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Preface

These are exciting times for physicians who treat children with allergic and immunologically-mediated diseases. Microbial infection and treatment of allergic reactions are common problems seen by the practicing pediatrician. Recent studies have provided new insights into mechanisms underlying diseases in the area of pediatric allergy, asthma and clinical immunology. As a result, new therapies are targeting key immune pathways. Management guidelines for various diseases have also been developed based on evidence-based approaches. In addition, the National Institutes of Health have formed networks and collaborative studies to investigate allergic/immunologic diseases, such as food allergy, atopic dermatitis, asthma and immunodeficiency. We are now witnessing the introduction of new medications that resulted from improved understanding of the biology of allergic and immunologic diseases. The need to document and summarize this recent remarkable increase in information justifies the third edition of our textbook in the field of pediatric allergy and clinical immunology for practicing physicians and investigators interested in this area.

It is often said, ‘Children are not simply small adults.’ In no other subspecialty is this truer than in pediatric allergy and immunology, where the immune system and allergic responses are developing in different organs of the child. Earlier identification of disease onset offers special opportunities for prevention and intervention, which cannot be carried out once disease processes have been established in the older child and adult. Indeed, many diseases that pediatricians see in clinical practice are complex and are thought to result from a multigenic predisposition in combination with exposure to environmental triggers. However, the age at which the host is exposed to a particular environmental agent and the resultant immune response are increasingly being recognized as important factors. Furthermore, determining the appropriate time for intervention will be critical for defining a window of opportunity to induce disease remission. For example, microbes are a known trigger of established asthma in adults but the ‘hygiene hypothesis’ in children suggests that early exposure to certain microbes prior to the onset of allergies may actually prevent allergic responses and thus account for the low prevalence of allergic disease in children living on farms. New information is available on controlling asthma in early childhood, however our current treatment does not alter the natural history of the disease. This concept will now reach clinical care as we draw attention to population health and prevention.

Pediatric Allergy: Principles and Practice is aimed at updating the reader on the pathophysiology of allergic responses, and allergic diseases including asthma, food allergy, allergic rhinitis, and atopic dermatitis; their socioeconomic impact and new treatment approaches that take advantage of emerging concepts of the pathobiology of these diseases. An outstanding group of authors who are acknowledged leaders in their fields has been assembled because of their personal knowledge, expertise, and involvement with their subject matter in children. Every effort has been made to achieve prompt publication of this book, thus ensuring that the content of each chapter is ‘state of the art.’

Section A presents general concepts critical to an understanding of the impact and causes of allergic diseases. These include reviews of the epidemiology and natural history of allergic disease, genetics of allergic disease and asthma, biology of inflammatory-effector cells, regulation of IgE synthesis, and the developing immune system and allergy. Section B reviews an approach to the child with recurrent infection and specific immunodeficiency and autoimmune diseases that pediatricians frequently encounter. Section C updates the reader on a number of important and emerging immune-directed therapies including immunizations, immunoglobulin therapy, stem cell therapy, and gene therapy. Section D examines the diagnosis and treatment of allergic disease. The remainder of the book is devoted to the management and treatment of asthma and a number of specific allergic diseases such as upper airway disease, food allergy, allergic skin and eye diseases, drug allergy, latex allergy, insect hypersensitivity, and anaphylaxis. In each chapter, the disease is discussed in the context of its differential diagnoses, key concepts, evaluations, environmental triggers, and concepts of emerging and established treatments.

Major advances in this third edition include updates on genetics and biomarkers of allergy, inflammatory conditions and immunodeficiencies, recent guidelines in the treatment of asthma, food allergy, atopic dermatitis, urticaria-angioedema, and immunodeficiencies, population health, school-centered asthma programs, prevention strategies, appropriate evaluation of drug allergy and a better understanding of drug cross-reactivity to eliminate the difficulty prescribing antibiotics in the pediatric population, the role of new biologics and immunomodulatory therapy in the treatment of inflammatory diseases and emerging evidence that epithelial barrier dysfunction can drive allergic disease.

We would like to thank each of the contributors for their time and invaluable expertise, which were vital to the success of this book. The editors are also grateful to Belinda Kuhn (Senior Content Strategist), Joanna Souch (Project Manager) and Nani Clansey (Senior Content Development Specialist), who have played a major role in editing and organizing this textbook, as well as the production staff at Elsevier Ltd for their help in the preparation of this book.

Donald Y.M. Leung MD, PhD


Hugh A. Sampson MD


Francisco A. Bonilla MD, PhD


Cezmi A. Akdis MD


Stanley J. Szefler MD


2015



Section A

General Concepts

Outline


1 Epidemiology of Allergic Diseases

2 Natural History of Allergic Diseases and Asthma

3 The Genetics of Allergic Disease and Asthma

4 Regulation and Biology of Immunoglobulin E

5 Inflammatory and Effector Cells/Cell Migration

6 The Developing Immune System and Allergy






1

Epidemiology of Allergic Diseases

Erika von Mutius



Key Points


• Large geographical variations in the prevalence of allergic diseases exist worldwide among children and adults.

• Lower prevalences have been reported from developing countries, eastern European areas, rural areas in Africa and Asia, and farm populations in Europe.

• The prevalence of asthma and allergies has increased over the last few decades. This trend seems to have reached a plateau in affluent countries, but not in low- to mid-income countries.

• Allergic diseases are multifactorial illnesses determined by a complex interplay between genetic and environmental factors.






Introduction

Traditionally, asthma, allergic rhinitis and hay fever as well as atopic dermatitis and food allergy have been categorized as atopic diseases, yet the relation between clinical manifestations of these diseases and the production of IgE antibodies has not been fully clarified. Although in many patients high levels of total and specific IgE antibodies are found, many individuals in the general population will not show any signs of illness despite elevated total and specific IgE levels. In some individuals various atopic illnesses can be co-expressed, whereas in others only one manifestation of an atopic illness is present. The prevalence of these four atopic entities therefore only partially overlaps in the general population (Figure 1-1). Risk factors and determinants of atopy, defined as the presence of IgE antibodies, differ from those associated with asthma, atopic dermatitis and hay fever.

[image: image]
Figure 1-1 The prevalence of asthma, hay fever and atopic sensitization only partially overlaps on a population level. Description of findings from the ISAAC Phase II study in Munich, of German children aged 9 to 11 years. (From The International Study of Asthma and Allergies in Childhood [ISAAC]. Lancet 1998;351:1225.)





Asthma, atopic dermatitis and hay fever are complex diseases and their incidence is determined by an intricate interplay of genetic and environmental factors. Environmental exposures may affect susceptible individuals during certain time windows in which particular organ systems are vulnerable to extrinsic influences such as early in life. Moreover, most allergic illnesses are likely to represent syndromes with many different phenotypes rather than single disease entities. The search for determinants of allergic illnesses must therefore take phenotypes, genes, environmental exposures and the timing (developmental aspect) of these exposures into account.




Prevalence of Childhood Asthma and Allergies

Asthma is a complex syndrome rather than a single disease entity. Different phenotypes with varying prognosis and determinants have been described, particularly over childhood years, using hypothesis and data-driven approaches.1 Transient wheezing is characterized by the occurrence of wheezing in infants up to the age of 2 to 3 years which disappears thereafter and does not progress to childhood asthma. There are epidemiological observations suggesting that these children may be at risk of developing chronic obstructive pulmonary disease (COPD) in adulthood. The main predictor of transient wheeze is premorbid reduced lung function, in part determined by passive smoke exposure in utero.1–4 Wheeze among school-aged children can be classified into an atopic and nonatopic phenotype.5 This differentiation has clinical implications as nonatopic children with wheeze outgrow their symptoms and retain normal lung function at school age. In turn, among atopic wheezy children, the time of new onset of atopic sensitization and the severity of airway responsiveness determine the progression of this wheezing phenotype over school and adolescent years.6

Data-driven latent class analyses of birth cohort studies have consistently shown a persistent phenotype with symptoms starting very early in life and progressing into school age and beyond.7 Late onset and intermediate phenotypes have also been described. These phenotypes can only be identified in prospective studies following infants from birth, up to school age and through adolescence, enabling the differential analysis of risk factors and determinants for distinct wheezing phenotypes over time. These limitations must be borne in mind when discussing and interpreting findings from cross-sectional surveys. The relative proportion of different wheezing phenotypes is likely to vary among age groups and therefore the strength of association between different risk factors and wheeze is also likely to vary across age groups.

Similarly, limitations apply with respect to the epidemiology of atopic dermatitis.8 The definition of atopic eczema varies from study to study and validations of questionnaire-based estimates have been few. Skin examinations by trained field workers, adding an objective parameter to questionnaire-based data, reflect a point prevalence of skin symptoms at the time of examination and can therefore, in only a limited way, corroborate estimates of lifetime prevalence.

Lastly, identified risk factors in all cross-sectional surveys relate to the prevalence of the condition. The prevalence in turn reflects the incidence and the persistence of a disease. It is therefore often difficult to disentangle aggravating from causal factors in such studies. Only prospective surveys can identify environmental exposures prior to the onset of an atopic illness and thus infer a potentially causal relationship to the new onset of disease.


Western versus Developing Countries

In general, reported rates of asthma, hay fever and atopic dermatitis are higher in affluent, western countries than in developing countries. The worldwide prevalence of allergic diseases was assessed in the 1990s by the large scale International Study of Asthma and Allergy in Childhood (ISAAC).9 A total of 463,801 children in 155 collaborating centers in 56 countries were studied. Between 20-fold and 60-fold differences were found between centers in the prevalence of symptoms of asthma, allergic rhinoconjunctivitis and atopic eczema (Figure 1-2).

[image: image]
Figure 1-2 Prevalence of asthma symptoms worldwide according to the ISAAC Phase I study. (From The International Study of Asthma and Allergies in Childhood [ISAAC]. Lancet 1998;351:1225.)





The European Community Respiratory Health Survey (ECRHS) studied young adults aged 20 to 44 years.10 A highly standardized and comprehensive study instrument including questionnaires, lung function and allergy testing was used by 35 to 48 centers in 22 countries, predominantly in Western Europe, but also in Australia, New Zealand and the USA. The ECRHS has shown large geographical differences in the prevalence of respiratory symptoms, asthma, bronchial responsiveness and atopic sensitization with high prevalence in English speaking countries and low prevalence rates in the Mediterranean region and Eastern Europe.11 The geographical pattern emerging from questionnaire findings was consistent with the distribution of atopy and bronchial hyperresponsiveness, supporting the conclusion that the geographical variation in asthma is true and not attributable to methodological factors such as the questionnaire phrasing, the skin testing technique or the type of assay for the measurement of specific IgE.

A strong correlation was found between the findings from children as assessed by the ISAAC Study and the rates in adults as reported by the ECRHS questionnaire.12 Although there were differences in the absolute prevalences observed in the two surveys, there was good overall agreement, adding support to the validity of both studies.

Dissociations between the prevalence of asthma and atopy have, however, been documented in developing countries.1,13,14 The ISAAC Phase II Study15 has demonstrated that the fractions and prevalence rates of wheeze attributable to skin test reactivity correlated strongly with the gross national income of the respective country. These findings suggest that the strength of association between atopy and asthma across the world is determined by affluence and factors relating to affluence.




The East-West Gradient across Europe

A number of reports have been published demonstrating large differences in the prevalence of asthma, airway hyperresponsiveness, hay fever and atopy in children and adults between east and west European areas.16–20 The prevalence of asthma was significantly lower in all study areas in eastern Europe compared to western Europe.17 Among the older age group of 13- to 14-year-old children, the prevalence of wheezing was 11.2% to 19.7% in Finland and Sweden, 7.6% to 8.5% in Estonia, Latvia and Poland, and 2.6% to 5.9% in Albania, Romania, Russia, Georgia and Uzbekistan (except Samarkand).

The rates of allergic illnesses have been rising rapidly. After reunification of Germany in 1989 a significantly lower prevalence of allergic diseases was found in East Germany.16 Only a few years later (2003–2006) differences in the prevalence rates between East and West Germany were no longer observed.21 The causes underlying the increase in prevalence in East Germany are not fully understood. The drastic decrease in family size after reunification, changes in dietary habits or indoor exposures may have contributed to this trend. Likewise, Poland's accession to the European Union was followed by a rapid and striking increase in the prevalence of atopy in rural areas.22 This increase may in part be attributable to loss of traditional farming exposures.




Differences between Rural and Urban Populations

The prevalence of asthma and allergies is not only increasing with westernization and affluence, but also with urbanization. The rates of asthma and atopy among children living in Hong Kong are similar to European figures. In rural China, asthma is almost nonexistent with a prevalence of less than 1%.23 In Mongolia, a country in transition from rural, farming lifestyles to an industrial society, marked differences in the prevalence of asthma, allergic rhinoconjunctivitis and atopy exist.24 Inhabitants of small rural villages are least affected, whereas residents of the capital city, Ulaanbaatar, have high rates of allergic diseases comparable to affluent western countries.

Across Europe, differences between urban and rural areas are less clear. However, strong contrasts exist on a lower spatial scale, i.e. among children raised on a farm in comparison to their neighbours living in the same rural area but not on a farm.25 Since 1999, more than 30 studies have corroborated these findings.26 Children raised on farms retain their protection from allergy at least into adulthood.27–29

The timing and duration of exposure seem to play a critical role. The largest reduction in risk of developing respiratory allergies is seen among those who are exposed prenatally and continue to be exposed throughout their life.30 The protective factors in these farming environments have not been completely unraveled. Contact with farm animals, particularly cattle, confers protection. Also the consumption of unprocessed cow's milk has been shown to be beneficial with respect to childhood asthma and allergies. Increased levels and diversity of microbial exposures also contribute to the protective effects.31




Inner City Areas of the USA

Living conditions in inner city areas in the USA are associated with a markedly increased risk of asthma.32 Several potential risk factors are being investigated, such as race and poverty, adherence to asthma treatment33 and factors related to the disproportionate exposures associated with socioeconomic disadvantage such as indoor and outdoor exposure to pollution and cockroach infestation.4 Cockroach exposure, at least in early life, has been associated with the development of sensitization to cockroach allergen34 and wheeze35 in infants living in inner city areas of the USA. Problems relating to inner city asthma will be discussed in more detail in Chapter 33.







Time Trends in the Prevalence of Allergic Diseases

Data collected over the last 40 years in industrialized countries indicate a significant increase in the prevalence of asthma, hay fever and atopic dermatitis in repeated cross-sectional surveys using identical questionnaires.36 Most studies from industrialized countries suggest an overall increase in the prevalence of asthma and wheezing between 1960 and 1990. Many studies have been performed among children and little is known about time trends in adults. Twenty-year trends of the prevalence of treated asthma among pediatric and adult members of a large US health maintenance organization were reported.37 During the period 1967–1987, the treated prevalence of asthma increased significantly in all age-sex categories except males aged 65 and older. In the USA, the greatest increase was detected among children and young adults living in inner cities.38

Recent studies suggest that in some areas this trend may have reached a plateau. Studies from Italy showed that among school children surveyed in 1974, 1992 and 1998 the prevalence of asthma had increased significantly during the 1974–1992 period, whereas it remained stable from 1992 to 1998.39 Similar findings have been reported from Germany and Switzerland, where prevalence rates have been on a plateau since the 1990s.40,41 On a global scale, time trends in the prevalence of asthma and allergic rhinoconjunctivitis have been assessed in ISAAC Phase III.42 The findings indicate that international differences in symptom prevalence have reduced with decreases in prevalence in English-speaking countries and Western Europe and increases in prevalence in regions where prevalence was previously low, i.e. in low- to mid-income countries.




Environmental Risk Factors for Allergic Diseases


Air Pollution

There is considerable evidence showing that increased exposure to air pollutants is a risk factor for increased morbidity of asthma with worsening of symptoms and lung function.43 Air pollution is a complex mixture of particulate matter of variable size and various gases. As particulates and polluting gases often co-occur, their individual contribution to worsening of asthma is hard to disentangle. In panel and time-series studies, air pollutants such as fine particles and ozone reduce lung function in children already affected by asthma and increase symptoms and medication use. Likewise, emergency room visits, general practitioner activities and hospital admissions for asthma and wheeze are positively associated with ambient air pollution levels.

Mixes of particulate matter, especially those seen with traffic related exposures, seem to have the most adverse effects. Traffic related air pollution is a complex mix of particulate matter and primary gaseous emissions including nitrogen oxides, which lead to the generation of secondary pollutants such as ozone, nitrates and organic aerosol. Traffic related pollution decreases quickly with distance from roadways. For adverse effects, distance within 300–500 m of roadways seems to be most significant. In large North American cities, 30–45% of people live within this distance and so the impact of traffic related air pollution is significant. The closeness to major roadways may be even greater in cities in Europe and the developing world. Given that disadvantaged families live close to major roadways, other risk factors such as poverty, stress and cigarette smoking may aggravate the effects.44

The role of air pollution in the new onset of asthma and allergic sensitization is less well understood.43 There is however a growing body of prospective studies suggesting a causal role for the incidence of asthma among children and adults. In particular, long-term exposure to traffic related air pollution may again play a significant role.


Environmental Tobacco Smoke

Numerous surveys have consistently reported an association between environmental tobacco smoke (ETS) exposure and respiratory diseases. Strong evidence exists that passive smoking increases the risk of lower respiratory tract illnesses such as bronchitis, wheezy bronchitis and pneumonia in infants and young children. Maternal smoking during pregnancy and early childhood has been shown to be strongly associated with impaired lung growth and diminished lung function,2,3 which in turn may predispose infants to develop transient early wheezing. In children with asthma, parental smoking increases symptoms and the frequency of asthma attacks. Banning tobacco smoke in public places has been shown in a number of countries to result in a significant reduction in hospital admissions for asthma.45

A series of epidemiological studies has also been performed to determine the effect of ETS exposure on the new onset of asthma. In most cross-sectional and longitudinal studies, passive and more importantly active smoking appears to be an important risk factor for the development of childhood, adolescent and adult asthma. In turn, no unequivocal association between ETS exposure, atopic sensitization and atopic dermatitis was found.




Water Hardness and Dampness

The domestic water supply may be relevant for the inception of atopic dermatitis. An ecological study of the relation between domestic water hardness and the prevalence of atopic eczema among British school children was performed.46 Geographical information systems were used to link the geographical distribution of eczema in the study area to four categories of domestic water-hardness data. Among school children aged 4 to 16 years, a significant relation was found between the prevalence of atopic eczema and water hardness, both before and after adjustment for potential confounding factors. The effect on recent eczema symptoms was stronger than on lifetime prevalence, which may indicate that water hardness acts more on existing dermatitis by exacerbating the disorder or prolonging its duration rather than as a cause of new cases. These observations await replication by other studies.

In 2004 a report by the Institutes of Medicine Committee on Damp Indoor Spaces and Health in the USA concluded that there is sufficient evidence of an association between exposure to a damp indoor environment and worsening of asthma symptoms, and that there is suggestive evidence of an association between exposure to a damp indoor environment and the development of asthma in children and adults. Dampness can elicit a number of different exposures such as fungi, bacteria or their constituents and emissions, or other agents related to damp indoor environments such as house dust mites and cockroaches. The responsible factors are not known but may vary among individuals or be potentiated in complex mixtures.47




Nutrition

Breastfeeding has long been recommended for the prevention of allergic diseases. The epidemiological evidence is, however, highly controversial.48 Some studies even suggest that breastfeeding may result in risk of asthma and atopy, but these studies may reflect adherence to recommendations. Likewise, the age at introduction of solid foods has been fiercely debated and no conclusive evidence has been reached that would allow general recommendations. Recently, the diversity of solid foods introduced in the first year of life has been linked to less atopic dermatitis and asthma later in life.49

There is increasing evidence relating body mass index to the prevalence and incidence of asthma in children and adults, males, and, more consistently, in adolescent females.50 It is unlikely that the association is attributable to reverse causation, i.e. that asthma precedes obesity because of exercise-induced symptoms. Rather, weight gain can antedate the development of asthma. Weight reduction among asthmatic patients can result in improvements in lung function.50 Obesity has been associated with inflammatory processes, which may contribute to asthma development. Other potential explanations are that mechanical factors promote asthma symptoms in obese individuals, or that gastroesophageal reflux as a result of obesity induces asthma. Furthermore, physical inactivity may promote both obesity and asthma.

