming from the use 
of cyanide in gold extraction. The Court referred to the various reports that had been 
done on site which highlighted the risks. Domestic judicial fi ndings also demon-
strated the threat to the environment and lives of the neighboring population. The 
Court found Article 8 to be applicable “where the dangerous effects of an activity to 
which the individuals  are likely to be exposed  have been determined as part of an 
environmental impact assessment procedure in such a way as to establish a suffi -
ciently close link with private and family life for purposes of Article 8 of the 
Convention.” 71  The Court held that this broad reading was necessary to ensure the 
effectiveness of Article 8. 

 The evidentiary basis of the  Taşkin  decision was the domestic court judgment. 
The Court also held that “in view of” the conclusion of the domestic court on the 
absence of a public interest in allowing the gold mine, it did not need to examine the 
case from the perspective of the normal wide margin of appreciation afforded gov-
ernments in environmental matters. Therefore, there was a violation of Article 8. 

69   Id ., at para. 137. 
70   See  Bordes and Temeharo v. France , Comm. No. 645/1995, CCPR/C/57/D/645/1995, 30 July 
1996. The risk of harm from nuclear radiation due to nuclear testing by France in the South Pacifi c 
deemed too remote for the victims to qualify as victims. 
71   Taşkin, supra  note 29 at para. 113 [emphasis added]. 
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 The problem of fact-fi nding and lack of expertise is frequently said to be a hurdle 
to giving substantive content to environmental rights. At the international level, this 
has not proved to be a high hurdle thus far, because in most of the cases, domestic 
fact-fi nding had already revealed the risks entailed or the consequent harm. This 
was the case in  Oneryildiz ,  Taşkin , 72  and  Fadayeva.  73  In the last-mentioned case, a 
government decree had recited statistics on the increases in respiratory and blood 
diseases linked to  air pollution  , as well as the increased number of deaths from can-
cer. 74  The government had also determined by legislation the safe levels of various 
polluting substances, many of which were exceeded in the security zone where the 
applicant lived. The mayor of the city said the  steel plant   was responsible for more 
than 95 % of industrial emissions into the town’s air, 75  while a STATE REPORT ON 
THE ENVIRONMENT indicated that the plant in question was the largest contribu-
tor to air pollution of all metallurgical plants in  Russia  . The two statements reduced 
questions about causality. 76  In the end, both parties agreed that the applicant’s place 
of residence was affected by industrial pollution caused by the steel plant, but they 
disagreed over the degree and effects of the pollution. The government claimed that 
the disturbance caused by the  pollution   was not so severe as to raise an issue under 
Article 8. The applicant and the European Court disagreed. The Court elaborated on 
its test for fi nding that environmental conditions are suffi ciently severe to be encom-
passed within the guarantees of Article 8:

  The assessment of that minimum is relative and depends on all the circumstances of the 
case, such as the intensity and duration of the nuisance, and its physical or mental effects. 
The general context of the environment should also be taken into account. There would be 
no arguable claim under Article 8 if the detriment complained of was negligible in compari-
son to the environmental hazards inherent to life in every modern city. 

   Causality was an issue on the applicant’s health claims. Her medical records 
indicated problems but did not attribute them to any specifi c causes. The doctors 
stated, however, that her problems would be exacerbated by working in conditions 
of vibration, toxic pollution, and an unfavorable climate. 77  The applicant also sub-
mitted an expert report 78  which linked the plant specifi cally to increased adverse 

72   Id. 
73   Fadayeva v. Russia ,  supra  note 30. See also  Ledyayeva, Dobrokhotova, Zolotareva and 
Romashina v. Russia , nos. 53157/99, 53247/99, 53695/00 and 56850/00, judgment of 26 Oct. 
2006, also involving the same steel plant built during the Soviet era. 
74   Russia’s Constitution, art. 42 guarantees as follows: “Everyone has the right to a favorable envi-
ronment, to reliable information about its state, and to compensation for damage caused to his 
health or property by ecological disease.” The provision was not invoked in the case. 
75   The Court noted that this made the case different from and more easily defi nable than other  air 
pollution  cases where multiple minor sources cumulate to produce the problem. 
76   The Court noted that the parties produced offi cial documents containing generalized information 
on industrial pollution, because basic data on  air pollution  are not publicly available (para. 30). 
77   Fadayeva v. Russia , supra note 30 at para. 45. 
78   The court made it a point to recite the qualifi cations of the expert when discussing the report. See 
 id , para. 46 n. 1. 
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health conditions of persons residing nearby. The Court found that the medical evi-
dence did not establish a causal link between the pollution at her residence and her 
illnesses but accepted that the evidence, including submissions by the government, 
was clear about the unsafe excessive pollution around her home. The Court also 
made reference to the expert report and the fi ndings of the domestic courts. The 
Court noted that Russian legislation defi ned the maximum permissible concentra-
tions as “safe concentrations of toxic elements.” Therefore, exceeding these limits 
produced a presumption of unsafe conditions potentially harmful to health and well- 
being of those exposed to it. This presumption, together with the evidence submit-
ted, led the court to conclude that the applicant’s health deteriorated as a result of 
her prolonged exposure to the industrial emissions from the steel plant. Alternatively, 
even if that harm could not be quantifi ed, the pollution “inevitably made the appli-
cant more vulnerable to various illnesses” and affected her quality of life at home. 79  
Therefore Article 8 applied. 