Fruit, vegetable, cereal and starch consumption and intake of various fatty acids, vitamins A, C, D, E, minerals and antioxidants have all been studied.36 However, diet is complex and difficult to measure, and standardized tools are still lacking. All methods pertaining to food frequency, individual food items, food patterns and serum nutrients can introduce substantial misclassification, and the close correlation of many nutrients presents problems when trying to identify independent effects. The evidence from prospective studies and randomized clinical trials for individual food items has been disappointing.51 Thus, measures such as Mediterranean diet may better reflect real world exposures. A Mediterranean diet has in turn been linked to protection from asthma.52




Allergen Exposure

Although in some studies a clear, almost linear dose-response relation between allergen exposure and sensitization has been found,53 others describe a bell-shaped association with higher levels of exposures relating to lower rates of atopic sensitization.54 Part of the discrepancy may relate to the type of allergen, since mostly cat but not house dust mite allergen exposure has been shown, in some studies, to exert protective effects at higher levels of exposure. Furthermore, there is some evidence that the presence of a dog or a cat, or both, protects from the development of allergic sensitization, indicating that the presence of an animal is more important than just exposure to its allergens.

The relationship between allergens, particularly house dust mite exposure, and asthma has been studied for many years. Overall, there is little evidence to suggest a positive association between house dust mite exposure and the new onset of childhood asthma.55 Intervention studies have failed to show convincing evidence of a reduction in asthma risk after the implementation of avoidance strategies.56 Other co-factors of exposure should, however, also be taken into account, such as exposure to microbial compounds. For example, levels of endotoxin and other microbial exposures have been shown to modify the effect of allergen exposure57–59




Family Size, Infections and Hygiene

Strachan first reported that sibship size, the number of children produced by a pair of parents, is inversely related to the prevalence of childhood atopic diseases and thereby proposed the ‘hygiene hypothesis’.60 This observation has since been confirmed by numerous studies, all showing that atopy, hay fever and atopic eczema were inversely related to increasing numbers of siblings. In contrast, the relation between family size and childhood asthma and airway hyperresponsiveness is less clear. However, the underlying causes of this consistent protective effect remain unknown.

Viral infections of the respiratory tract are the major precipitants of acute exacerbations of wheezing illness at any age, yet viral respiratory infections are very common during infancy and early childhood and most children do not suffer any aftermath relating to these infections, including infections with respiratory syncytial virus and rhinovirus.61 Thus, host factors in children susceptible to the development of wheezing illnesses and asthma are likely to play a major role. Deficiencies in innate immune responses have been shown to contribute to a subject's susceptibility to rhinovirus infections, the most prevalent cause of lower respiratory tract viral infections in infants associated with asthma development.62 Interactions between viral lower respiratory tract infections and early atopic sensitization may play a role: only among children with early onset of atopy may repeated viral infections become a risk factor for developing asthma.63

However, an inverse relation between asthma and the overall burden of respiratory infections may also exist. Several studies investigating children in daycare have rather consistently shown that exposure to a daycare environment in the first months of life is associated with a significantly reduced risk of wheezing, hay fever and atopic sensitization at school age and adolescence.64,65 It remains, however, unclear whether the burden of infections or other exposures in daycare early in life account for this protective effect. Several reports have shown that children who are sero-positive for hepatitis A, Toxoplasma gondii or Helicobacter pylori have a significantly lower prevalence of atopic sensitization, allergic rhinitis and allergic asthma as compared to their sero-negative peers.66

The use of antibiotics has been proposed as a risk factor for asthma and allergic diseases. In most cross-sectional studies a positive relation between antibiotics and asthma has been found which is, however, most likely to be attributable to reverse causation. Early in life, when it is difficult to diagnose asthma, antibiotics are often prescribed for respiratory symptoms in wheezy children and thus are positively associated with asthma later in life. Most studies using a prospective design have, however, failed to identify antibiotics as a risk factor antedating the new onset of asthma.67 Similar problems arise when interpreting the positive relation between paracetamol use and asthma seen in cross-sectional studies.68 Intervention trials are needed to come to firm conclusions.

Active and chronic helminthic infections were reported to be protective from atopy, but findings are less consistent for wheeze and asthma.69 Part of the discrepancies in the literature reporting associations between helminths and allergic diseases may be the load of parasitic infestation and the type of helminths in a particular area. Microbial stimulation, both from normal commensals and pathogens through the gut, may be another route of exposure which may have altered the normal intestinal colonization pattern in infancy. Thereby, the induction and maintenance of oral tolerance of innocuous antigens such as food proteins and inhaled allergens may be substantially hampered. These hypotheses, though intriguing, have to date not been supported by epidemiological evidence since significant methodological difficulties arise when attempting to measure the microbial pattern of the intestinal flora.

Exposure to microbes does not only occur through invasive infection of human tissues. Viable germs and nonviable parts of microbial organisms are ubiquitous in nature and can be found in varying concentrations in our daily indoor and outdoor environments, and also in urban areas. These microbial products are recognized by the innate immune system and induce an inflammatory response. Therefore, environmental exposure to microbial products may play a crucial role in the maturation of a child's immune response, enabling tolerance of other components of its natural environment such as pollen and animal dander.

A number of studies have in fact shown that environmental exposure to endotoxin, a component of the cell wall of Gram negative bacteria, is inversely related to the development of atopic sensitization and atopic dermatitis70; yet endotoxin exposure is a risk factor for wheezing and asthma as shown in a number of studies.71 Muramic acid, a component of the cell wall of all bacteria, but more abundant in Gram positive bacteria, has been inversely related to asthma and wheeze, but not atopy.72 Compounds related to fungal exposures, such as extracellular polysaccharides derived from Penicillium spp. and Aspergillus spp., have also been inversely associated with asthma.73 These microbial compounds are found in higher abundance in farming than nonfarming environments. Recent findings using culture based and DNA based analyses suggest that the diversity in environmental microbial (bacterial and fungal) exposures explains at least in part the ‘farm effect’ on childhood asthma.31

These environmental microbial exposures may shape a subject's microbiome at mucosal surfaces. Thus, the true intermediary between the environment and the host may be the microbiota. While there exists intriguing evidence in experimental studies in mice, the precise role of the microbiome for developing allergic diseases on a population level has not been determined.







Gene-Environment Interactions

The genetics of asthma will be discussed in Chapter 3 and are touched on here only in the context of environmental exposures. In general, the identification of novel genes for asthma suggests that many genes with small effects, rather than a few genes with strong effects, contribute to the development of asthma and atopy.74 These genetic effects may, in part, differ with respect to a subject's environmental exposures, although some genes may also exert their effect independently of the environment.

A number of gene-environment interactions have been found, which are discussed in detail by von Mutius74 and Le Souef.75 These interactions confer additional biologic plausibility for the identified environmental exposures in the inception of asthma and allergic diseases. For example, the interaction of polymorphisms in the TLR2 gene with a farming environment or daycare settings is highly suggestive of microbial exposures underlying this observation. Conversely, the more detrimental effects of passive smoking in people with genetically determined insufficient detoxification (e.g. GST Null genotypes) highlight the importance of taking a host's susceptibility into account when estimating the effect size of harmful exposures.76 Thereby, the analysis of gene-environment interactions may result in the identification of individuals who are particularly vulnerable to certain environmental exposures.




Conclusions

Large variations in the prevalence of childhood and adult asthma and allergies have been reported. In affluent, urbanized centers, prevalences are generally higher than in poorer centers with the exception of the inner city environments in the USA, where prevalences are particularly high. Lower levels are seen, especially in some rural areas in Africa and Asia and among farmers' children in Europe. Numerous environmental factors have been scrutinized, but no conclusive explanation for the rising trends has been found. Future challenges are to tackle the complex interplay between environmental factors and genetic determinants.
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Key Points


• The atopic disorders – atopic dermatitis, food and inhalant allergies, allergic rhinoconjunctivitis and asthma – tend to cluster in individuals, families and locales

• A developmental ‘allergic march’ of childhood begins with atopic dermatitis, food allergies and bronchiolitis episodes in the first few years of life, and progresses to inhalant allergic sensitization, allergic rhinoconjunctivitis and atopic asthma.

• Although persistent asthma commonly begins in the first few years of life, most infants and toddlers who have recurrent bronchiolitis episodes do not go on to have persistent asthma in later childhood and adulthood. Early life predictive factors for disease persistence include allergic march manifestations (atopic dermatitis, food allergy, allergic sensitization to inhalant allergens), recurrent bronchiolitis episodes triggered by common rhinoviruses, and parental asthma.

• Epidemiologic evidence suggests that atopic disorders are caused by environmental and lifestyle factors in the susceptible host.

• While atopy is a common feature of childhood asthma, additional factors appear to contribute to severe, persistent disease expression, including early onset, chronic exposure to sensitized allergen in the home and a dysregulated ‘Th2-high’ immunopathology.





Natural history studies of allergic diseases and asthma are fundamental for predicting disease onset and prognosis. Such studies reveal a developmental ‘allergic march’ in childhood, from the early onset of atopic dermatitis (AD) and food allergies in infancy, to asthma, allergic rhinitis (AR) and inhalant allergen sensitization in later childhood. Allergy and asthma of earlier onset and greater severity are generally associated with disease persistence. Therefore, allergy and asthma commonly develop during the early childhood years, the period of greatest immune maturation and lung growth. This highlights the importance of growth and development in a conceptual framework for allergy and asthma pathogenesis.

This chapter reviews the allergic march of childhood and its different clinical manifestations: food allergies, AD, inhalant allergies, AR and asthma. The natural history of anaphylaxis, an allergic condition not currently implicated in the allergic march, is also covered. Interventions that reduce the prevalence of allergy and asthma are reviewed toward the end of the chapter. The findings and conclusions presented in this chapter are largely based on long-term prospective (i.e. ‘natural history’) studies. Complementary reviews of the epidemiology of allergic diseases in childhood can be found in Chapter 1, and the prevention and natural history of food allergy in Chapter 43.


Allergic March of Childhood

Three prospective, longitudinal, birth cohort studies exemplify optimized natural history studies that are rich resources for our current understanding of the development and outcome of allergy and asthma in childhood: (1) the Tucson Children's Respiratory Study (CRS) in Tucson, Arizona (begun in 1980); (2) a Kaiser-based study in San Diego, California (begun in 1981); and the German Multicentre Allergy Study (MAS) in Germany (begun in 1990). The major findings of these studies have been consistent and reveal a common pattern of allergy and asthma development that begins in infancy.


1. The highest incidence of AD and food allergies is in the first 2 years of life (Figure 2-1). It is generally believed that infants rarely manifest allergic symptoms in the first month of life. By 3 months of age, however, AD, food allergies and wheezing problems are common.
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Figure 2-1 Allergic march of early childhood. Period prevalence of atopic dermatitis, food allergy, allergic rhinitis and asthma from birth to 7 years in prophylactic-treated (allergenic food avoidance) and untreated (control) groups (Kaiser Permanente; San Diego). *P ≤ .05; **P < .01. (Data from Zeiger RS, Heller S, J Allergy Clin Immunol 1995;95:1179–90; and Zeiger RS, Heller S, Mellon MH, et al. J Allergy Clin Immunol 1989;84:72–89.)





2. This is paralleled by a high prevalence of food allergen sensitization in the first 2 years of life.1 Early food allergen sensitization is an important risk factor for food allergies, AD and asthma.

3. Allergic airways diseases generally begin slightly later in childhood (see Figure 2-1). Childhood asthma often initially manifests with a lower respiratory tract infection or bronchiolitis episodes in the first few years of life.

4. AR commonly begins in childhood, although there is also good evidence that it often develops in early adulthood.2,3

5. The development of AR and persistent asthma is paralleled by a rise in inhalant allergen sensitization. Perennial inhalant allergen sensitization (i.e. cat dander, dust mites) emerges between 2 and 5 years of age, and seasonal inhalant allergen sensitization becomes apparent slightly later in life (ages 3 to 5 years).






Early Immune Development Underlying Allergies

A paradigm of immune development underlies allergy development and progression in early childhood (see Chapter 6). Briefly, the immune system of the fetus is maintained in a tolerogenic state, preventing adverse immune responses and rejection between the mother and fetus. Placental interleukin-10 (IL-10) suppresses the production of immune-potentiating interferon gamma (IFN-γ) by fetal immune cells. IFN-γ down-regulates the production of pro-allergic cytokines, such as IL-4 and IL-13. The reciprocal relationship between these cytokines and the immune cells that produce them defines ‘T-helper 2’ (Th2), pro-allergic immune responses (i.e. IL-4, IL-13), and antiallergic ‘T-helper 1’ (Th1) immune development (i.e. IFN-γ). Thus the conditions that favor immune tolerance in utero may also foster allergic immune responses, such that newborn immune responses to ubiquitous ingested and inhaled proteins are Th2 biased.4 Postnatally, encounters with these common allergenic proteins lead to the development of mature immune responses to them. The underlying immune characteristics of allergic diseases – allergen-specific memory Th2 cells and immunoglobulin E (IgE) – can be viewed as aberrant manifestations of immune maturation that typically develop during these early years, and might have their roots in the inadequate or delayed development of regulatory T lymphocytes that can inhibit them.


Total Serum IgE Levels

At birth, cord blood IgE levels are almost undetectable; these levels increase during the first 6 years of life. Elevated serum IgE levels in infancy have been associated with persistent asthma in later childhood.5 High serum IgE levels in later childhood (i.e. after 11 years of age) have also been well correlated with bronchial hyperresponsiveness (BHR) and asthma.6,7




Allergen-Specific IgE

In two birth cohort (up to 5 years old) studies of IgG and IgE antibody development to common food and inhalant allergens, IgG antibodies to milk and egg proteins were detectable in nearly all subjects in the first 12 months of life, implying that the infant immune system sees and responds to commonly ingested proteins.8,9 In comparison, food allergen-specific IgE (especially to egg) was measurable in approximately 30% of subjects at 1 year of age. Low-level IgE responses to food allergens in infancy were common and transient, and sometimes occurred before introduction of the foods into the diet. In children who developed clinical allergic conditions, higher levels and persistence of food allergen-specific IgE were typical.

Of seasonal inhalant allergens, ragweed and grass allergen-specific IgGs were detectable in approximately 25% of subjects at 3 to 6 months of age, and steadily increased to 40% to 50% by 5 years of age.10,11 In comparison, allergen-specific IgE was detected in < 5% of subjects from 3 to 12 months of age, and increased in prevalence to approximately 20% by 5 years of age. Therefore, allergen-specific IgE production emerges in the preschool years and persists in those who develop clinical allergies.




Allergen-Specific Th2 Lymphocytes, and Their Regulation by Th1 and TREG Lymphocytes

The development of allergen-specific antibody production is indicative of allergen-specific T lymphocytes that are guiding the development and differentiation of B lymphocytes to produce IgE through secreted Th2-type cytokines (i.e. IL-4, IL-13) and cell surface molecular interactions (i.e. CD40/CD40 ligand). T cell-derived IL-4, IL-5 and GM-CSF also support eosinophil and mast cell development and differentiation in allergic inflammation. A current paradigm for allergic disease suggests that pro-allergic Th2 cells are (1) differentiated to produce cytokines that direct allergic responses and inflammation, (2) opposed by Th1 cells that produce counter-regulatory cytokines (e.g. IFN-γ) that inhibit Th2 differentiation, and (3) suppressed by regulatory T lymphocytes. As an example of this Th2/Th1/TREG paradigm, peripheral blood mononuclear cells from infants who have milk allergy or peanut sensitization, or ultimately manifest allergic disease at 2 years of age, produce more pro-allergic Th2 cytokines (i.e. IL-4) to allergen-specific stimulation in vitro.10,12 In comparison, infants who continue to be nonallergic (i.e. no allergic disease and/or no allergen sensitization in later childhood) produce more counter-regulatory IFN-γ to nonspecific5,11 and allergen-specific10 stimuli. Infants with reduced allergic sensitization also have increased IL-10-producing T lymphocyte numbers and suppressive function.13

Infants with diminished Th1 responses may be more susceptible to developing asthma for additional reasons. Bronchiolitic infants who continue to have persistent wheezing and airflow obstruction also produce less IFN-γ.14 This suggests that infants who produce less IFN-γ to ubiquitous allergens and to airway viral infections are susceptible to chronic allergic diseases and asthma because (1) they are less able to impede the development of allergen-specific T cells and IgE, and (2) they are more likely to manifest persistent airways abnormalities following respiratory viral infections.







Childhood Asthma

Approximately 80% of asthmatic patients report disease onset before 6 years of age.15 However, of all young children who experience recurrent wheezing, only a minority will go on to have persistent asthma in later life. The most common form of recurrent wheezing in preschool children occurs primarily with viral infections (Box 2-1). These ‘transient wheezers’ or ‘wheezy bronchitics’ are not at an increased risk of having asthma in later life. Transient wheezing is associated with airways viral infections, smaller airways and lung size, male gender, low birth weight, and prenatal environmental tobacco smoke (ETS) exposure.


Box 2-1

Key Concepts

Childhood Wheezing and Asthma Phenotypes




• Transient early wheezing or wheezy bronchitis: most common in infancy and preschool years

• Persistent allergy-associated asthma: most common phenotype in school-age children, adults and elderly

• Nonallergic wheezing: associated with bronchial hyperresponsiveness at birth; continues into childhood

• Asthma associated with obesity, female gender and early-onset puberty: emerges between 6 and 11 years of age

• Asthma mediated by occupational-type exposures: a probable type of childhood asthma in children living in particular locales, although not yet demonstrated

• Triad asthma: asthma associated with chronic sinusitis, nasal polyposis and/or hypersensitivity to nonsteroidal antiinflammatory medications (e.g. aspirin, ibuprofen); rarely begins in childhood





Persistent asthma commonly begins and co-exists with the large population of transient wheezers (see Box 2-1). Persistent asthma is strongly associated with allergy, which is evident in the early childhood years as clinical conditions (i.e. AD, AR, food allergies) or by testing for allergen sensitization to inhalant and food allergens (e.g. IgE, allergy skin testing). Severity of childhood asthma, determined clinically or by lung function impairment, also predicts asthma persistence into adulthood.




Early Childhood: Transient vs Persistent Asthma

In the Tucson CRS study, approximately 50% of young children experienced a period of recurrent wheezing and/or coughing in the first 6 years of life.16 These early-childhood wheezers were further subdivided into: (1) ‘transient early wheezers,' with wheezing only < 3 years; (2) ‘persistent wheezers,’ with manifestations through the first 6 years; and (3) ‘late-onset wheezers,’ with manifestations only after 3 years. Transient wheezers comprised the largest proportion of the group, at 20%; persistent and late-onset wheezers made up slightly smaller proportions (14% and 15%, respectively). Of the three groups, persistent wheezers had the greatest likelihood of persistent asthma in later childhood (Figure 2-2). By age 16 years, approximately 50% of those with persistent or late-onset wheezing in early life continued to have recurrent wheezing/coughing episodes.17 In contrast, the prevalence of persistent asthma in the transient wheezer group was approximately 20% and not different from nonwheezers.
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Figure 2-2 Hypothetical yearly prevalence for recurrent wheezing phenotypes in childhood (Tucson Children's Respiratory Study, Tucson, Arizona). This classification does not imply that the groups are exclusive. Dashed lines suggest that wheezing can be represented by different curve shapes resulting from many different factors, including overlap of groups. (Modified from Stein RT, Holberg CJ, Morgan WJ, et al. Thorax 1997;52:946–52.)





Lung function in the Tucson CRS was measured in the first year of life (before the occurrence of lower respiratory tract infections) and at 6 years of age. Interestingly, transient wheezers had the lowest airflow measures in infancy, suggesting that they had the narrowest airways and/or the smallest lungs at birth.16 Their reduced lung function improved significantly by age 6 years, but continued to be lower than normal at age 16 years.17 In comparison, persistent wheezers demonstrated normal lung function in the first few months of life but a significant decline in airflow measures by 6 years of age that persisted as lower than normal at age 16 years.17 Therefore, lung function in transient early and persistent wheezers remained lower than normal nonwheezers through age 16 years, indicating two different clinical patterns of recurrent wheezing in early childhood that are associated with persistently low lung function established early in life.

Some children with BHR in early life are also more likely to have persistent asthma. Investigators of a birth cohort in Perth, Australia, found that BHR at 1 month of age was associated with lower lung function (i.e. FEV1 and FVC) and a higher likelihood of asthma at 6 years of age.18 Interestingly, congenital BHR was not associated with total serum IgE, eosinophilia, allergen sensitization or BHR at 6 years of age and was independent of gender, family history of asthma and maternal smoking. In the Tucson CRS study, BHR measured at age 6 years predicted chronic and newly diagnosed asthma at age 22 years.19




Asthma from Childhood to Adulthood

A cohort of 7-year-old children with asthma living in Melbourne, Australia, was restudied for persistence and severity of asthma at 10, 14, 21, 28, 35 and 42 years of age. At 42 years of age, 71% of the asthmatics and 89% of the severe asthmatics continued to have asthma symptoms; 76% of the severe asthmatics reported frequent or persistent asthma.20 In comparison, 15% of ‘mild wheezy bronchitics’ (i.e. wheezing only with colds at 7 years of age) and 28% of ‘wheezy bronchitics’ (i.e. at least five episodes of wheezing with colds) reported frequent or persistent asthma. These observations – that many children with asthma experience disease remission or improvement in early adulthood but that severe asthma persists with age – are remarkably similar to those of several other natural history studies of childhood asthma into adulthood.21–24

Spirometric measures of lung function of the Melbourne study children initially revealed that asthmatics (especially severe asthmatics) had lung function impairment, whereas wheezy bronchitics (i.e. ‘transient’ wheezers) had lung function that was not different from that of nonasthmatics. Over the ensuing years these differences in lung function impairment between groups persisted in parallel, without a greater rate of decline in lung function in any group (Figure 2-3).20,25 Beginning from birth, in the Tucson CRS, low lung function in infancy also persisted through ages 11, 16 and 22 years.26 However, some children with persistent asthma demonstrated progressive decline in lung function. In the longitudinal CAMP study, approximately 25% of elementary school-age children with persistent asthma manifested progressive decline in lung function annually for 4 years.27 Risk factors for progressive decline in lung function included male gender, younger age and hyperinflation. These findings support the importance of the early childhood years in lung and asthma development. The establishment of chronic disease and lung function impairment in early life appears to predict persistent asthma and lung dysfunction well into adulthood; however, progressive decline in lung function can occur in some children during school-age years.
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Figure 2-3 Natural history of lung function from childhood to adulthood (Melbourne Longitudinal Study of Asthma, Melbourne, Australia). Subjects were classified according to their diagnosis at time of enrollment: nonwheezing control; mild wheezy bronchitis; wheezy bronchitis; asthma; and severe asthma. Lung function is represented as FEV1 corrected for lung volume (FEV1/FVC ratio). Mean values and standard error bars are shown. (Adapted from Oswald H, Phelan PD, Lanigan A, et al. Pediatr Pulmonol 1997;23:14–20; with data for age 42 years from Horak E, Lanigan A, Roberts M, et al. BMJ 2003; 326(7386):422–3.)








Risk Factors for Persistent Asthma

Natural history studies of asthma have identified biologic, genetic and environmental risk factors for persistent asthma (Box 2-2). From the Tucson CRS, a statistical optimization of the major risk factors for persistent childhood asthma provided 97% specificity and 77% positive predictive value for persistent asthma in later childhood (Figure 2-4).28


Box 2-2

Key Concepts

Risk Factors for Persistent Asthma




Allergy


Atopic dermatitis

Allergic rhinitis

Elevated total serum IgE levels (first year of life)

Peripheral blood eosinophilia > 4% (2 to 3 years of age)

Inhalant and food allergen sensitization






Gender

Males


• Transient wheezing

• Persistent allergy-associated asthma




Females


• Asthma associated with obesity and early-onset puberty

• ‘Triad’ asthma (adulthood)









Parental Asthma

LOWER RESPIRATORY TRACT INFECTIONS


Rhinovirus, respiratory syncytial virus

Severe bronchiolitis (i.e. requiring hospitalization)

Pneumonia



ENVIRONMENTAL TOBACCO SMOKE EXPOSURE (INCLUDING PRENATAL)
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Figure 2-4 Modified Asthma Predictive Index for children (Tucson Children's Respiratory Study, Tucson, Arizona). Through a statistically optimized model for 2- to 3-year-old children with frequent wheezing in the past year, one major criterion or two minor criteria provided 77% positive predictive value and 97% specificity for persistent asthma in later childhood. (Adapted from Castro-Rodriguez JA, Holberg CH, Wright AL, et al. Am J Respir Crit Care 2000;162:1403–6; and Guilbert TW, Morgan WJ, Zeiger RS, et al. J Allergy Clin Immunol 2004;114:1282–7.)







Allergy

Essentially all of the current natural history studies have found that allergic disease and evidence of pro-allergic immune development are significant risk factors for persistent asthma. For example, in the Tucson CRS, early AD, AR, elevated serum IgE levels in the first year of life and peripheral blood eosinophilia were all significant risk factors for persistent asthma.16,28 In the Berlin MAS study, additional risk factors for asthma and BHR at age 7 years included persistent sensitization to foods (i.e. hen's egg, cow's milk, wheat and/or soy) and perennial inhalant allergens (i.e. dust mite, cat dander), especially in early life.29,30 The combination of allergic sensitization to major indoor allergens (dog, cat and/or mite) by age 3 years with higher levels of allergen exposure in the home was associated with persistent wheezing and lower lung function into adolescence.31 In the Kaiser San Diego study, milk or peanut allergen sensitization was a risk factor for asthma.32 Natural history studies of asthma that have extended into adulthood continue to find allergy to be a risk factor for persistent asthma.22,23 Since the eight-center Childhood Asthma Management Program (CAMP) study of 1,041 asthmatic children ages 5 to 12 years found that 88% were sensitized to at least one inhalant allergen at study enrollment, allergy-associated asthma appears to be the most common form of asthma in elementary school-age children in the USA.33 Furthermore, in the International Study of Asthma and Allergies in Childhood (ISAAC), strong correlations between high asthma prevalence and both high allergic rhinoconjunctivitis and high AD prevalence in different sites throughout the world suggest that allergy-associated asthma is also the most common form of childhood asthma worldwide.34 In children with recurrent cough or wheeze in early life, early manifestations of atopy are well-regarded predictive risk factors for persistent lung dysfunction and clinical disease (Figure 2-4).35,36




Gender

Male gender is a risk factor for both transient wheezing and persistent asthma in childhood.16,32 This is generally believed to be caused by the smaller airways of young boys when compared with girls.37,38 Later in childhood, BHR and inhalant allergen sensitization are more prevalent in boys than in girls.39,40 For asthma persistence from childhood to adulthood, female gender is a risk factor for greater asthma severity22 and BHR.21 Female children who become overweight and have early-onset puberty are also more likely to develop asthma in adolescence, an association not appreciated in males (see Figure 2-2).41 These observations are consistent with the gender ‘flip’ in asthma prevalence – higher in males in childhood, and in females by adulthood.15




Parental History of Asthma

Infants whose parents report a history of childhood asthma have lower lung function and are more likely to wheeze in early life,42,43 in later childhood16,32 and in adulthood.22 However, in a two-generation, longitudinal study in Aberdeen, Scotland, the children of well-characterized subjects without atopy or asthma were found to have a surprisingly high prevalence of allergen sensitization (56%) and wheezing (33%).44 Similarly, in the MAS study, the majority of children with AD and/or asthma in early childhood were born to nonallergic parents.45 For example, of the study's asthmatic children at 5 years of age, 57% were born to parents without an atopic history. Therefore allergen sensitization and asthma seem to be occurring at high rates, even in persons considered to be at low genetic risk for allergy and asthma.




Lower Respiratory Tract Infections

Certain respiratory viruses have been associated with persistent wheezing problems in children. It is not known if persistent airways abnormalities are primarily the result of virus-induced damage, vulnerable individuals revealing their airway susceptibility to virus-induced airflow obstruction, or airways injury with aberrant repair. In long-term studies, infants hospitalized with respiratory syncytial virus (RSV) bronchiolitis (most occurred by 4 months of age) were significantly more likely to have asthma and lung dysfunction through age 13 years.46 In the Tucson CRS birth cohort, 91% of lower respiratory tract infections (LRTIs) in the first 3 years of life were cultured for common pathogens: 44% were RSV-positive, 14% were parainfluenza-positive, 14% were culture-positive for other respiratory pathogens, and 27% were culture-negative.47 Followed prospectively, infants with RSV LRTI were more likely to have wheezing symptoms at 6 years of age but not at later ages (i.e. 11 and 13 years old). However, young children who had radiographic evidence of pneumonia or croup symptoms accompanying wheezing were more likely to have persistent asthma symptoms and lung function impairment at 6 and 11 years of age.48,49

Improved PCR-based detection methods have affirmed a strong association between rhinovirus infection and asthma exacerbations, such that approximately 40% to 70% of wheezing illnesses and asthma exacerbations in children can be attributed to rhinovirus.50–52 People with asthma do not appear to be more susceptible to rhinovirus infection, but they are more likely to develop an LRTI with symptoms that are more severe and longer lasting.53 In the Childhood Origins of Asthma (COAST) birth cohort study, 90% of children with rhinovirus-associated wheezing episodes at age 3 years had asthma at age 6 years, such that a rhinovirus-associated wheezing episode at age 3 years was a stronger predictor of subsequent asthma than aeroallergen sensitization (odds ratios 25.6 vs 3.4).54 This supports the premise that individuals with lower airway vulnerability to common respiratory viruses are at risk for wheezing episodes and persistent asthma.




Environmental Tobacco Smoke Exposure

ETS exposure is a risk factor for wheezing problems at all ages. Prenatal ETS exposure is associated, in a dose-dependent manner, with wheezing manifestations and decreased lung function in infancy and early childhood.55,56 Postnatal ETS exposure is associated with a greater likelihood of wheezing in infancy,43 transient wheezing, and persistent asthma in childhood.16 Cigarette smoking has also been strongly associated with persistent asthma and asthma relapses in adulthood.23

ETS exposure is also associated with food allergen sensitization,57 AR, hospitalization for LRTIs, BHR and elevated serum IgE levels.58,59 In a 7-year prospective study, ETS exposure was associated with greater inhalant allergen sensitization and reduced lung function.32







Asthma- and Allergy-Protective Influences

Some lifestyle differences may impart asthma- and/or allergy-protective effects. Natural history studies have started to contribute some epidemiologic evidence in support of these hypotheses.


Breastfeeding

Numerous studies have investigated the potential of early breastfeeding as a protective influence against the development of allergy and asthma. Meta-analyses of prospective studies of exclusive breastfeeding for 4 or more months from birth have been associated with less AD and asthma (summary odds ratios of 0.68 and 0.70, respectively).60,61




Microbial Exposures

Numerous epidemiologic studies have found that a variety of microbial exposures are associated with a lower likelihood of allergen sensitization, allergic disease and asthma. This has led to a ‘hygiene’ hypothesis, which proposes that the reduction of microbial exposures in childhood in modernized locales has led to the rise in allergy and asthma.62 Microbes and their molecular components are believed to influence early childhood development by inducing Th1-type and regulatory immune development and immune memory, thereby preventing the development of allergen sensitization and diseases, while strengthening the immune response and controlling inflammation to common respiratory viral infections.

To address this hypothesis, natural history studies have begun to explore the relationships between microbes and their components (e.g. home environmental bacterial endotoxin) to the development of allergies and asthma:


1. In the Tucson CRS, children raised in larger families or in daycare from an early age (believed to be surrogate measures for more respiratory infections and microbial exposures) were less likely to have asthma symptoms in later childhood.63 In the German MAS study, more runny nose colds in the first 3 years of life were associated with a lower likelihood of allergen sensitization, asthma and BHR at 7 years of age.64 A dose-dependent effect was observed, such that children who experienced at least eight colds by age 3 years had an adjusted odds ratio of 0.16 for asthma at age 7 years.

2. In infants and children, higher house dust endotoxin levels were associated with less AD,65–67 inhalant allergen sensitization,68–71 AR and asthma.72,73 Complementary immunologic studies reveal that higher house dust endotoxin levels were associated with increased proportions of Th1-type cells,68 higher levels of IFN-γ from stimulated peripheral blood samples74,75 and immune down-regulation of endotoxin-stimulated blood samples.72 In contrast to these atopy-protective influences, higher endotoxin levels were associated with more wheezing, even when a protective effect on atopy in early life was concurrently observed.65,67,69,72,76

3. Gastrointestinal (GI) microbiota shape early immune development, and some investigators identified differences in stool bacteria from newborns and infants who ultimately go on to develop allergic disease as being less diverse and having more clostridia and Staphylococcus aureus, while nonallergic infants had more enterococci, bifidobacteria, lactobacilli and Bacteroides.77–81 Alterations in the gut microbiome of infants from dietary and environmental differences (e.g. breastfeeding, semi-sterile food, infections, antibiotic use, siblings, pets) may influence the developing immune system and allergy outcomes.

4. Diverse environmental microbiomes associated with animal exposures may exert a protective influence on the development of asthma. In Europe, farm versus non-farm children were exposed to a greater diversity of bacteria and fungi in their mattress dust, and diversity of microbial exposure was inversely related to asthma risk.82 Interestingly, in US inner city locales known for a higher prevalence of severe asthma, cockroach, mouse and cat allergen exposure in the first year of life was inversely associated with recurrent wheeze (odds ratios 0.60–0.75).83 Cockroach and mouse exposure were associated with bacterial Bacteroidetes and Firmicutes phyla in house dust samples, which were associated with lack of atopy and wheeze.



Conversely, some microbial exposures have been associated with the development of persistent asthma. Nasopharyngeal carriage of common respiratory pathogens (Streptococcus pneumoniae, Moraxella catarrhalis, Haemophilus influenzae) in infancy, and in children with asthma in later childhood (S. pneumoniae, M. catarrhalis), was associated with asthma exacerbations, implicating these respiratory pathogens as co-exposures in the pathogenesis of asthma persistence and exacerbations.84,85




Pet Ownership

Multiple longitudinal birth cohort studies have observed dog and/or cat ownership to be associated with a lower likelihood of AD, allergen sensitization and asthma.86–88 Similarly, in farming and rural locales, a lower likelihood of allergy and asthma has been associated with animal contact or the keeping of domestic animals in the home.89 Two meta-analyses of numerous studies of domestic animal exposure and allergy and asthma outcomes generally found a protective effect.90,91 Although the mechanism(s) for this protective association is unclear, one possibility is that greater bacterial exposure occurs with animal contact and/or animal/petkeeping in the home. Indoor pets are a major factor associated with higher indoor endotoxin levels in metropolitan homes.89 Bacterial community diversity in house dust samples from households with pet dogs, and some with cats, is increased.92




Vitamin D

There is current conjecture that vitamin D supplementation can prevent allergy and asthma. It has been hypothesized that modern lifestyles with greater time spent indoors have fostered more vitamin D deficiency, resulting in more asthma and allergy.93,94 The scientific rationale is appealing: vitamin D has been shown to bolster innate antimicrobial and regulatory T lymphocyte responses.93 Complementing this mechanistic science, three birth cohort studies have observed that high maternal vitamin D intake during pregnancy was associated with a lower risk of recurrent/persistent wheeze or asthma in preschool childhood.95–97 Clinical trials to determine the potential preventive benefits of vitamin D supplementation on allergy and asthma are ongoing.







Childhood Asthma Phenotypes

Different severity phenotypes of children with persistent asthma have recently been characterized using cluster analysis. In the Childhood Asthma Management Program (CAMP) study, five main phenotypes were distinguished: (1) ‘mild asthma’ with low atopy, airways obstruction and exacerbation rate; (2) atopic asthma with atopic dermatitis/allergic rhinitis/allergic sensitization, normal lung function and low exacerbation rates; (3) high allergic rhinitis/allergic sensitization, reduced lung function and moderate exacerbation rates; (4) reduced lung function and high bronchodilator responses, BHR and exacerbation/hospitalization rates; and (5) the highest atopy/serum IgE/eosinophilia, reduced lung function, high bronchodilator responses/BHR, and the highest exacerbation and hospitalization rates.98 Children in these different clusters appeared to be temporally stable over the 5 years of the CAMP study, with mild versus severe diverging over time. These clusters were consistent with those identified in the Severe Asthma Research Program (SARP).99 The most severe phenotype in children appears consistent with a severe ‘Th2-high’ phenotype in adults, with IL-13-induced epithelial gene expression (e.g. periostin), atopic airways inflammation and exacerbation risk.100

Asthma mediated by occupational-type exposures is often not considered in children, and yet some children are raised in settings where occupational-type exposures can mediate asthma in adults (e.g. on farms or with farm animals in the home). Children with hypersensitivity and exposure to other common airways irritants or air pollutants such as ETS, endotoxin, ozone, sulfur dioxide or cold air may also contribute to the pool of nonatopic children with persistent asthma. ‘Triad’ asthma, characteristically associated with hyperplastic sinusitis/nasal polyposis and/or hypersensitivity to nonsteroidal antiinflammatory medications (e.g. aspirin, ibuprofen), rarely occurs in childhood.




Atopic Dermatitis

AD usually begins during the preschool years and persists throughout childhood. Two prospective birth cohort studies have found the peak incidence of AD to be in the first 2 years of life (see Figure 2-1).32,101 Although 66% to 90% of patients with AD have clinical manifestations before 7 years of age,102,103 eczematous lesions in the first 2 months of life are rare. Natural history studies of AD have reported a wide variation (35% to 82%) in disease persistence throughout childhood.103,104 The greatest remission in AD seems to occur between 8 and 11 years of age and, to a lesser extent, between 12 and 16 years.103 Natural history studies of AD may have underestimated the persistent nature of the disease for reasons that include (1) AD definition – some studies have included other forms of dermatitis that have a better prognosis over time (i.e. seborrheic dermatitis),105 (2) AD recurrence – a recent 23-year birth cohort study found that many patients who went into disease remission in childhood had an AD recurrence in early adulthood,103 and (3) AD manifestation – it is generally believed that patients with childhood AD will often evolve to manifest hand and/or foot dermatitis as adults.

Parental history of AD is an important risk factor for childhood AD. This apparent heritability complements studies revealing a high concordance rate of AD among monozygotic versus dizygotic twins (0.72 vs 0.23, respectively).106 In a risk factor assessment for AD in the first 2 years of life, higher levels of maternal education and living in less crowded homes were risk factors for early-onset AD.107 The environmental/lifestyle risk factors reported for AR and asthma are similar. A meta-analysis of prospective breastfeeding studies concluded that exclusive breastfeeding of infants with a family history of atopy for at least the first 3 months of life is associated with a lower likelihood of childhood AD (odds ratio 0.58). This protective effect was not observed, however, in children without a family history of atopy.60

Initial AD disease severity seems predictive of later disease severity and persistence. Of adolescents with moderate to severe AD, 77% to 91% continued to have persistent disease in adulthood.108 In comparison, of adolescents with mild AD, 50% had AD in adulthood. Food allergen sensitization and exposure in early childhood also contribute to AD development and disease severity. Food allergen sensitization is associated with greater AD severity.32,109 Furthermore, elimination of common allergenic foods in infancy (i.e. soy, milk, egg, peanuts) is associated with a lower prevalence of allergic skin conditions up to age 2 years (see Figure 2-1).32

Natural history studies have found early childhood AD to be a major risk factor for food allergen sensitization in infancy,110 inhalant allergen sensitization110,111 and persistent asthma in later childhood.16,28 In particular, severe AD in early childhood is associated with a high prevalence of allergen sensitization and airways allergic disease in later childhood (i.e. 4 years later; Figure 2-5). Indeed, in young patients with severe AD, 100% developed inhalant allergen sensitization and 75% developed an allergic respiratory disease (mostly asthma) over 4 years. In contrast to severe AD, patients with mild to moderate AD were not as likely to develop allergen sensitization (36%) or an allergic respiratory disease (26%). More information on current concepts of barrier and immune dysfunction in AD, and the role of food hypersensitivity, can be found in Chapters 50 and 47, respectively.