 The analysis raises the question of what evidence is suffi cient to raise the pre-
sumption the Court creates in the  Fadayeva  case. It should not be limited to legisla-
tive fi ndings, because as  Zander v. Sweden  indicates safe levels may be changed to 
accommodate economic interests without necessarily being based on sound science. 
The World Health Organization (WHO) and other scientifi c bodies have determined 
through epidemiological studies what constitutes safe levels of concentration of 
toxic, carcinogenic, mutagenic, and other hazardous substances. 80  Reliable evidence 
from such studies can and should be introduced to demonstrate presumed harm 
when such levels are exceeded, even if local legislation permits higher concentra-
tions. A petition to the Inter-American Commission, recently declared admissible, 
relies on such WHO standards to assert that the average sulfur dioxide levels from 
a metallurgical complex are detrimental to the lives and health of the nearby com-
munity in Peru. 81  

 The European Court’s standard of proof is high 82  but fl exible and takes into 
account the fact that governments often are the sole repository of relevant evidence. 
Indeed, in the case of  Fägerskiöld v. Sweden , 83  the Court cited to World Health 
Organization  guidelines   84  on noise pollution, in rejecting the admissibility of an 
application concerning wind turbines constructed and operating near the applicants’ 
property. The Court noted that the guidelines are set at the level of the lowest adverse 

79   Id . para. 88. 
80   The WHO has developed  guidelines  for safe and acceptable water quality and quantity. World 
Health Organization, “Guidelines for Drinking Water Quality” (3d ed. 2004). Independent surveil-
lance of water quality, quantity, accessibility, affordability, and long-term availability is part of the 
WHO framework. 
81   Inter-American Commission on Human Rights, Report No. 76/09, Case 12.718,  Community of 
La Oroya, Peru,  admissibility decision of 5 August 2009, OAS/Ser/L/V/II.135, doc. 23. 
82   It has long demanded “proof beyond reasonable doubt.” Fadayeva supra n. 29, para. 79 which can 
follow from the coexistence of suffi ciently strong, clear, and concordant inferences or of similar 
unrebutted presumptions of fact. 
83   Fägerskiöld v. Sweden , no. 37664/04 (admissibility), 26 Feb. 2008. 
84   World Health Organization, “Guidelines for Community Noise” (Geneva 1999). 
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health effect associated with noise exposure. The Court also referred to even lower 
maximum levels adopted by most European countries. Applying these standards to 
the noise-level tests submitted in the case, the Court found that the levels of noise 
did not exceed the WHO guidelines and were minimally above the recommended 
maximum level in Sweden. Therefore, the environmental nuisance could not be 
found to reach the level of constituting severe environmental pollution. The Court 
also rejected the applicants’ claims that their property rights were violated because 
the wind turbines decreased the value of their property. Assuming that there was an 
interference with  property rights  , the Court found that it was justifi ed on several 
grounds, one of them being that the operation of the wind turbines was in the gen-
eral interest as it is an environmentally friendly source of energy which contributes 
to the sustainable development of natural resources. The Court considered whether 
these benefi cial environmental consequences were suffi cient to outweigh the nega-
tive impact on the applicants. The Court reiterated its fi ndings that the negative 
consequences were not severe while the availability of renewable energy is benefi -
cial for both the environment and society. Moreover, the government had taken 
measures to mitigate the negative impacts on the applicants. In sum, the alleged 
interference was proportionate to the aims pursued and no violation of property 
rights occurred. 