[image: image]
Figure 2-5 Atopic dermatitis (AD) in young children (2 months to 3 years of age) and allergen sensitization (to food and inhalant allergens), asthma and allergic rhinoconjunctivitis (AR) 4 years later. At enrollment, AD severity was determined, and no subjects had AR or asthma. Four years later, 88% of subjects had a marked improvement or complete resolution of AD. However, all children with severe AD at enrollment were sensitized to inhalant allergens, and 75% had asthma and/or AR. (From Patrizi A, Guerrini V, Ricci G, et al. Pediatr Dermatol 2000; 17:261–5.)









Allergic Rhinitis

Many people develop AR during childhood. Two prospective birth cohort studies reported a steady rise in total (i.e. seasonal and perennial) AR prevalence, reaching 35% to 40% by age 7 years.32,112 Seasonal AR emerged after 2 years of age and increased steadily to 15% by age 7 years.112

AR also commonly begins in early adulthood. In a 23-year cohort study of Brown University students, beginning in their freshman year, perennial AR developed in 4.8% at 7 years and 14% at 23 years of follow-up.2,3 The incidence increase for seasonal AR was substantially greater: 13% at 7 years and 41% at 23 years of follow-up.2,3 Allergen skin test sensitization and asthma were prognostic risk factors for the development of AR.

AR persistence has been evaluated in adult patients. Three follow-up studies of adult AR patients found a disease remission rate of 5% to 10% by 4 years113 and 23% by 23 years.2 In the 23-year follow-up study, 55% of the follow-up subjects reported improvement in rhinitis. Onset of disease in early childhood was associated with greater improvement.2




Food Allergy

Food-adverse reactions in childhood include food hypersensitivity that is IgE mediated and manifests as classic allergic symptoms of immediate onset. Other food-allergic reactions, such as eosinophilic gastroenteropathy and food protein-induced enterocolitis syndrome, have variable associations with foods and lack natural history studies.

Natural history studies reveal that the prevalence of food hypersensitivity is greatest in the first few years of life, affecting 5% to 15% of children in their first year of life.114,115 Most children become tolerant of or seem to ‘outgrow’ their food allergies to milk, soy and egg within a few years. In a prospective study of young children with milk allergy, most became nonallergic within a few years: 50% by 1 year of age, 70% by 2 years, and 85% by 3 years.116 Older children and adults with food allergies are less likely to become tolerant (26% to 33%).117,118 Long-term follow-up studies of peanut-allergic children found that loss of clinical hypersensitivity was uncommon, especially in children with anaphylactic symptoms in addition to urticaria and/or AD.119,120 Allergies to other nuts, fish and shellfish are also believed to be more persistent. It is purported that allergen avoidance diets in food-allergic children increase their likelihood of losing clinical hypersensitivity, but this has not been well studied.118

Hypersensitivity to milk at 1 year of age was a risk factor for additional food allergies in later childhood.121,122 Furthermore, food hypersensitivity in early life (i.e. to milk, egg, peanut) was found to be a risk factor for AD123,124 and, later, asthma.29,32 More information on the natural history and prevention of food allergy can be found in Chapter 43.




Anaphylaxis

Anaphylaxis in children can result from numerous possible exposures (e.g. foods, antibiotics, insulin, insect venoms, latex) and is sometimes anaphylactoid (a clinically similar but non-IgE-mediated reaction, such as occurs with radio-contrast media and aspirin/nonsteroidal antiinflammatory drugs) or idiopathic. In a retrospective medical records review of 601 cases, causes of anaphylaxis were determined in 41%: foods 22%, medications 11% and exercise 5%. Episodes tended to become less frequent over time.125 A history of AR or asthma is a risk factor for anaphylaxis to foods and latex.126 Surprisingly, a history of asthma, pollenosis or food and/or drug allergy is a risk factor for anaphylactoid reactions to radio-contrast media, with a higher prevalence of adverse reactions to ionic versus nonionic contrast media observed.127 In contrast, atopy is not a risk factor for anaphylaxis to insulin,128 penicillin129 or insect stings.130 The natural history of anaphylactic reactions in children has been studied prospectively only for food-induced anaphylaxis (described previously) and bee sting anaphylaxis.

In a Johns Hopkins study examining the natural history of bee venom allergy in children, venom-allergic children with a history of mild generalized reactions were randomly assigned to venom immunotherapy or no treatment and then subjected to a repeat sting in a medical setting 4 years later.131 Systemic allergic reactions occurred in 1.2% of the treated group and 9.2% of the untreated group. Moreover, systemic reactions that occurred were no more severe than the original incidents. In a smaller study of children and adults with venom hypersensitivity, repeat sting challenges, at least 5 years after the original incidents, induced no systemic reactions in those who originally presented with only urticaria/angioedema but did induce systemic reactions in 21% of those who originally had respiratory and/or cardiovascular complications.132

These studies suggest that insect sting anaphylaxis is often self-limited in children, with spontaneous remission usually occurring within 4 years. Those at greatest risk of persistent hypersensitivity include those with previous severe anaphylactic episodes. Conversely, those children with mild systemic reactions to bee stings are less likely to have an allergic reaction on re-sting, and any future anaphylactic episodes from bee stings are not likely to be severe. Finally, in a re-challenge study of subjects with no clinical response to a first sting challenge, 21% experienced anaphylaxis to the second challenge, and, of those, one half developed symptomatic hypotension requiring epinephrine.133




Gene-Environment Interactions

Gene-environment interactions validate the central paradigm that allergy and asthma development results from common environmental exposures affecting the inherently susceptible host. There are two notable examples related to childhood asthma:


1. CD14, endotoxin and dogs: Polymorphisms in genes encoding proteins that mediate endotoxin recognition can modify endotoxin responsiveness. A common polymorphism in the promoter region (-260C-to-T) of the CD14 gene (endotoxin promoter/enhancer protein) has been one of the most studied polymorphisms with regard to asthma and allergies. Functionally, the -260CT CD14 promoter polymorphism alters the transcriptional regulation of CD14; the T allele increases CD14 transcription by reducing the binding of proteins that inhibit gene transcription.134 Some studies have found that the C allele of the -260 CD14 promoter polymorphism increases the risk for allergic sensitization,135,136 while others have not.137,138 Furthermore, some studies show this allele to have either protective or risk effects, depending on the type of environment in which the individual lives. These discrepancies are likely to be a consequence of different levels of exposure to endotoxin or similar microbial components. For example, in a birth cohort study, only the low-responder, ‘CC’ homozygous group demonstrated strong dose-response relationships between higher house dust endotoxin levels and less subsequent allergic sensitization to inhalant allergens, less AD and more nonatopic wheeze.139 Similarly, the C allele was found to be protective in children living in a subset of homes where measured endotoxin levels were high.140 In another birth cohort study, the protective effect of dog ownership on AD in infancy occurred only in those who were of the CD14 ‘TT’ genotype.88

2. Glutathione S-transferases (GSTs), environmental tobacco smoke (ETS) and diesel exhaust: Genetic susceptibility to common air pollutant exposures increases the risk of childhood asthma. For example, polymorphisms in the endogenous antioxidant GST genes (e.g. GST-M1 null) were associated with less asthma in children; these associations were strengthened when genetic GST susceptibility was combined with maternal smoking.141–143 In a longitudinal birth cohort study, diesel exhaust particulate exposure was associated with persistent wheezing only in those children carrying a specific genotypic variant in GST-P1 (valine at position 105).144 Similar to the GST polymorphisms, genetic variants in chromosome 17q21 increased the risk of early-onset asthma; this risk was further increased by early ETS exposure.145



These findings demonstrate how ordinary environmental exposures conspire with genetic susceptibilities to exert stronger effects on the development of asthma and allergy than either genes or environmental exposures alone.




Prevention Studies

Early-intervention studies to prevent the development of allergic disease and asthma have had limited success so far. Nevertheless, because of their prospective design, such studies can add valuable insights to the natural history of allergic diseases.


Avoidance versus Early Introduction of Allergenic Foods

In a 7-year randomized, controlled intervention study (Kaiser Permanente San Diego), in which the common allergenic foods (cow's milk, peanut, egg, fish) were eliminated from the diets of at-risk infants (i.e. one parent with an atopic disorder and allergen sensitization) from the third trimester of pregnancy to 24 months of life, the prevalence of food allergen sensitization, AD and urticarial rash was reduced in the first year of life,115 but did not persist at either age 4 or 7 years, and no effect was observed on inhalant allergen sensitization or allergic airways conditions32 (see Figure 2-1).

In contrast, in observational studies, introduction of allergenic foods in early infancy has been associated with a lower prevalence of specific food allergy. Infants introduced to egg at 4 to 6 months of age had a significantly lower risk of egg allergy, especially if first exposed to cooked egg (as opposed to egg in baked goods).146 A 10-fold higher prevalence of peanut allergy in Jewish children in the UK versus Israel was linked to dietary differences: Israeli infants consume peanuts in a teething biscuit, while UK infants avoid peanuts.147 A clinical trial to determine if early introduction of peanut in infants' diets can prevent peanut allergy by oral tolerance induction is ongoing (Learning Early About Peanut Allergy [LEAP] study).148




Inhalant Allergen Elimination/Reduction

Randomized clinical trials of home inhalant allergen reduction beginning pre birth have had mixed results. An intensive indoor allergen reduction intervention did not affect the risk of respiratory symptoms, wheeze, rhinitis or AD at age 3 years; although intervention was associated with a higher prevalence of allergic sensitization, it was conversely associated with better lung function, i.e. lower airways resistance.149 Addition of thorough dust mite reduction measures to food allergen avoidance for 1 year reduced the likelihood of AD from 1 to 4 years of age and reduced the incidence of allergen sensitization at age 4 years.150–152 Decreased asthma was observed in the first year of life but not at age 2 or 4 years. An intervention including house dust, pets and ETS avoidance, breastfeeding and delayed introduction of solid foods was associated with a lower risk of asthma at age 7 years; BHR, allergic sensitization, AR and AD were not affected.153 A systematic review and meta-analysis of three multifaceted and six monofaceted allergen reduction trials suggested that reduction in exposure to multiple indoor allergens, but not monoallergen interventions, modestly reduced the likelihood of asthma in children.154 The modest effect of these allergen reduction interventions may be attributable to the partial effectiveness of these specific interventions in lowering home allergen levels, allergen exposure that occurs outside of the home, and the potential unintended effect of the interventions on other environmental disease modifiers (e.g. endotoxin). Improving allergen reduction/elimination (i.e. dehumidification155) could potentially be more effective. Dust mite-sensitive children with asthma who have been moved to high-altitude locales without dust mite allergen,156,157 or whose bedrooms have undergone extensive mite reduction measures,60,61,158 experience significant asthma improvement, sometimes dramatically.




Breastfeeding

This has been addressed in prospective studies discussed earlier in this chapter.




Environmental Tobacco Smoke Elimination/Reduction

The acquisition of definitive proof of the preventive value of reducing or eliminating ETS exposure in infancy and childhood has been hindered by the difficulties in achieving long-term smoking cessation in randomized, controlled studies. ETS exposure at all ages, from prenatal exposure of mothers to smoking in asthmatic adults, is associated with more wheezing problems and more severe disease and is discussed earlier in this chapter. When considered with other health benefits of ETS exposure avoidance, this is strongly recommended.







Pharmacologic Intervention

Several studies have attempted to determine if conventional therapy for allergy and asthma may be able to alter the natural course of the allergic march or to prevent persistent allergic disease and chronic asthma.


Antihistamines

In the Early Treatment of the Atopic Child (ETAC) study, the antihistamine cetirizine was administered for 18 months to young children at high risk for asthma. Of subjects receiving cetirizine, only young children with early allergen sensitization to mites or grass pollen were less likely to develop asthma symptoms.159,160




Conventional ‘Controller’ Pharmacotherapy for Asthma

In the CAMP study, 5- to 12-year-old children were treated with daily inhaled corticosteroid (ICS, budesonide), daily inhaled nonsteroidal antiinflammatory medication (nedocromil) or placebo for more than 4 years; treatment was then discontinued.29 During treatment, the ICS-treated subjects demonstrated significant improvement in most of the clinical outcomes and lung function measures of asthma. After ICS discontinuation, however, the ICS-treated group regressed to that of the placebo group. Nedocromil-treated subjects did not improve. This suggests that, although long-term ICS administration in school-age children with asthma improves asthma severity, it does not alter its natural course.

Similarly, randomized controlled trials with ICS administered earlier in life have not demonstrated a preventive effect on persistent asthma. Daily or intermittent 2-week ICS courses administered to infants for episodic wheezing did not improve asthma, wheeze or lung function outcomes in later childhood.161,162 Daily ICS administered for 2 years to toddler-age children meeting modified asthma predictive indices for persistent asthma (Figure 2-4) improved clinical asthma while on treatment, but did not affect asthma persistence during a third treatment-free year.163 As a meta-analysis of 29 studies of infants and preschoolers with recurrent wheezing or asthma concluded, daily ICS improves respiratory symptoms, exacerbations and lung function, but does not appear to improve the natural course of asthma.164




Allergen-Specific Immunotherapy

Allergen-specific immunotherapy (AIT) has been studied to determine if it can reduce the likelihood of asthma development in children with AR. A recently published randomized, controlled study found that a 3-year AIT course administered to children with birch and/or grass pollen AR reduced rhinoconjunctivitis severity, conjunctival sensitivity to allergen and the likelihood of developing asthma at 2 and 7 years after AIT discontinuation.165,166 AIT also prevents the development of new sensitization to inhalant allergens.167,168 These studies suggest that AIT may alter the allergic march of inhalant allergen sensitization and asthma, but the difficulties and risks of conventional AIT in children warrant careful consideration.




Probiotics

Some studies suggest that oral probiotic supplementation in infancy may prevent atopy by promoting Th1-type and/or regulatory T lymphocyte immune development. In breastfeeding mothers who received lactobacillus supplementation, breast milk had higher concentrations of the antiinflammatory cytokine TGF-β, and their infants had a reduced risk of AD of 0.32.169 Lactobacillus ingestion has also been associated with increased infant peripheral blood IL-10 production and serum IL-10 levels.170 A meta-analysis of six randomized controlled trials to prevent AD in children, usually beginning with maternal intake before birth, reported less AD in the probiotic-treated group.171 Other clinical trials with lactobacillus or combined pro-/prebiotics demonstrated reduced respiratory infection illnesses in young children.172–174 A large randomized controlled trial (N = 1,018) of pre-/probiotic supplementation to prevent allergies found no significant differences in allergic sensitization, AD, AR or asthma at 5 years of age; however, it significantly reduced the odds ratio (0.47) of IgE-associated allergic disease in cesarean-delivered children.175 Differences in the specific probiotic strains used in the different clinical trials may contribute to the differences in findings between studies.







Conclusions

To summarize, allergic diseases and asthma commonly develop in the early childhood years. Current paradigms of immune development and lung growth shape the understanding of disease pathogenesis. The systemic nature of these conditions is such that manifestations of one allergic condition are often risk factors for others (e.g. AD and allergen sensitization are risk factors for persistent asthma). Although many allergy and asthma sufferers improve and can even become disease-free as adults, those with severe disease and some particular conditions (e.g. peanut allergy) are likely to have lifelong disease.
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Key Points


• Asthma and atopy are examples of complex genetic diseases that, despite a strong genetic component, do not exhibit simple Mendelian inheritance.

• The many genes involved have ‘mild’ mutations with small phenotypic effects that combine to influence disease phenotype.

• Numerous genes have been identified that are associated with asthma, atopy, atopic dermatitis and allergic rhinitis. Recent advances have largely been due to improvements in whole genome approaches.

• Research has now moved on to the modifying effects of environment on these genetic susceptibilities including the role of epigenetic changes.

• The hope is that we are now moving into an era of clinical application of these genetic findings such as the use of pharmacogenetics to tailor asthma treatment.





Since the first report of linkage between chromosome 11q13 and atopy in 1989,1 there have been thousands of published studies of the genetics of asthma and other allergic diseases. Their aim is to identify the genetic factors that modify susceptibility to allergic diseases, determine severity of disease in affected individuals and affect the response to treatment. This recent expansion in our knowledge has provided intriguing insights into the pathophysiology of these complex disorders. In this chapter, we outline the approaches used to undertake genetic studies of common diseases such as atopic dermatitis and asthma and provide examples of how these approaches are beginning to reveal new insights into the pathophysiology of allergic diseases.


Why Undertake Genetic Studies of Allergic Disease?

Susceptibility to allergic disease is likely to result from the inheritance of many gene variants but the underlying cellular defects are unknown. By undertaking research into the genetic basis of these conditions, these gene variants and their gene products can be identified solely by the anomalous phenotypes they produce. Identifying the genes that produce these disease phenotypes provides a greater understanding of the fundamental mechanisms of these disorders, stimulating the development of specific new drugs or biologics to both relieve and prevent symptoms. In addition, genetic variants may also influence the response to therapy and the identification of individuals with altered response to current drug therapies will allow optimization of current therapeutic measures (i.e. disease stratification and pharmacogenetics). The study of genetic factors in large longitudinal cohorts with extensive phenotype and environmental information allows the identification of external factors that initiate and sustain allergic diseases in susceptible individuals and the periods of life in which this occurs, with a view to identifying those environmental factors that could be modified for disease prevention or for changing the natural history of the disorder. For example, early identification of vulnerable children would allow targeting of preventative therapy or environmental intervention, such as avoidance of allergen exposure. Genetic screening in early life may eventually become a practical and cost-effective option for allergic disease prevention.




Approaches to Genetic Studies of Complex Genetic Diseases


What is a Complex Genetic Disease?

The use of genetic analysis to identify genes responsible for simple Mendelian traits such as cystic fibrosis2 has become almost routine in the 30 years since it was recognized that genetic inheritance can be traced with naturally occurring DNA sequence variation.3 However, many of the most common medical conditions known to have a genetic component to their etiology, including diabetes, hypertension, heart disease, schizophrenia and asthma, have much more complex inheritance patterns.

Complex disorders show a clear hereditary component, however the mode of inheritance does not follow any simple Mendelian pattern. Furthermore, unlike single-gene disorders, they tend to have an extremely high prevalence. Asthma occurs in at least 10% of children in the UK, and atopy is as high as 40% in some population groups4 as compared to cystic fibrosis at 1 in 2,000 live white births. Characteristic features of Mendelian diseases are that they are rare and involve mutations in a single gene that are ‘severe’, resulting in large phenotypic effects that may be independent of environmental influences. In contrast, complex disease traits are common and involve many genes, with ‘mild’ mutations leading to small phenotypic effects with strong environmental interactions.


How to Identify Genes Underlying Complex Disease

Before any genetic study of a complex disease can be initiated, there are a number of different factors that need to be considered. These include: (1) assessing the heritability of a disease of interest to establish whether there is indeed a genetic component to the disease in question; (2) defining the phenotype (or physical characteristics) to be measured in a population; (3) the size and nature of the population to be studied; (4) determining which genetic markers are going to be typed in the DNA samples obtained from the population; (5) how the relationships between the genetic data and the phenotype measures in individuals are to be analyzed and (6) how the resulting data can be used to identify the genes underlying the disease.

One of the most important considerations in genetic studies of complex disease susceptibility is the choice of the methods of genetic analysis to be used. This choice will both reflect and be reflected in the design of the study. Will the study be a population study or a family-based study? What numbers of subjects will be needed?


Inheritance

The first step in any genetic analysis of a complex disease is to determine whether genetic factors contribute at all to an individual's susceptibility to disease. The fact that a disease has been observed to ‘run in families’ may reflect common environmental exposures and biased ascertainment, as well as a potential true genetic component. There are a number of approaches that can be taken to determine if genetics contributes to a disease or disease phenotype of interest including family studies, segregation analysis, twin and adoption studies, heritability studies and population-based relative risk to relatives of probands.

There are three main steps involved in the identification of genetic mechanisms for a disease.5,6


1. Determine whether there is familial aggregation of the disease – does the disease occur more frequently in relatives of cases than of controls?

2. If there is evidence for familial aggregation, is this because of genetic effects or other factors such as environmental or cultural effects?

3. If there are genetic factors, which specific genetic mechanisms are operating?



The exact methods used in this process will vary depending on a number of disease-specific factors. For example, is the disease of early or late onset, and is the phenotype in question discrete or continuous (e.g. insulin resistance or blood pressure)?

Family studies involve the estimation of the frequency of the disease in relatives of affected, compared with unaffected, individuals. The strength of the genetic effect can be measured as λR, where λR is the ratio of risk to relatives of type R (sibs, parents, offspring, etc.) compared with the population risk (λR = κR/κ, where κR is the risk to relatives of type R and κ is the population risk). The stronger the genetic effect, the higher the value of λ. For example, for a recessive single-gene Mendelian disorder such as cystic fibrosis, the value of λ is about 500; for a dominant disorder such as Huntington's disease, it is about 5,000. For complex disorders the values of λ are much lower, e.g. 20–30 for multiple sclerosis, 15 for insulin-dependent diabetes mellitus (IDDM), and 4 to 5 for Alzheimer's disease. It is important to note, though, that λ is a function of both the strength of the genetic effect and the frequency of the disease in the population. Therefore, if a disease has a λ value of 3 to 4 it does not mean that genes are less important in that trait than in a trait with a λ of 30 to 40. A strong effect in a very common disease will have a smaller λ than the same strength of effect in a rare disease.

Determining the relative contribution of common genes versus common environment to clustering of disease within families can be undertaken using twin studies where the concordance of a trait in monozygotic and dizygotic twins is assessed. Monozygotic twins have identical genotypes, whereas dizygotic twins share, on average, only one half of their genes. In both cases, they share the same childhood environment. Therefore, a disease that has a genetic component is expected to show a higher rate of concordance in monozygotic than in dizygotic twins. Another approach used to disentangle the effects of nature versus nurture in a disease is in adoption studies, where, if the disease has a genetic basis, the frequency of the disease should be higher in biologic relatives of probands than in their adopted family.

Once familial aggregation with a probable genetic etiology for a disease has been established, the mode of inheritance can be determined by observing the pattern of inheritance of a disease or trait and how it is distributed within families. For example, is there evidence of a single major gene and is it dominantly or recessively inherited? Segregation analysis is the most established method for this purpose. The observed frequency of a trait in offspring and siblings is compared with the distribution expected with various modes of inheritance. If the distribution is significantly different than predicted, that model is rejected. The model that cannot be rejected is therefore considered the most likely. However, for complex disease, it is often difficult to undertake segregation analysis, because of the multiple genetic and environmental effects making any one model hard to determine. This has implications for the methods of analysis of genetic data in studies, because some methods, such as the parametric logarithm (base 10) of odds (LOD) score approach, require a model to be defined to obtain estimates of parameters such as gene frequency and penetrance (see Approaches to analysis).




Phenotype

Studies of a genetic disorder require that a phenotype be defined, to which genetic data are compared. Phenotypes can be classified in two ways. They may be complex, such as asthma or atopy, and are likely to involve the interaction of a number of genes. Alternatively, intermediate phenotypes may be used, such as bronchial hyperresponsiveness (BHR) and eosinophilia for asthma and serum immunoglobulin E (IgE) levels and specific IgE responsiveness or positive skin prick tests to particular allergens for atopy. Together, these phenotypes contribute to an individual's expression of the overall complex disease phenotype but are likely to involve the interaction of fewer genetic influences, thus increasing the chances of identifying specific genetic factors predisposing toward the disease. Phenotypes may also be discrete or qualitative, such as the presence or absence of wheeze, atopy and asthma, or quantitative. Quantitative phenotypes, such as blood pressure (mm Hg), lung function measures (e.g. FEV1) and serum IgE levels, are phenotypes that can be measured as a continuous variable. With quantitative traits, no arbitrary cut-off point has to be assigned (making quantitative trait analysis important), because clinical criteria used to define an affected or an unaffected phenotype may not reflect whether an individual is a gene carrier or not. In addition, the use of quantitative phenotypes allows the use of alternative methods of genetic analysis that, in some situations, can be more powerful. Cluster analysis has been used to identify individual phenotypic expressions of asthma in a population sample.7,8





Population

Having established that the disease or phenotype of interest does have a genetic component to its etiology, the next step is to recruit a study population in which to undertake genetic analyses to identify the gene(s) responsible. The type and size of study population recruited depend heavily on a number of interrelated factors, including the epidemiology of the disease, the method of genetic epidemiologic analysis being used, and the class of genetic markers genotyped. For example, the recruitment of families is necessary to undertake linkage analysis, whereas association studies are better suited to either a randomly selected or case-control cohort. In family-based linkage studies, the age of onset of a disease will determine whether it is practical to collect multigenerational families or affected sib pairs for analysis. Equally, if a disease is rare, then actively recruiting cases and matched controls will be a more practical approach compared to recruiting a random population that would need to be very large to have sufficient power.




Genetic Markers

Genetic markers used can be any identifiable site within the genome (locus), where the DNA sequence is variable (polymorphic between individuals). The most common genetic markers used for linkage analysis are microsatellite markers comprising short lengths of DNA consisting of repeats of a specific sequence (e.g. CAn). The number of repeats varies between individuals, thus providing polymorphic markers that can be used in genetic analysis to follow the transmission of a chromosomal region from one generation to the next. Single-nucleotide polymorphisms (SNPs) are the simplest class of polymorphism in the genome resulting from a single base substitution: for example cytosine substituted for thymidine. SNPs are much more frequent than microsatellites in the human genome, occurring in introns, exons, promoters and intergenic regions, with several million SNPs now having been identified and mapped.9 Another source of variation in the human genome that has recently been recognized to be present to a much greater extent than was previously thought is copy number variations (CNVs). CNVs are either a deletion or insertion of a large piece of DNA sequence; CNVs can contain whole genes and therefore are correlated with gene expression in a dose-dependent manner.10 Sequencing of an individual human genome revealed that non-SNP variation (which includes CNVs) made up 22% of all variation in that individual but involved 74% of all variant DNA bases in that genome.11




Approaches to Analysis

Linkage analysis involves proposing a model to explain the inheritance pattern of phenotypes and genotypes observed in a pedigree.12 Linkage is evident when a gene that produces a phenotypic trait and its surrounding markers are co-inherited. In contrast, those markers not associated with the anomalous phenotype of interest will be randomly distributed among affected family members as a result of the independent assortment of chromosomes and crossing over during meiosis. In complex disease, non-parametric linkage approaches, such as allele sharing, are usually used. Allele-sharing methods test whether the inheritance pattern of a particular chromosomal region is not consistent with random Mendelian segregation by showing that pairs of affected relatives inherit identical copies of the region more often than would be expected by chance.13 While family-based analysis utilizing linkage analysis or allele-sharing methods was the mainstay of gene identification for monogenic diseases in the past, it has been largely superseded for analysis of common disease by the use of genome-wide association studies (for common variants) and next-generation sequencing of whole or partial (e.g. protein-coding fraction or exome) individual genomes.

Association studies do not examine inheritance patterns of alleles; rather, they are case-control studies based on a comparison of allele frequencies between groups of affected and unaffected individuals from a population. The odds ratio of the trait in individuals is then assessed as the ratio of the frequency of the allele in the affected population compared with the unaffected population. The greatest problem in association studies is the selection of a suitable control group to compare with the affected population group. Although association studies can be performed with any random DNA polymorphism, they have the most significance when applied to polymorphisms that have functional consequences in genes relevant to the trait (candidate genes).

It is important to remember with association studies that there are a number of reasons leading to an association between a phenotype and a particular allele:


• A positive association between the phenotype and the allele will occur if the allele is the cause of, or contributes to, the phenotype. This association would be expected to be replicated in other populations with the same phenotype, unless there are several different alleles at the same locus contributing to the same phenotype, in which case association would be difficult to detect, or if the trait was predominantly the result of different genes in the other population (genetic heterogeneity).

• Positive associations may also occur between an allele and a phenotype if that particular allele is in linkage disequilibrium (LD) with the phenotype-causing allele. That is, the allele tends to occur on the same parental chromosome that also carries the trait-causing mutation more often than would be expected by chance. Linkage disequilibrium will occur when most causes of the trait are the result of relatively few ancestral mutations at a trait-causing locus and the allele is present on one of those ancestral chromosomes and lies close enough to the trait-causing locus that the association between them has not been eroded away through recombination between chromosomes during meiosis. LD is the non-random association of adjacent polymorphisms on a single strand of DNA in a population; the allele of one polymorphism in an LD block (haplotype) can predict the allele of adjacent polymorphisms (one of which could be the causal variant).

• Positive association between an allele and a trait can also be artefactual as a result of recent population admixture. In a mixed population, any trait present in a higher frequency in a subgroup of the population (e.g. an ethnic group) will show positive association with an allele that also happens to be more common in that population subgroup.14 Thus, to avoid spurious association arising through admixture, studies should be performed in large, relatively homogeneous populations. An alternative method to test for association in the presence of linkage is the ‘transmission test for linkage disequilibrium’ (transmission/disequilibrium test [TDT]).15,16 The TDT uses families with at least one affected child, and the transmission of the associated marker allele from a heterozygous parent to an affected offspring is evaluated. If a parent is heterozygous for an associated allele A1 and a non-associated allele A2, then A1 should be passed on to the affected child more often than A2.



Historically, association studies were not well suited to whole genome searches in large mixed populations. Because linkage disequilibrium extends over very short genetic distances in an old population, many more markers would need to be typed to ‘cover’ the whole genome. Therefore, genome-wide searches for association were more favorable in young, genetically isolated populations, because linkage disequilibrium extends over greater distances and the number of disease-causing alleles is likely to be fewer.

However, advances in array-based SNP genotyping technologies and haplotype mapping of the human genome17 mean genome-wide association studies (GWAS) have revolutionized the study of genetic factors in complex common disease over the last decade.18,19 For more than 150 phenotypes – from common diseases to physiological measurements such as height and BMI and biological measurements such as circulating lipid levels and blood eosinophil levels – GWAS have provided compelling statistical associations for thousands of different loci in the human genome20 and are now the method of choice for identification of genetic variants influencing physiological or disease phenotypes.




Identify Gene

If, as in most complex disorders, the exact biochemical or physiologic basis of the disease is unknown, there are three main approaches to finding the disease gene(s). One method is to test markers randomly spaced throughout the entire genome for linkage with the disease phenotype. If linkage is found between a particular marker and the phenotype, then further typing of genetic markers including SNPs and association analysis will enable the critical region to be further narrowed. The genes positioned in this region can be examined for possible involvement in the disease process and the presence of disease-causing mutations in affected individuals. This approach is often termed positional cloning, or genome scanning if the whole genome is examined in this manner. Although this approach requires no assumptions to be made as to the particular gene involved in genetic susceptibility to the disease in question, it does require considerable molecular genetic analysis to be undertaken in large family cohorts, involving considerable time, resource and expense.

As noted above, this approach has now been superseded by genome-wide association studies using SNPs evenly spaced throughout the genome as an assumption-free approach to locate disease-associated genes involved in disease pathogenesis. As GWAS utilize large data sets, up to one million SNPs to test for association, stringent genotype calling, quality control, population stratification (genomic controls) and statistical techniques have been developed to handle the analysis of such data.21 Studies start by reporting single marker analyses of primary outcome; SNPs are considered to be strongly associated if the P-values are below the 1% false discovery rate (FDR) or showing weak association above 1% but below the 5% FDR. A cluster of P-values below the 1% FDR from SNPs in one chromosomal location is defined as the region of ‘maximal association’ and is the first candidate gene region to examine further, with analysis of secondary outcome measures, gene database searches, fine mapping to find the causal locus and replication in other cohorts/populations. It is unlikely that the SNP showing the strongest association will be the causal locus, as SNPs are chosen to provide maximal coverage of variation in that region of the genome and not on biological function. Therefore, GWAS will often include fine mapping/haplotype analysis of the region with the aim of identifying the causal locus. If linkage disequilibrium prevents the identification of a specific gene in a haplotype block, then it may be necessary to utilize different racial and ethnic populations to hone in on the causative candidate gene that accounts for the genetic signal in GWAS.22

Finally, candidate genes can be selected for analysis because of a known role for the encoded product of the gene in the disease process. The gene is then screened for polymorphisms, which are tested for association with the disease or phenotype in question. A hybrid approach is the selection of candidate genes based not only on their function but also on their position within a genetic region previously linked to the disease (positional candidate). This approach may help to reduce the considerable work required to narrow a large genetic region of several megabases of DNA identified through linkage containing tens to hundreds of genes to one single gene to test for association with the disease.

Once a gene has been identified, further work is required to understand its role in the disease pathogenesis. Further molecular genetic studies may help to identify the precise genetic polymorphism that is having functional consequences for the gene's expression or function as opposed to those that are merely in linkage disequilibrium with the causal SNP. Often the gene identified may be completely novel and cell and molecular biology studies will be needed to understand the gene product's role in the disease and to define genotype/phenotype correlations. Furthermore, by using cohorts with information available on environmental exposures, it may be possible to define how the gene product may interact with the environment to cause disease. Ultimately, knowledge of the gene's role in disease pathogenesis may lead to the development of novel therapeutics.







Allergy and Asthma as Complex Genetic Diseases

From studies of the epidemiology and heritability of allergic diseases, it is clear that these are complex diseases in which the interaction between genetic and environmental factors plays a fundamental role in the development of IgE-mediated sensitivity and the subsequent development of clinical symptoms. The development of IgE responses by an individual, and therefore allergies, is the function of several genetic factors. These include the regulation of basal serum immunoglobulin production, the regulation of the switching of Ig-producing B cells to IgE, and the control of the specificity of responses to antigens. Furthermore, the genetic influences on allergic diseases such as asthma are more complex than those on atopy alone, involving not only genes controlling the induction and level of an IgE-mediated response to allergen but also ‘lung-’ or ‘asthma’-specific genetic factors that result in the development of asthma. This also applies equally to other clinical manifestations of atopy such as rhinitis and atopic dermatitis.








Phenotypes for Allergy and Allergic Disease: What Should We Measure?

The term atopy (from the Greek word for ‘strangeness’) was originally used by Coca and Cooke23 in 1923 to describe a particular predisposition to develop hypersensitivity to common allergens associated with an increase of circulating reaginic antibody, now defined as IgE, and with clinical manifestations such as whealing-type reactions, asthma and hay fever. Today, even if the definition of atopy is not yet precise, the term is commonly used to define a disorder involving IgE antibody responses to ubiquitous allergens that is associated with a number of clinical disorders such as asthma, allergic dermatitis, allergic conjunctivitis and allergic rhinitis.

Atopy can be defined in several ways, including raised total serum IgE levels, the presence of antigen-specific IgE antibodies, and/or a positive skin test to common allergens. Furthermore, because of their complex clinical phenotype, atopic diseases can be studied using intermediate or surrogate disease-specific measurements such as BHR or lung function for asthma. As discussed earlier, phenotypes can be defined in several ways: subjective measures (e.g. symptoms), objective measures (e.g. BHR, blood eosinophils or serum IgE levels), or both. In addition, some studies have used quantitative scores that are derived from both physical measures such as serum IgE and BHR and questionnaire data.24,25 It is a lack of a clear definition of atopic phenotypes that presents the greatest problem when reviewing studies of the genetic basis of atopy, with multiple definitions of the same intermediate phenotype often being used in different studies. Likewise, the definition of asthma can be problematic as this can be clinical (symptoms, parental reports), pharmacological (bronchodilator reversibility, steroid responsiveness) or derived from intermediate measures (BHR, lung function).




The Heritability of Atopic Disease: Are Atopy and Atopic Disease Heritable Conditions?

In 1916, the first comprehensive study of the heritability of atopy was undertaken by Robert Cooke and Albert Vander Veer26 at the Department of Medicine of the Postgraduate Hospital and Medical School of New York. Although the atopic conditions they included, as well as those excluded (e.g. eczema), may be open for debate today, the conclusions nonetheless remain the same: that there is a high heritable component to the development of atopy and atopic disease, and as is now more clearly understood biologically, this is owing to the inheritance of a tendency to generate specific IgE responses to common proteins.

Subsequent to the work of Cooke and Vander Veer, the results of many studies have established that atopy and atopic disease such as asthma, rhinitis and eczema have strong genetic components. Family studies have shown an increased prevalence of atopy, and phenotypes associated with atopy, among the relatives of atopic compared with non-atopic subjects.27–29 In a study of 176 normal families, Gerrard and colleagues30 found a striking association between asthma in the parent and asthma in the child, between hay fever in the parent and hay fever in the child, and between eczema in the parent and eczema in the child. These studies suggest that ‘end-organ sensitivity’, or which allergic disease an allergic individual will develop, is controlled by specific genetic factors, differing from those that determine susceptibility to atopy per se. This hypothesis is borne out by a questionnaire study involving 6,665 families in southern Bavaria. Children with atopic diseases had a positive family history in 55% of cases compared with 35% in children without atopic disease (P < .001).31 Subsequent researchers used the same population to investigate familial influences unique to the expression of asthma and found that the prevalence of asthma alone (i.e. without hay fever or eczema) increased significantly if the nearest of kin had asthma alone (11.7% vs 4.7%, P < .0001). A family history of eczema or hay fever (without asthma) was unrelated to asthma in the offspring.32

Numerous twin studies33–39 have shown a significant increase in concordance for atopy among monozygotic twins compared with dizygotic twins, and both twin and family studies have shown a strong heritable component to atopic asthma.37,38,40–42 Using a twin-family model, Laitinen and colleagues43 reported that in families with asthma in successive generations, genetic factors alone accounted for as much as 87% of the development of asthma in offspring, and the incidence of the disease in twins with affected parents is 4-fold compared with the incidence in twins without affected parents. This indicates that asthma is recurring in families as a result of shared genes rather than shared environmental risk factors. This has been further substantiated in a study of 11,688 Danish twin pairs suggesting that 73% of susceptibility to asthma was the result of the genetic component. However, a substantial part of the variation in liability of asthma was the result of environmental factors; there also was no evidence for genetic dominance or shared environmental effects.44




Molecular Regulation of Atopy and Atopic Disease, I: Susceptibility Genes


Positional Cloning by Genome-Wide Screens

Many genome-wide screens for atopy and atopic disorder susceptibility genes have been undertaken.45,46 Multiple regions of the genome have been observed to be linked to varying phenotypes with differences between cohorts recruited from both similar and different populations. This illustrates the difficulty of identifying susceptibility genes for complex genetic diseases. Different genetic loci will show linkage in populations of different ethnicities and different environmental exposures. As mentioned earlier, in studies of complex disease, the real challenge has not been identification of regions of linkage, but rather identification of the precise gene and genetic variant underlying the observed linkage. To date, several genes have been identified as the result of positional cloning using a genome-wide scan for allergic disease phenotypes, including for example ADAM33, GPRA, DPP10, PHF11 and UPAR for asthma, COL29A1 for atopic dermatitis and PCDH1 for bronchial hyperresponsiveness.


Genes Identified by Genome-Wide Association Studies

Subsequent to positional cloning studies, improvements in technology have now enabled genome-wide association studies to be performed with great success in allergic diseases such as asthma, eczema and allergic sensitization. Figure 3-1 illustrates allergy-associated genes reported in GWAS for asthma, rhinitis, serum IgE, atopy and atopic dermatitis, and the overlap between genes associated with different allergic diseases.