 In the Greek case on lignite  mining  , 85  the European Social Charter Committee 
similarly relied on what it called “ample and unambiguous scientifi c evidence” that 
lignite-caused  air pollution   has a harmful effect on human health and life, without 
specifying the health risks. Despite the benefi cial impacts of lignite use in providing 
energy independence, access to electricity at a reasonable cost, and economic 
growth, the Committee found that the government’s actions violated the State’s 
national and international obligations to combat pollution that caused health prob-
lems. It pointed to the right to environment in the Greek constitution, as well as 
national environmental protection legislation and regulations, noting that these were 
not applied and enforced in an effective manner. In sum,  Greece   had not stuck a 
reasonable balance between the interests of persons living in the lignite mining 
areas and the general interest and there was thus a violation of the right to protection 
of health under the Charter.  

15.4     Conclusions 

 National and international tribunals increasingly are being asked to consider the link 
between environmental degradation and internationally guaranteed  human rights  . In 
some instances, the complaints brought have not been based upon a specifi c right to 
a safe and environmentally sound environment but rather upon rights to life, prop-
erty, health, information, family, and home life. Underlying the complaints, how-
ever, are instances of pollution, deforestation, water pollution, and other types of 

85   Marangopoulos Foundation for Human Rights v. Greece , Complaint No. 30/2005, European 
Committee on Social Rights (2006). 
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environmental harm. International petition procedures thus allow those harmed to 
bring international pressure to bear when governments lack the will to prevent or 
halt severe pollution that threatens human well-being. Petitioners have been afforded 
redress and governments have taken measures to remedy the violation.  Petition   pro-
cedures at the least can help to identify problems and encourage a dialogue to 
resolve them. In addition, the emphasis given rights of information, participation, 
and access to justice can encourage an integration of democratic values and promo-
tion of the rule of law in broad-based structures of governance. Even where there is 
a guaranteed right to environment, it still must be balanced against other rights 
should there be a confl ict. Human rights exist to promote and protect human well- 
being, to allow the full development of each person and the maximization of the 
person’s goals and interests, individually and in community with others. This can-
not occur without basic healthy surroundings, which the state is to promote and 
protect. 

 Adjudicating cases under broadly-worded standards is not new for judges; how-
ever, nor is it uncommon for them to be faced with adjudicating highly technical 
matters. Courts must regularly, and on a case-by-case basis, defi ne what constitutes 
“reasonable,” “fair,” or “equitable” conduct. With the adoption of constitutional envi-
ronmental rights provisions and increasing acceptance of the links between environ-
mental degradation and the violation of other  human rights  , national and international 
tribunals struggle to give substance to environmental rights without overstepping the 
judicial function. In general, courts have taken the view that such enactments serve 
to place environmental protection in a position superior to ordinary legislation. Over 
time, courts tend to create a balancing test to avoid too readily undoing the delibera-
tive decisions reached by the political branches of government. 

 Human rights law is not about stopping all human activities, but about recogniz-
ing that they utilize scarce resources and produce emissions and waste that inevita-
bly have individualized and cumulative environmental impacts. These impacts have 
to be considered, measured, and monitored, with the result that some activities will 
be limited or prohibited. Environmental science helps determine the causal links 
between the activities and the impacts, giving courts a set of data on which to base 
decisions about whether or not a proper balance of interests has been obtained, one 
which ensures an equitable outcome and minimizes the risk of harm to the environ-
ment and  human rights  . The substance of environmental rights involves evaluating 
ecological systems, determining the impacts that can be tolerated, and what is 
needed to maintain and protect the natural base on which life depends. Environmental 
quality standards, precaution, and principles of  sustainability   can establish the lim-
its of environmental decision-making and continue to give specifi c content to envi-
ronmental rights in law. 

 Both national and international courts have used environmental law and science 
to give content to the level of environmental protection required by  human rights   
law. This approach can involve reference to World Health Organization standards 
on acceptable emissions levels, incorporation of the precautionary principle to judge 
the adequacy of measures taken by a government, or reference to environmental 
treaties and declarations. The breadth of the search for standards depends in part on 
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whether or not there is a textual guarantee of environmental quality and if there is, 
on the descriptions of that quality. 

 There remain many questions to be addressed, including issues about the scope 
of the guaranteed rights, the scope of state responsibility, accountability of non-state 
actors, and procedural mechanisms to give effect to or monitor compliance with 
environmental rights. These issues will undoubtedly be raised in future  litigation   
and debated in academic journals. In both contexts, contributions from scientists, 
especially the medical profession, and other relevant disciplines will be necessary to 
ensure that the law and policy refl ect knowledge about the environment and the 
consequences of pollution.    
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