[image: image]
Figure 3-1 Overlapping sets of genes have been reported in genome-wide association studies for asthma, rhinitis, serum IgE levels, atopy and atopic dermatitis, supporting a common genetic element within the mechanisms predisposing individuals toward different allergic disease phenotypes. GWAS have also identified many genes in association with only one allergic disease phenotype – these most likely represent the tissue-specific component of each allergic disease (e.g. FLG in the epidermal barrier in atopic dermatitis). To date, more GWAS have been conducted analyzing genetic variants associated with asthma than with other allergic diseases. In the future it is likely that more risk variants for other allergic diseases will be identified. Genes reported in more than one GWAS are shown in bold font. The gene/s reported for SNPs detected to be significantly associated (P ≤ 1 × 10−5) with each allergic disease phenotype were obtained by searching the NHGRI GWAS catalog (http://www.genome.gov/gwastudies, accessed 4 August 2014).





The first novel asthma susceptibility locus to be identified by a GWAS approach contains the ORMDL3 and GSDML genes on chromosome 17q12-21.1.47 317,000 SNPs (in genes or surrounding sequences) were characterized in 994 subjects with childhood-onset asthma and 1,243 non-asthmatics followed by replication in a further 2,320 subjects that revealed five significantly associated SNPs. Following gene expression studies, ORMDL3 was found to be strongly associated with disease-associated markers (P < 10−22 for rs7216389) identified by the GWAS.

Importantly, a number of subsequent studies have replicated the association between variation in the chromosome 17q21 region (mainly rs7216389) and childhood asthma in ethnically diverse populations.48–51 A GWAS by the GABRIEL consortium52 of 26,475 people confirmed the association between GSDML-ORMDL3 and childhood-onset asthma as well as implicating a number of genes involved in Th2 activation including IL33, IL1RL1 and SMAD. The loci associated with asthma were not associated with serum IgE levels.

However, a study of association between SNPs and gene expression levels found that a distant SNP rs1051740 (greater than 4 megabases away and on a different chromosome) in the EPHX1 gene associates with ORMDL3 gene expression at a more significant level than rs7216389.53 Long-distance genomic interactions can mean that the gene within which the SNP is located is not necessarily the causal gene.54,55 Therefore, it is important to remember that considerable work is still required to fully characterize this region of the genome before accepting ORMDL3 as the causal gene through ‘guilt by association’ because many genes in a region of linkage disequilibrium will be associated with disease in a GWAS without, necessarily, being the causative gene. GWAS have also identified novel genes underlying blood eosinophil levels (and also associated with asthma),56 occupational asthma,57 total serum IgE levels58 and eczema.59

Studies of other atopic diseases have focussed on serum IgE levels and/or allergic sensitization. Weidinger et al identified a locus associated with the high-affinity IgE receptor (FCER1A) as strongly associated with both serum IgE and sensitization as well as confirming candidate gene findings of STAT6 and the 5q31 region related to Th2 cytokines.58 An Icelandic study showed an association between IL1RL1 (the IL-33 receptor coding gene) and blood IgE levels.56 This region was also identified in the asthma GWAS by Moffatt et al52; however that study did not find an association between asthma and loci associated with serum IgE levels. A meta-analysis of GWAS studies into allergic sensitization that included a total of 16,170 sensitized individuals, identified a total of 10 loci that are estimated to account for 25% of allergic sensitization and allergic rhinitis. Nine of the 10 SNPs identified also showed a directionally consistent association with asthma. Associations were also identified with atopic dermatitis, albeit weaker than with asthma. The authors also investigated known susceptibility loci and found only weak associations with total IgE levels (FCER1A and HLA-A) and asthma (17q12-21 and IL33). This suggests that these loci do not increase asthma risk through allergic sensitization.60

Until recently, very little was known of the genetic causes of atopic dermatitis (AD), aside from filaggrin, which is described in more detail below. However, recent studies have expanded this knowledge: a recent meta-analysis of atopic dermatitis studies by Paternoster et al on 11,025 cases and 40,398 controls revealed loci at OVOL1 and ACTL9 associated with epidermal proliferation and KIF3A in the 5q31 Th2 cytokine cluster. The study also confirmed the filaggrin (FLG) locus association.61 Meanwhile, Weidinger et al studied childhood-onset AD and again identified the FLG association as well as the KIF3A locus mentioned above and the previously identified 11q13.5 and 5q31 regions. They also noted some overlap with asthma and psoriasis, strengthening the view that AD arises from both epithelial and immune dysfunction.62 This theory is backed up by the discovery of an AD-associated SNP adjacent to C11orf30, which was previously identified as a Crohn's disease susceptibility locus, another disease of immune and epithelial dysfunction.59 Sun et al identified TMEM232 and SLC25A46 at 5q22 and TNFRSF6B and ZGPAT at 20q13 in association with AD in Chinese populations.63

Atopic rhinitis is poorly understood but GWAS have identified loci in C11orf30,64 mentioned above, as well as the HLA region, MRPL4 and BCAP.65 Candidate gene studies found an association with IL13 loci,66 and GWAS have identified several rhinitis-associated loci64 and loci associated with the phenotype ‘asthma and hay fever’.67 Likewise, there is much overlap between food allergy and atopy with candidate gene studies showing associations with CD14, STAT6, SPINK5 and IL1068 but, to date, there have been no GWAS in food allergy.

These studies show the power of the GWAS approach for identifying complex disease susceptibility variants and current research is both expanding these known variants and confirming their associations with clinical phenotypes.69 GWAS has now moved on from simple loci of association with a broad disease definition, such as asthma, and studies are now identifying particular regions associated with phenotypes of disease or subgroups. For example, Du et al identified CRTAM as associated only with asthma exacerbations in those with low vitamin D, and another recent GWAS has identified CDHR3 as being associated with severe asthma.70 We are also gaining a better understanding of how atopic and non-atopic asthma overlap with other atopic diseases such as atopic dermatitis61 and rhinitis.71 We may also be able to integrate epigenetic information into the expression patterns of known and novel SNPs, for example, asthma risk resulting from the IL4R polymorphism rs3024685 is dramatically increased by higher levels of IL4R DNA methylation.72 Although GWAS has not fully explained the heritability of asthma and atopic disease, geneticists remain optimistic, as it is believed that this ‘missing heritability’ can be accounted for.73 It is thought that the inability to find genes could be explained by limitations of GWAS, such as other variants not screened for, analyses not adjusted for gene-environment and gene-gene interactions or epigenetic changes in gene expression. One explanation for missing heritability, after assessing common genetic variation in the genome, is that rare variants (below the frequency of SNPs included in GWAS studies) of high genetic effect, or common copy number variants may be responsible for some of the genetic heritability of common complex diseases.9




Candidate Gene/Gene Region Studies

A large number of candidate regions have been studied for both linkage to and association with a range of atopy-related phenotypes. In addition, SNPs in the promoter and coding regions of a wide range of candidate genes have been examined. Candidate genes are selected for analysis based on a wide range of evidence, for example biological function, differential expression in disease, involvement in other diseases with phenotypic overlap, affected tissues, cell type(s) involved and findings from animal models. There are now more than 500 studies that have examined polymorphism in more than 200 genes for association with asthma and allergy phenotypes.45,74 When assessing the significance of association studies, it is important to consider several things. For example, was the size of the study adequately powered if negative results are reported? Were the cases and controls appropriately matched? Could population stratification account for the associations observed? In the definitions of the phenotypes, which phenotypes have been measured (and which have not)? How were they measured? Regarding correction for multiple testing, have the authors taken multiple testing into account when assessing the significance of association? Publications by Weiss,75 Hall,76 and Tabor and colleagues77 review these issues in depth.

Genetic variants showing association with a disease are not necessarily causal, because of the phenomenon of linkage disequilibrium (LD), whereby polymorphism A is not affecting gene function but rather it is merely in LD with polymorphism B that is exerting an effect on gene function or expression. Positive association may also represent a Type I error; candidate gene studies have suffered from non-replication of findings between studies, which may be due to poor study design, population stratification, different LD patterns between individuals of different ethnicity and differing environmental exposures between study cohorts. The genetic association approach can also be limited by under-powered studies and loose phenotype definitions.78


An Example of a Candidate Gene: Interleukin-13


Given the importance of Th2-mediated inflammation in allergic disease, and the biological roles of IL13, including switching B cells to produce IgE, wide-ranging effects on epithelial cells, fibroblasts, and smooth muscle promoting airway remodeling and mucus production, IL13 is a strong biological candidate gene. Furthermore, IL13 is also a strong positional candidate. The gene encoding IL13, like IL4, is located in the Th2 cytokine gene cluster on chromosome 5q31 within 12 kb of IL4,79 with which it shares 40% homology. This genomic location has been extensively linked with a number of phenotypes relevant to allergic disease including asthma, atopy, specific and total IgE responses, blood eosinophils and BHR.80

Asthma-associated polymorphisms have been identified in the IL13 gene, including a single-base pair substitution in the promoter of IL13 adjacent to a consensus nuclear factor of activated T cell binding sites. Asthmatics are significantly more likely to be homozygous for this polymorphism (P = .002, odds ratio = 8.3)81 and the polymorphism is associated, in vitro, with reduced inhibition of IL13 production by cyclosporine and increased transcription factor binding. Hypotheses proposed to explain the association of this IL13 polymorphism and development of atopic disease include decreased affinity for the decoy receptor IL13Rα2, increased functional activity through IL13Rα1 and enhanced stability of the molecule in plasma (reviewed in Kasaian and Miller82).

An amino acid polymorphism of IL13 has also been described: R110Q (rs20541).83–85 The 110Q variant enhances allergic inflammation compared to the 110R wild-type IL-1386 by inducing STAT6 phosphorylation, CD23 expression in monocytes and hydrocortisone-dependent IgE switching in B cells. It also has a lower affinity for the IL-13Rα2 decoy receptor and produced a more sustained eotaxin response in primary human fibroblasts expressing low levels of IL-13Rα2.87

IL-13 polymorphism associations have been inconsistent with some studies showing association with atopy in children85,88 while others show associations with asthma and not atopy.86 Howard and colleagues89 also showed that the −1112 C/T variant of IL13 contributes significantly to BHR susceptibility (P = .003) but not to total serum IgE levels. Thus, it is possible that polymorphisms in IL13 may confer susceptibility to airway remodeling in persistent asthma, as well as to allergic inflammation in early life.

As discussed previously, positive association observed between an SNP and a phenotype does not imply that the SNP is casual. IL13 lies adjacent to IL4, an equally strong biological candidate in which SNPs have shown association with relevant phenotypes,90 and within the chromosome 5q31 gene cluster that is known to contain an asthma susceptibility gene. Therefore association observed with IL13 SNPs may simply represent a proxy measure of the effect of polymorphisms in IL4 or another gene in the region. For example, a recent genome-wide association study of total IgE levels reported significant associations between polymorphisms in an adjacent gene, RAD50, and total serum IgE levels,62 in a region containing a number of evolutionary conserved non-coding sequences that may play a role in regulating IL4 and IL13 transcription.91 However, given the extensive biologic evidence for functionality and recent studies examining polymorphisms across the gene region showing independent effects of the IL13 R110Q SNP, it is likely that the reported IL13 associations are real.

Many studies have observed positive associations of specific genetic polymorphisms with differential response to environmental factors in asthma and other respiratory phenotypes.92,93 IL13 levels have been shown to be increased in children whose parents smoke94 and interaction between IL13 −1112 C/T and smoking with childhood asthma as an outcome has been reported,95 as well as evidence for this same SNP modulating the adverse effect of smoking on lung function in adults.96 Thus, differences in smoking exposure between studies may account for some of the differences in findings between studies. DNA methylation is affected by both genetic variants and environment, which may later determine disease risk. For example, Patil et al demonstrated that while rs20541 polymorphisms interacted with maternal smoking to determine methylation at the cg13566430 IL13 promoter region methylation site, a relationship between the rs1800925 SNP in the IL13 locus and the same cg13566430 methylation site affected lung function. This demonstrates the ‘two-step’ model of environment and genetic variance affecting disease state, as shown in Figure 3-2.97

[image: image]
Figure 3-2 Graph showing effect of interaction between single nucleotide polymorphism (SNP) at rs1800925 (red, blue and green lines show different genotypes) and percentage methylation at cg13566430 on lung function (FEV1/FVC). The modifying effect of genotype on the relationship between methylation and lung function demonstrates the interaction of early environment (methylation) and genetics (SNP).98 FEV1 – forced expiratory volume in 1 second, FVC – forced vital capacity.









An Example of a Candidate Gene: Interleukin-33


Since its identification in 2005, IL-33 has emerged as one of the most important cytokines in Th2 differentiation, and its receptor, ST2, is an excellent marker of Th2 cells.99 IL-33 is a member of the IL-1 family and is located on chromosome 9, therefore separate from the chromosome 5q31 cluster of IL13 and IL4, and not in LD with these genes. Its receptor is encoded by IL1RL1 on chromosome 2, associated with the IL1 cluster. IL33 polymorphisms within two LD blocks have been identified in GWAS as associated with asthma,56,98,100,101 but these findings have not always been replicated.70 A number of polymorphisms have also been identified by candidate gene approaches and by both candidate gene and GWAS in the IL1RL1 gene (IL-33 receptor).102 The IL-33/IL1RL1 pathway has been implicated in the stimulation of type 2 innate lymphoid cells (ILC2s) that produce IL-4, IL-5 and IL-13103 and thus may have a pivotal role in initiating the Th2 phenotype in atopy/asthma. Indeed IL1RL1 polymorphisms have been shown to be associated with lower levels of IL1RL1 transcription.104

Any observed association of IL13 or IL33/IL1RL1 polymorphisms should have its effect reported in context by considering other variation in other relevant genes, whose products may modulate its effects. For example, there are a number of other functional polymorphisms in genes encoding other components of the IL4/IL13 signaling pathway (IL4, IL13, IL4RA, IL13Rα1, IL13Rα2 and STAT6) with synergistic effects.105 Likewise, the IL1RL1 locus is closely related to the IL-18 receptor gene (IL18R1), which has a complex LD structure. IL-18 is associated with Th1 responses and cell adhesion. This difficulty has been reviewed by Grotenboer et al who describe the multiple genetic signals in the IL33 and IL1RL1 loci that contribute to asthma pathogenesis. Their suggestion is that the complex LD may be overcome by performing further association studies in other populations with less LD or using meta-analysis with a number of conditional sub-analyses. Further functional and mechanistic studies are also needed.102

The IL13/IL33 polymorphism studies illustrate many of the difficulties of genetic analysis in complex disease. Replication is often not found between studies and this may be accounted for by the lack of power to detect the small increases in disease risk that are typical for susceptibility variants in complex disease. Differences in genetic make-up,106,107 in environmental exposure between study populations, and failure to ‘strictly replicate’77 in either phenotype (IgE and atopy vs asthma and BHR) or genotype (different polymorphisms in the same gene) can all contribute to the lack of replication between studies. Furthermore, studies of a single polymorphism, or even a single gene in isolation can over-simplify the complex genetic variants in asthma pathogenesis and the cross-talk between implicated cytokines, as shown by the roles of IL-13, IL-33, IL1RL1 and Th2/ILC2 cells in asthma pathogenesis.







Analysis of Clinically Defined Subgroups

One approach is to identify genes in a rare, severely affected subgroup of patients, in whom disease appears to follow a pattern of inheritance that indicates the effect of a single major gene. The assumption is that mutations (polymorphisms) of milder functional effect in the same gene in the general population may play a role in susceptibility to the complex genetic disorder. One example of this has been the identification of the gene encoding the protein filaggrin as a susceptibility gene for atopic dermatitis.


Filaggrin

Filaggrin (filament-aggregating protein) has a key role in epidermal barrier function. The protein is a major component of the protein-lipid cornified envelope of the epidermis important for water permeability and blocking the entry of microbes and allergens.108 In 2002, the condition ichthyosis vulgaris, a severe skin disorder characterized by dry flaky skin and a predisposition to atopic dermatitis and associated asthma, was mapped to the epidermal differentiation complex on chromosome 1q21; this gene complex includes the filaggrin gene (FLG).109 In 2006, Smith and colleagues110 reported that loss of function mutations in the filaggrin gene caused ichthyosis vulgaris.

Noting the common occurrence of atopic dermatitis in individuals with ichthyosis vulgaris, these researchers subsequently showed that common loss of function variants (combined carrier frequencies of 9% in the European population111) were associated with atopic dermatitis in the general population.112 Subsequent studies have confirmed an association with atopic dermatitis,113–115 and also with asthma116 and allergy117 but only in the presence of atopic dermatitis. Atopic dermatitis in children is often the first sign of atopic disease and these studies of filaggrin mutation have provided a molecular mechanism for the co-existence of asthma and dermatitis. It is thought that deficits in epidermal barrier function could initiate systemic allergy by allergen exposure through the skin and start the ‘atopic march’ in susceptible individuals.118,119










Molecular Regulation of Atopy and Atopic Disease, II: Disease-Modifying Genes

The concept of genes interacting to alter the effects of mutations in susceptibility genes is not unknown. A proportion of interfamilial variability can be explained by differences in environmental factors and differences in the effect of different mutations in the same gene. Intra-familial variability, especially in siblings, cannot be so readily accredited to these types of mechanisms. Many genetic disorders are influenced by ‘modifier’ genes that are distinct from the disease susceptibility loci.


Genetic Influences on Disease Severity

Very few studies of the heritability of IgE-mediated disease have examined phenotypes relating to severity. Sarafino and Goldfedder35 studied 39 monozygotic twin pairs and 55 same-sex dizygotic twin pairs for the heritability of asthma and asthma severity. Asthma severity (as measured by frequency and intensity of asthmatic episodes) was examined in twin pairs concordant for asthma. Severity was significantly correlated for monozygotic pairs but not for dizygotic pairs, suggesting there are distinct genetic factors that determine asthma severity as opposed to susceptibility.

A number of studies have examined associations between asthma severity and polymorphisms in candidate genes but were initially hampered by the lack of clear, easily applied, accurate phenotype definitions for asthma severity that distinguish between the underlying severity and level of therapeutic control. For example, it has been suggested that β2-adrenergic receptor polymorphisms could influence asthma severity, and the Arg16Gly polymorphism has been associated with measures of asthma severity.120 However, it is not clear whether β2-adrenergic receptor polymorphisms affect patients' responses to β2 agonists or, regardless of their effects on treatment, these polymorphisms lead to more severe chronic asthma.121 GWAS has identified CDHR3 as being associated with severe asthma122 and a retrospective study of the Childhood Asthma Management Program (CAMP) cohort showed that variation in the gene encoding the low-affinity IgE receptor, FCER2, is associated with high IgE levels and increased frequency of severe exacerbations despite inhaled corticosteroid treatment.123




Genetic Regulation of Response to Therapy: Pharmacogenetics

Genetic variability may not only play a role in influencing susceptibility to allergy but may also modify its severity or influence the effectiveness of therapy.70 In asthma, patient response to drugs such as bronchodilators, corticosteroids and anti-leukotrienes is heterogeneous.124,125 In the future, identification of such pharmacogenetic factors has the potential to allow individualized treatment plans based on an individual's genetic background.126 One of the most investigated pharmacogenetic effects has been the effect of polymorphisms at the gene encoding the β2-adrenergic receptor, ADRB2, on the bronchodilator response to inhaled short- and long-acting β agonists.

Clinical studies have shown that β2-adrenergic receptor polymorphisms may influence the response to bronchodilator treatment. The two most common polymorphisms of the receptor are at amino acid 16 (Arg16Gly) and at amino acid 27 (Gln27Glu).127 Asthmatic patients carrying the Gly16 polymorphism have been shown to be more prone to develop bronchodilator desensitization,128 whereas children who are homozygous or heterozygous for Arg16 are more likely to show positive responses to bronchodilators.129 Studies in vitro have shown that the Gly16 polymorphism increases down-regulation of the β2-adrenergic receptor after exposure to a β2 agonist. In contrast, the Glu27 polymorphism appears to protect against agonist-induced down-regulation and desensitization of the β2-adrenergic receptor.130,131

However, a study of 190 asthmatics examined whether β2-adrenergic receptor genotype affects the response to regular versus as-needed albuterol use.132 During a 16-week treatment period, there was a small but significant decline in morning peak flow in patients homozygous for the Arg16 polymorphism who used albuterol regularly. The effect was magnified during the 4-week run-out period when all patients returned to albuterol as needed. However, other studies have suggested that response to bronchodilator treatment is genotype independent.133,134

In contrast to the possible effects on short-acting bronchodilators, pharmacogenetic analysis of β2-adrenergic receptor polymorphisms has found no effect on response to long-acting β2 agonist therapy in combination with corticosteroids.135,136 These findings are difficult to explain in the light of the studies discussed linking the Gly16 allele with BHR, β2 agonist effectiveness, and asthma severity but may indicate that the co-administration of corticosteroids abrogates the effect of variation of ADRB2. The complexity of the genotype by response effects observed for variation in ADRB2 makes clinical application limited at this time and may require the use of detailed haplotypic variation to fully understand the role that variation at this locus plays in regulating β2 agonist response.137 ARG1 encoding for arginase 1 is also associated with response to albuterol.138

While glucocorticoid therapy is a potent anti-inflammatory treatment for asthma, there is a subset of asthmatics who are poor responders and clinical studies have shown that those with severe disease are more likely to have glucocorticoid resistance.139 Numerous mutations in the glucocorticoid receptor gene that alter expression, ligand binding and signal trans-activation have been identified; however, these are rare and studies in asthma have not revealed an obvious correlation between any specific polymorphism in the glucocorticoid receptor gene and a response to corticosteroid treatment. However, a number of studies have examined variations in components of downstream signaling pathways or other related genes. For example, Tantisira and colleagues140 have shown that variation in the Adenylcyclase 9 gene predicts improved bronchodilator response following corticosteroid treatment, and also identified variation in the CRHR1 locus141,142 and the gene encoding TBX21143 as potential markers for steroid responsiveness. Other genes implicated in steroid responsiveness are STIP,144 GLCCI1145 and T.146 These discoveries have contributed to the growing recognition of steroid-resistant asthma as a separate phenotype that may be neutrophil-driven rather than eosinophilic.147

Genetic polymorphism may also play a role in regulating responses to anti-leukotrienes.148 In part, this is mediated by polymorphism in both ALOX5 and other components of the leukotriene biosynthetic pathway such as GPR99.149–151 There is also a substantial overlap in the genetic modulation of response to the two classes of leukotriene modifier drugs (5-LO inhibitor and Cysteinyl LT1 receptor antagonists).152 Genetic variation in the leukotriene biosynthetic pathway has also been shown to be associated with increased susceptibility to several chronic disease phenotypes including myocardial infarction,153,154 stroke,154,155 atherosclerosis156 and asthma,157 suggesting variation in leukotriene production increases risk and severity of inflammation in many conditions. ALOX5 polymorphisms have also been linked to asthma severity.158

Increasingly, there is a focus on developing immune response modifier biologicals of asthma cytokines such as IL-4, IL-13, IL-5 and IL-33. Pikantra is a biological developed as an IL-4 variant that inhibits the IL-4/13 pathway, but response is dependent on IL4R genotype.159

The aim of pharmacogenetic approaches is to maximize the therapeutic response and minimize any side-effects and although there is no direct pharmacogenetic test for asthma treatment, there is a growing body of research suggesting that development of these tests would be of great benefit to develop new drugs, tailor treatment to those who will most benefit (improving cost-effectiveness) and provide better control of asthma.







Epigenetics and Allergic Disease

The important role of epigenetics as a mechanism by which the environment can alter disease risk in an individual is being increasingly recognized. The term epigenetics refers to biological processes that regulate gene activity but do not involve changes in the DNA sequence. Epigenetic processes include post-translational modification of histones by acetylation and methylation, and DNA methylation. Modification of histones, around which the DNA is coiled, alters the tightness with which the chromatin fiber is packed and affects rate of transcription. DNA methylation involves the addition of a methyl group to specific cytosine bases, altering gene expression. Increased DNA methylation in the promoter is typically associated with decreased gene expression, whereas within the body of the gene it is associated with increased gene expression, and around exon boundaries it can affect alternative splicing. DNA methylation patterns can be heritable across both cellular divisions and organismal generations. Epigenetic marks are altered by environmental exposures experienced by the individual, and these changes can last decades.

There is evidence that epigenetic factors are important in allergic disease. Epigenetic profiles differ between individuals with and without allergic disease,160,161 though it is important to note that in most cases these epigenetic changes can be both causes and consequences of allergic disease. Importantly, changes to histone modifications and DNA methylation can be induced by risk factors for allergy such as tobacco smoke, caesarean birth and maternal nutrition in early life.162 This evidence strongly supports epigenetics as a mechanism by which the environment affects allergic disease risk and a mechanism by which gene-environment interaction can occur. Indeed, interactions between genetic variants and DNA methylation have been observed in asthma,72 lung function97 (Figure 3-2) and eczema.163

However, in itself, environmentally induced epigenetic change to an individual's epigenome cannot explain the observed heritability of allergic disease – this would require the epigenetic change to be inherited through meiosis and the effect of exposure in one generation to lead to increased risk in subsequent generations. In humans, trans-generational effects have been observed where the initial environmental exposure occurred in F0 generation and changes in disease susceptibility were still evident in F2 (grandchildren). Pembrey and colleagues164 showed that exposures such as poor nutrition or smoking during the slow growth period of the F0 generation resulted in effects on life expectancy and growth through the male line and female line in the F2 generation, although there had been no further exposure. In mouse models, ancestral folate deprivation causes congenital malformations that persist for five generations, most likely via epigenetics.165 Observations such as grandmaternal smoking increasing the risk of childhood asthma in their grandchildren166 support the concept that trans-generational epigenetic effects may be operating in allergic disease. This is further supported by the study of animal models, for example in one model where mice were exposed to in utero supplementation with methyl donors and exhibited enhanced airway inflammation following allergen challenge.167 It is probable in the near future that the study of large prospective birth cohorts with information on maternal environmental exposures during pregnancy will provide important insights into the role of epigenetic factors in the heritability of allergic disease.168




Conclusions

The varying and sometimes conflicting results of studies to identify allergic disease susceptibility genes reflect the genetic and environmental heterogeneity seen in allergic disorders and illustrate the difficulty of identifying susceptibility genes for complex genetic diseases. This is the result of a number of factors, including difficulties in defining phenotypes and population heterogeneity with different genetic loci showing association in populations of differing ethnicity and differing environmental exposure. However, despite this, there is now a rapidly expanding list of genes robustly associated with a wide range of allergic disease phenotypes.

This leads to the question, is it possible to predict the likelihood that an individual will develop allergic disease? To an extent, clinicians already make some predictions of the risk of developing allergic disease through the use of family history and this has been shown to have some validity.169 However, at present, we are not in a position to utilize the rapidly accumulating knowledge of genetic variants that influence allergic disease progression in clinical practice. This simply reflects the complex interactions between different genetic and environmental factors required both to initiate disease and determine progression to a more severe phenotype in an individual, meaning that the predictive value of variation in any one gene is low, with a typical genotype relative risk of 1.1–1.5.170

However, it is possible that, as our knowledge of the genetic factors underlying disease increases, the predictive power of genetic testing will increase sufficiently to enable its use in clinical decision making (Box 3-1). For example, simulation studies based on the use of 50 genes relevant for disease development demonstrated that an area under a curve (AUC) of 0.8 can be reached if the genotype relative risk is 1.5 and the risk allele frequency is 10%.170,171 Whether this is likely to improve on diagnostics using traditional risk factor assessment is a separate issue. Analyses of the power of genetic testing to predict risk of non-insulin-dependent diabetes (for which many more genetic risk factors have been identified through genome-wide approaches than for allergic disease at this stage) demonstrate that, currently, the inclusion of common genetic variants has only a small effect on the ability to predict the future development of the condition.172,173 This has led some to question the ‘disproportionate attention and resources’ given to genetic studies in the prevention of common disease.174 However, the identification of further risk factors and the development of better methods for incorporating genetic factors into risk models are likely to substantially increase the value of genotypic risk factors and may also provide a means for predicting progression to severe disease and targeting of preventative treatment in the future.175


Box 3-1

Key Concepts

What Can Genetics Studies of Allergic Disease Tell Us?





Greater Understanding of Disease Pathogenesis

• Identification of novel genes and pathways leading to new pharmacologic targets for developing therapeutics





Identification of Environmental Factors that Interact with an Individual's Genetic Make-up to Initiate Disease

• Prevention of disease by environmental modification





Identification of Susceptible Individuals

• Early-in-life screening and targeting of preventative therapies to at-risk individuals to prevent disease





Targeting of Therapies


• Subclassification of disease on the basis of genetics and targeting of specific therapies based on this classification

• Determination of the likelihood of an individual responding to a particular therapy (pharmacogenetics) and individualized treatment plans











Whatever the future value of genetic studies of allergic disease in predicting risk, it is unlikely that this will be the area of largest impact of genetics studies on the treatment and prevention of these conditions. Rather, it is the insight the genetic studies have provided, and undoubtedly will continue to provide, into disease pathogenesis. It is clear from genetic studies of allergic disease that the propensity to develop atopy is influenced by factors different than those that influence atopic disease. However, these disease factors require interaction with atopy (or something else) to trigger disease. For example, in asthma, bronchoconstriction is triggered mostly by an allergic response to inhaled allergen accompanied by eosinophilic inflammation in the lungs, but in some people who may have ‘asthma susceptibility genes’ but not atopy, asthma is triggered by other exposures, such as toluene di-isocyanate.57 It is possible to group the genes identified into four broad groups (Figure 3-3). Firstly, there is a group of genes that are involved in directly modulating response to environmental exposures. These include genes encoding components of the innate immune system that interact with levels of microbial exposure to alter risk of developing allergic immune responses as well as detoxifying enzymes such as the Glutathione S-transferase genes that modulate the effect of exposures involving oxidant stress, such as tobacco smoke and air pollution. The second major group that includes many of the genes identified through hypothesis independent genome-wide approaches is a group of genes involved in maintaining the integrity of the epithelial barrier at the mucosal surface and signaling of the epithelium to the immune system following environmental exposure. For example, polymorphisms in FLG that directly affect dermal barrier function are associated, not only with increased risk of atopic dermatitis, but also with increased atopic sensitization. The third group of genes are those that regulate the immune response, including those such as IL13, RAD50 IL4RA, STAT6, TBX21 (encoding Tbet), FCER1A, HLAG and GATA3 that regulate Th1/Th2 differentiation and effector function, but also others such as IRAKM and PHF11 that may regulate the level of inflammation that occurs at the end organ for allergic disease (i.e. airway, skin, nose, etc.). Finally, but not least, a number of genes appear to be involved in determining the tissue response to chronic inflammation, such as airway remodeling. They include genes such as ADAM33 expressed in fibroblasts and smooth muscle and COL29A1 encoding a novel collagen expressed in the skin and linked to atopic dermatitis.
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Figure 3-3 Susceptibility genes for allergic disease: a large number of robustly associated genes have been identified that predispose to allergic disease. These can be broadly divided into four main groups. Group 1 – sensing the environment. This group of genes encodes molecules that directly modulate the effect of environmental risk factors for allergic disease. For example, genes such as TLR2, TLR4 and CD14 encoding components of the innate immune system interact with levels of microbial exposure to alter risk of developing allergic immune responses. Polymorphism of glutathione-S-transferase genes (GSTM1, -2, -3, and -5, GSTT1 and GSTP1) has been shown to modulate the effect of exposures involving oxidant stress such as tobacco smoke and air pollution on asthma susceptibility. Group 2 – barrier function. The body is also protected from environmental exposure through the direct action of the epithelial barrier both in the airways and in the dermal barrier of the skin. A high proportion of the novel genes identified for susceptibility to allergic disease through genome-wide linkage and association approaches has been shown to be expressed in the epithelium. This includes genes such as FLG that directly affect dermal barrier function and are associated not only with increased risk of atopic dermatitis but also with increased atopic sensitization and inflammatory products produced directly by the epithelium such as chemokines and defensins. Other novel genes such as ORMDL3/GSDML are also expressed in the epithelium and may have a role in possibly regulating epithelial barrier function. Group 3 – regulation of (atopic) inflammation. This group of genes includes genes that regulate Th1/Th2 differentiation and effector function such as IL13, IL4RA, STAT6, TBX21 (encoding T-bet) and GATA3, as well as genes such as IRAKM and PHF11 that potentially regulate both atopic sensitization and the level of inflammation that occurs at the end organ location for allergic disease (airway, skin, nose, etc.). This also includes the genes recently identified as regulating the level of blood eosinophilia using a GWAS approach (IL1RL1, IL33, MYB and WDR36). Group 4 – tissue response genes. This group of genes appears to modulate the consequences of chronic inflammation such as airway remodeling. They include genes such as ADAM33 expressed in fibroblasts and smooth muscle and COL29A1, encoding a novel collagen expressed in the skin and linked to atopic dermatitis. It is important to recognize that some genes may affect more than one component, for example IL13 may regulate atopic sensitization through switching B cells to produce IgE but also has direct effects on the airway epithelium and mesenchyme promoting goblet cell metaplasia and fibroblast proliferation.





Thus, the insights provided by the realization that genetic variation in genes regulating atopic immune responses is not the only, or even the major, factor in determining susceptibility to allergic disease, have highlighted the importance of local tissue response factors and epithelial susceptibility factors in the pathogenesis of allergic disease.176 This is possibly the greatest contribution that genetic studies have made to the study of allergic disease and where the most impact in the form of new therapeutics targeting novel pathways of disease pathogenesis is likely to occur.

In conclusion, over the past 15 years, there have been many linkage and association studies examining genetic susceptibility to atopy and allergic disease resulting in the unequivocal identification of a number of loci that alter the susceptibility of an individual to allergic disease. While further research is needed to confirm previous studies and to understand how these genetic variants alter gene expression and/or protein function, and therefore contribute to the pathogenesis of disease, genetic studies have already helped to change our understanding of these conditions. In the future, the study of larger cohorts and the pooling of data across studies will be needed to allow the determination of the contribution of identified polymorphisms to susceptibility and how these polymorphisms interact with each other and the environment to initiate allergic disease. Furthermore it is now apparent that the added complexity of epigenetic influences on allergic disease needs to be considered. Despite these challenges for the future, genetic approaches to the study of allergic disease have clearly shown that they can lead to identification of new biologic pathways involved in the pathogenesis of allergic disease, the development of new therapeutic approaches and the identification of at-risk individuals (Box 3-2).


Box 3-2

Key Concepts


Genetic Effects on Allergy and Allergic Disease

Determine Susceptibility Atopy


• ‘Th2’ or ‘IgE switch’ genes
Determine specific target-organ disease in atopic individuals

• Asthma susceptibility genes
‘Lung-specific factors’ that regulate susceptibility of lung epithelium/fibroblasts to remodeling in response to allergic inflammation, such as ADAM33

• Atopic dermatitis susceptibility genes
Genes that regulate dermal barrier function, such as FLG




Influence the Interaction of Environmental Factors with Atopy and Allergic Disease


• Determining immune responses to factors that drive Th1/Th2 skewing of the immune response, such as CD14 and TLR4 polymorphism and early childhood infection

• Modulating the effect of exposures involving oxidant stress such as tobacco smoke and air pollution on asthma susceptibility

• Altering interaction between environmental factors and established disease, such as genetic polymorphism regulating responses to respiratory syncytial virus infection and asthma symptoms






Modify Severity of Disease

• Examples are tumor necrosis factor α and CDHR3 polymorphisms





Regulate Response to Therapy


• Pharmacogenetics

• Examples are β2-adrenergic receptor polymorphism and response to β2 agonists
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Regulation and Biology of Immunoglobulin E
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Key Points


• IgE-producing B cells arise from IgM+ or IgG+ B cells via the process of class switch recombination (CSR). B cells undergoing CSR undergo somatic gene rearrangements in the immunoglobulin heavy chain locus leading to the assembly of a gene encoding the ε-heavy chain retaining the original antigenic specificity of the B cell clone.

• IgE antibody production is regulated by Th2 cells. These provide a combination of signals including secreted cytokine (IL-4 or IL-13) and cell surface molecules (CD40L).

• IgE signaling via FcεRI, its high-affinity receptor, on mast cells and basophils by polyvalent antigen leads to the activation of a complex array of signaling pathways resulting in the release of preformed and newly synthesized mediators of immediate hypersensitivity.

• The low-affinity IgE receptor, CD23, mediates IgE-facilitated antigen uptake by antigen-presenting cells, transcellular allergen transport in gastrointestinal and airway epithelium and regulation of IgE production.

• IgE antibodies regulate numerous aspects of hypersensitivity including IgE-receptor density on mast cells and basophils and mast cell homeostasis.





Normally present at very low levels in plasma, antibodies of the immunoglobulin E (IgE) isotype were first discovered in 1967, decades after the description of IgG, IgA and IgM. IgE antibodies are produced primarily by plasma cells in mucosal-associated lymphoid tissue and their levels are uniformly elevated in patients suffering from atopic conditions like asthma, allergic rhinitis and atopic dermatitis. Production of allergen-specific IgE in atopic individuals is driven both by a genetic predisposition to the synthesis of this isotype as well as by environmental factors, including chronic allergen exposure. The lineage commitment by B cells to produce IgE involves irreversible genetic changes at the immunoglobulin heavy chain gene locus and is very tightly regulated. It requires both cytokine signals (interleukin [IL]-4 and IL-13) and interaction of TNF receptor family members on the B cell surface with their ligands.

IgE antibodies exert their biologic functions via the high-affinity IgE receptor, FcεRI, and the low-affinity receptor, CD23. In the classic immediate hypersensitivity reaction, the interaction of polyvalent allergens with IgE bound to mast cells via FcεRI triggers receptor aggregation, which initiates a series of signals that result in the release of vasoactive and chemotactic mediators of acute tissue inflammation. Clinical manifestations of IgE-induced immediate hypersensitivity include systemic anaphylaxis (triggered by foods, drugs and insect stings), bronchial edema with smooth muscle constriction and acute airflow obstruction in asthmatic patients (following allergen inhalation), angioedema and urticaria. Although best known for their critical function in mediating antigen-specific immediate hypersensitivity reactions, IgE antibodies also exert potent immunoregulatory effects including regulation of mast cell homeostasis, stabilization of IgE receptor expression and enhancement of mast cell-mediated expansion of Th2 responses and suppression of Treg responses to allergens.


Components of the Immune Response


Immunoglobulin E Protein Structure and Gene Organization

Immunoglobulin E (IgE) antibodies are tetramers consisting of two light chains (κ or λ) and two ε-heavy chains (Figure 4-1 and Box 4-1). The heavy chains each contain a variable (VH) region and four constant region domains. The VH domain, together with the V-regions of the light chains (VL), confers antibody specificity and the Cε domains confer isotype-specific functions, including interaction with FcεRI and CD23. IgE antibodies are heavily glycosylated and contain numerous intrachain and interchain disulfide bonds. The exons encoding the ε-heavy chain domains are located in the Cε locus near the 3′ end of the immunoglobulin heavy chain locus (IgH) (Figure 4-2).1 Additional exons, M1 and M2, encode hydrophobic sequences present in the ε-heavy chain mRNA splice isoforms encoding transmembrane IgE in IgE+ B cells. In contrast to IgG antibodies, which have a half-life of about 3 weeks, IgE antibodies are very short-lived in plasma ([image: image] 1ess than 1 day), but they can remain fixed to mast cells in tissues for weeks or months.

[image: image]
Figure 4-1 IgE antibody structure. IgE antibodies are tetramers containing two immunoglobulin light chains and two immunoglobulin ε-heavy chains connected by interchain disulfide bonds as indicated. Each light chain contains one VL and one CL immunoglobulin domain and each ε-heavy chain contains an N-terminal VH domain and four Cε domains. Intrachain disulfide bonds are contained within each of these immunoglobulin domains. The Cε domains contain IgE isotype-specific sequences important for interactions with IgE receptors FcεRI and CD23. IgE antibodies are relatively heavily glycosylated; glycosylation sites are indicated with circles.






Box 4-1

Key Concepts

Components of the Immune Response




IgE Antibodies, Genes and Receptors




	• IgE structure


	IgE protein


	IgE gene arrangement


	• IgE class-switch recombination


	Germline transcription


	Structure of the Iε promoter

	Cytokine regulation of germline transcription

	CD40/CD154 signaling

	TACI/BAFF signaling

	Activation-induced cytidine deaminase

	DNA double strand breaks and repair


	• IgE receptors


	FcεRI


	CD23
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Figure 4-2 The human immunoglobulin heavy chain gene locus; deletional class-switch recombination. (A) The human immunoglobulin heavy chain locus contains clusters of VH, DH and JH cassettes that are stochastically rearranged during B cell ontogeny. This process, which involves DNA excision and repair, results in the assembly of a complete VDJ exon encoding an antigen-binding VH domain. Pre-B cells that have completed this rearrangement are capable of producing intact µ-heavy chains and, following an analogous process of light chain rearrangements, can produce intact IgM antibodies. (B) Production of other antibody isotypes, bearing the original antigenic specificity, requires an additional excision and repair process, deletional ‘class-switch recombination’ (CSR). For IgE isotype switching, this process involves the excision of a large piece of genomic DNA spanning from Sµ switch sequences just upstream of the µ-heavy chain exons to the Sε sequence 5′ of the Cε exons. (C) Ligation of the VDJ sequences to the Cε locus then gives rise to an intact ε-heavy chain gene containing a VH-encoding VDJ exon and exons Cε1-4 encoding the constant region domains of ε-heavy chain. The M1 and M2 exons encode trans-membrane sequences that are present in RNA splice isoforms encoding the membrane IgE of IgE+ B cells.





The assembly of a functional IgE gene requires two sequential processes of DNA excision and ligation.2,3 In the first, which occurs in pre-B cells, individual VH, D, and JH exons randomly combine to generate a VHDJH cassette encoding an antigen- specific VH domain. In B cells that have undergone ‘productive’ VHDJH rearrangements (e.g. no stop codons have been introduced during assembly), this VHDJH cassette is situated just upstream of the Cµ and Cδ exons so that functional µ- and δ-heavy chain transcripts can be produced.

A second DNA excision and ligation process, called class switch recombination (CSR), must occur before B cells can produce antibodies of other isotypes, including IgE. These antibodies retain their original VHDJH cassette and antigenic specificity but exchange CH cassettes of various isotypes to construct different heavy chains that exert distinct biologic functions. In this tightly regulated and irreversible process, sometimes referred to as deletional switch recombination, a long stretch of genomic DNA spanning from the Sµ region between VHDJH and Cµ to Sε upstream of the Cε locus is excised (see Figure 4-2). The DNA products of this reaction include an extrachromosomal circle of intervening DNA and the contiguous VHDJH and Cε sequences, joined by Sµ-Sε ligation, to generate a functional IgE gene. A complex series of cytokine signals and cell surface interactions collaborate to trigger deletional switch recombination in B cells destined for IgE production.


Regulation of IgE Isotype Switching


ε-Germline Transcription Precedes Isotype Switch Recombination

Before deletional isotype switch recombination is initiated, cytokine signals provided by IL-4 and/or IL-13 induce RNA transcription in the IgH locus of B cells. This occurs at the unrearranged or ‘germline’ ε-heavy chain locus driven from a promoter 5′ of the Iε exon, located just upstream of the Sε switch recombination region and the four Cε exons (Figure 4-3). This is referred to as ε-germline RNA and the transcripts include a 140-bp Iε exon as well as exons Cε1-Cε4.4,5 As Iε contains several stop codons, germline transcripts do not encode functional proteins and have been referred to as ‘sterile’.6

[image: image]
Figure 4-3 ε-Germline transcription (εGLT). Class switch recombination is invariably preceded by a process of RNA transcription at the CH locus being targeted by specific cytokine signals. ε-Germline transcripts originate at a promoter upstream of the Iε exon. This promoter contains binding sites for transcription factors C/EBP, PU.1, STAT-6, NF-κB (two sites), and Pax5. STAT-6 activation is triggered by IL-4 and IL-13 receptor signaling and is the critical regulatory factor in ε-germline transcription. BCL-6 is a transcriptional repressor that binds to the STAT-6 target site and inhibits εGLT. Germline transcripts contain Iε and Cε1-4 exons but, because the Iε exon contains stop codons (‘X’), these RNAs do not encode a functional protein.






Regulation of Germline Transcription, The Iε Promoter

Initiation of germline transcription is regulated by the Iε promoter that contains binding sites for several known transcription factors including STAT-6, NF-κB, BSAP (Pax5), C/EBP and PU.1 (see Figure 4-3). Accessibility of the promoter is regulated by the non-histone chromosomal protein, HMG-I(Y).7 This repression is released upon IL-4-driven phosphorylation of the protein.8,9 Translocation of activated STAT-6 to the nucleus is triggered by IL-4 and IL-13 signaling. STAT-6 activation appears to be the key inducible regulator of ε-germline transcription; neither BSAP nor NF-κB nuclear-binding activities are altered by cytokine signaling, but these promoter elements must be present for normal Iε promoter function.10,11 CD40 signaling also enhances cytokine-driven germline transcription by activating the NF-κB promoter elements.

BCL-6, a POZ/zinc-finger transcription factor expressed in B cells, is an important negative regulator of the Iε promoter. BCL-6 binds to STAT-6 sites and can repress the induction of ε-germline transcripts by IL-4.12,13 BCL-6 is induced by the cytokine, IL-21, which is known to suppress IgE production in B cells and which has been reported to induce apoptosis of IgE+ B cells.14 IL-21 is important in germinal center formation and germinal centers have relatively low levels of IgE production.14,15




Cytokines IL-4 and IL-13 Activate STAT-6

The cytokines IL-4 and IL-13 are potent inducers of ε-germline transcription in B cells.5,16,17 The multimeric receptors for these two cytokines share the IL-4R-αchain. The type I IL-4 receptor, which binds IL-4, is composed of the ligand-binding IL-4Rα and the signal-transducing common cytokine receptor γ-chain γc. The type II receptor, which can bind either IL-4 or IL-13, contains the IL-4R-α chain along with an IL-13 binding chain, IL-13Rα1. IL-4 receptor signaling triggers the activation of Janus family tyrosine kinases Jak-1 (via IL-4Rα), Jak-3 (via γc) and TYK2 (via IL-13Rα).18–21 These activated Jaks then phosphorylate tyrosine residues in the intracellular domains of the receptor chain. These phosphotyrosines serve as binding sites for STAT-6, which is, in turn, phosphorylated and then dimerizes and translocates to the nucleus.22,23




CD40/CD154 Provides Second Signal for Isotype Switch Recombination

The cytokines IL-4 and IL-13 are very efficient inducers of ε-germline transcription, and this transcription is an absolute prerequisite for isotype switching. However, cytokine-induced germline transcription alone is not sufficient to drive B cells to complete the genomic deletional switch recombination reaction that gives rise to a functional IgE gene. A second signal, provided by the interaction of the TNF receptor family member CD40 on B cells with its ligand, CD154, on activated T cells, is required to bring the process to completion.

CD154 is transiently expressed on antigen/MCH-stimulated T cells.24 T cell CD154 induces CD40 aggregation on B cells, triggering signal transduction via four intracellular proteins belonging to the TRAF family of TNF-receptor associated factors.25,26 TRAF-2, -5, and -6 promote the dissociation of NF-κB from its inhibitor, IκB, allowing NF−κB to translocate to the nucleus and synergize with STAT-6 to activate the Iε promoter as described above.27,28 In addition to inducing TRAF association and signaling, aggregation of CD40 activates protein tyrosine kinases (PTKs) including Jak-3, which play an important role in immunoglobulin class switching.29,30 CD154 is encoded on the X chromosome. Boys with X-linked immunodeficiency with hyper-IgM (XHIM) are deficient in CD154. Consequently, their B cells are unable to produce IgG, IgA or IgE.31–35




Alternative Second Signals for Isotype Switch Recombination

Recently, alternative switching pathways have been defined in which the second ‘switch’ signal is provided not by CD40/CD154 ligation but rather by interaction of other TNF-like molecules with their receptors. One such TNF family member, BAFF, binds to its receptor TACI on cytokine-stimulated B cells, inducing isotype switching even in the absence of CD40.36,37 BAFF/TACI-driven switching may be of particular importance at mucosal sites, especially IgA production in the gastrointestinal tract. Defects in this pathway underlie some cases of IgA deficiency.38,39 Although BAFF can drive IgE switching, its physiologic relevance in IgE regulation remains to be clarified. It has been reported that respiratory epithelium produces BAFF, with elevations of the factor in bronchoalveolar lavage fluid (BAL) of segmental allergen-challenged subjects.40,41 In addition, it has been demonstrated that IgE class switch recombination occurs not only in central lymphoid organs but also in the respiratory mucosa of patients with allergic rhinitis and asthma.42




Cytokine-Stimulated Germline Transcripts and CD40-Induced AID Collaborate to Execute Switch Recombination

Deletional class switch recombination stimulated by cytokines and CD40/CD154 requires the synthesis of a new intracellular protein, activation-induced cytidine deaminase (AID), which is expressed in activated splenic B cells and in the germinal centers of lymph nodes.43,44 AID-deficient mice have elevated IgM levels and a major defect in isotype switching with absent IgG, IgE and IgA. A rare autosomal form of hyper-IgM syndrome (HIGM2), which is associated with striking lymphoid hypertrophy, has now been attributed to mutations in the AID gene.45

AID is recruited to sites of active germline transcription where it deaminates deoxy-cytidine residues within the C-rich Sε and Sµ sequences, generating uracils and consequent U : G mismatches (see Figure 4-4).46,47 Subsequent removal of these uracils by the enzyme uracil glycocylase (UNG) results in the introduction of abasic sites. The enzyme apurinic/apyrimidinic endonuclease 1, APE1, generates nicks at these sites which ultimately lead to double-stranded DNA breaks. In subsequent steps of the process, analogous breaks, located at Sµ between VHDJH and the Cµ exons, are annealed to generate a functional IgE gene. The heterogeneous nature of the Sµ-Sε junctions suggests a nonhomologous end-joining mechanism such as would be generated by the DNA repair enzymes, Ku70, Ku80 and DNA-PKcs. Consistent with this possibility, B cells lacking Ku70, Ku80 and DNA-PKcs, all of which are involved in nonhomologous end joining, cannot execute isotype switching normally.48,49

[image: image]
Figure 4-4 Activation-induced cytidine deaminase (AID) is recruited to sites of cytokine-driven germline transcription (Sµ and Sε) in the IgH locus where it catalyzes cytidine deamination to uracil. Uracil glyosylase (UNG) introduces abasic sites which are then converted to nicks by apurinic/apyridinimic endonuclease 1 (APE1). Subsequent double strand DNA breaks followed by end joining of the Sµ and Sε sequences leads to the generation of an intact VDJ-Cε1-4 ε-heavy chain gene along with an excised episomal DNA circle containing the intervening sequences.











Regulation of Allergen-Specific T Cell Responses

The execution of IgE isotype switch recombination in B cells, as detailed previously, requires that cytokine (IL-4 and IL-13) signals and the CD40 ligand, CD154 signal, be delivered in a coordinated fashion. Both these stimuli are provided by Th2-type allergen-specific T-helper cells. Thus, the mechanisms that regulate expansion and survival of Th2 cells are crucial in regulating IgE responses.


Th2 Helper T Cell Development

Naïve CD4+ Th cells have the capacity to differentiate into a number of distinct types of effector helper, each with distinct capacities for induction of cellular immune responses (Th1), antibody production and allergic responses (Th2), inflammatory responses (Th17) and regulation (Treg, see Figure 4-5). These Th types are further characterized by the expression of specific transcription factors that maintain their specific lineage commitments and direct their respective cytokine transcription profiles (Chapter 5). Some of the Th lineages can be identified by specific cell surface markers. Th1 cells, which arise under the direction of IL-12 or IL-18, express abundant IFN-γ and IL-2 and are important in immunity to intracellular pathogens. Th1 cells are further characterized by the presence of the transcription factor, T-bet. The Th17 subset is induced in the presence of TGF-β and IL-6 and produces IL-17, TNF-α and IL-1. Th17 cells harbor the transcription factors RORγt and STAT3 and are important in driving neutrophil recruitment and inflammatory responses. As their name implies, Treg, which are generated in the presence of TGF-β and IL-2 (absent IL-6), are important in controlling immune responses via immunosuppressive cytokines including TGF-β and IL-10. The transcription factor associated with this lineage is FoxP3.

[image: image]
Figure 4-5 CD4+ T-helper cell differentiation. CD4+ T-helper cells undergo a process of differentiation to Th1 (producing IL-2, IFN-γ and TNF-α), Th2 (producing IL-4, IL-5, IL-6, IL-9, IL-10, IL-13 and GM-CSF), Th17 (producing IL-17, TNF-α and IL-22) and Treg (producing IL-10 and TGF-β) phenotypes. Each lineage is further characterized by the presence of specific transcription factors (as indicated in the nuclei). The critical regulator of IgE production is the Th2 lineage which uniquely produces IL-4.





The critical Th cells promoting IgE production are Th2, which are induced by IL-4, express the transcription factor GATA-3 and produce IL-4, IL-5, IL-6, IL-9, IL-10, IL-13 and GM-CSF. Th2 cells express cell surface receptors, which target their trafficking to allergic sites and trigger activation in settings of allergic inflammation, including the chemokine receptors CCR3, CCR4, CRTh2 and CCR8 and the IL-33 receptor, T1/ST2.50–53




Genetic Influences on Th2 Development

Both host and environmental factors promote the Th2 shift observed in allergic individuals. Genetic predispositions toward Th1 or Th2 are partly accounted for by T cell autonomous tendencies to transcribe Th1 versus Th2 cytokines, but are also the result of a wide range of influences external to T cells.54 Perhaps the most potent Th1/Th2-polarizing effect is exerted by the cytokine milieu, particularly tissue levels of IL-4, IL-12 and IFN-γ. IL-4 promotes Th2 responses and suppresses Th1 development. IL-12 drives Th1 differentiation (an effect that is greatly potentiated by the presence of IFN-γ) and can inhibit and even reverse Th2 development. In ongoing immune responses these cytokines can be provided by existing T cells already committed to a particular Th phenotype. In de novo allergen encounters, cytokines produced by cells of the ‘innate’ immune response may tip the balance.




Antigen-Presenting Cell Function in Th Differentiation

Naïve T cells initially encounter antigens as MHC-bound processed peptides on the surface of antigen-presenting cells (APCs). The most potent APCs are dendritic cells (DCs), which reside in tissues as immature sentinels and sample antigens in their milieu. Upon activation, these cells acquire mature APC function and migrate to regional lymphoid tissues, where they efficiently activate antigen-specific T helper cells via MHC-peptide complexes. Dendritic cells obtained from various lymphoid tissues in vivo or cultured ex vivo under a range of conditions all express MHC II and, following activation, express costimulatory molecules, including CD80/86. However, there is some functional heterogeneity among DCs, especially with respect to the ability to induce Th1 versus Th2 T helper responses.55 DC-derived IL-12 drives Th1 responses; IL-23, TGF-β and IL-6 support Th17 induction; and IL-10 drives both Treg and Th2.56




Microbial Products and Dendritic Cell Phenotype

The recent understanding that Th polarity may be determined by DC polarity obviously begs the following question: what determines DC polarity? IFN-γ favors DC1 development, whereas histamine and PGE2 promote the development of DC2.57–59 IL-10 may negatively regulate DC production of IL-12.60 Conserved microbial structures, which signal via the Toll-like receptor (TLR) family of receptors, can shift DC polarity. Dendritic cells express a range of TLR and the specific effects of ligand binding by each of these receptors on DC phenotype remain to be fully elucidated. The default state of mucosal DC appears to be skewed toward Th2 induction with relatively low basal IL-12 and constitutive production of IL-10.61




Non-T Cell Sources of IL-4: Mast Cells, Basophils, NKT Cells and NK Cells

Although allergen-specific T-helper cells committed to the Th2 lineage are a major source of IL-4 in allergic tissues and may predominate during chronic or memory responses to allergen, several other cell types can provide IL-4 and IL-13 and may be more important in initial allergen encounters. Mast cells, which are abundant in the respiratory and gastrointestinal mucosa, are excellent producers of both IL-4 and IL-13 following activation via IgE/FcεRI.62,63 IgE-stimulated mast cells appear to be a key early source of IL-4 in Th2-dominant immune responses to food allergens.64 Basophils are rapidly induced in response to allergens or parasites and constitutively produce large quantities of IL-4. NK1.1+ CD4+ T (NKT) cells are another source of IL-4. These cells express a very restricted repertoire of αβ T cell receptors and interact with the non-classical MHC class I molecule, CD1.65 The intravenous injection of anti-CD3 in mice induces large amounts of IL-4, derived primarily from these NKT cells. Another recently identified cytokine-producing cell of the innate immune system, the innate lymphoid cell type-2 (ILC2), is commonly found at mucosal sites where its expansion is stimulated by the epithelial cell cytokines, IL-25 and IL-33.66 The ILC2 lineage is stabilized by the transcription factor RORα, and secretes IL-4, IL-13 and IL-5.




Sites of IgE Class Switch Recombination and Mechanisms of IgE Memory

Studies of IgG production in mice have revealed that high-affinity antibody responses arise in germinal centers of secondary lymphoid tissues in which IgM+ B cells are driven by cytokine signals and costimulatory molecules from T follicular helper cells (TFH) to switch to IgG (µ-γ switch), followed by affinity maturation and generation of long-lived memory B cells. IgE responses may also be induced in germinal centers via direct IgM-IgE switching (µ-ε), but several lines of evidence suggest that affinity maturation is optimized in B cells that have sequentially undergone µ-γ, and then γ-ε switches and that memory resides in the intermediate IgG+ B cell compartment. IgE+ B cells are short-lived in germinal centers, possibly because of rapid transition to plasma cells. Early, low-affinity IgE responses may arise at extrafollicular sites including in the respiratory and gastrointestinal mucosa where the presence of ε germline transcripts and switch excision circles (Figure 4-4) is readily detected, especially following allergen exposure. Mice unable to generate germinal centers (including BCL-6−/− and MHC II-deficient mice) are capable of producing abundant IgE. The current understanding of IgE synthesis gleaned from these observations is that early low-affinity IgE responses arise in mucosal sites, but that affinity maturation and memory are optimized in germinal centers.67,68







IgE Receptors


FcεRI Structure

The high-affinity IgE receptor FcεRI is a multimeric complex expressed in two isoforms, a tetrameric αβγ2 receptor present on mast cells and basophils and a trimeric αγ2 receptor expressed, albeit at levels 10-fold to 100-fold lower, by several cell lineages including eosinophils, platelets, monocytes, dendritic cells and cutaneous Langerhans cells69 (Figure 4-6). The α chain contains two extracellular immunoglobulin-related domains and is responsible for binding IgE. The β subunit of the receptor contains four transmembrane-spanning domains with both N- and C-terminal ends on the cytosolic side of the plasma membrane. FcεRI-β appears to have two functions that result in enhanced receptor activity. β-chain expression both enhances cell surface density of FcεRI and amplifies the signal transduced following activation of the receptor by IgE aggregation.69–72 The γ chains (which have homology to the ζ and η chains important in T cell receptor signaling) exist as disulfide-linked dimers with trans-membrane domains and cytoplasmic tails. The β and γ chains perform critical signal transduction functions and their intracellular domains contain immunoreceptor tyrosine-based activation motifs (ITAMs), 18 amino acid long tyrosine-containing sequences that constitute docking sites for SH2 domain-containing signaling proteins.
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Figure 4-6 FcεRI structure and signal transduction. FcεRI is a tetramer containing an IgE-binding α-chain (with two extracellular immunoglobulin-type domains), a disulfide-linked, signal-transducing dimer of γ-chains, each of which contains an intracellular immunoreceptor tyrosine-based activation motif (ITAM) and a tetramembrane spanner β-chain that also contains a cytosolic ITAM and serves to augment FcεRI surface expression and signal transduction intensity. Trimeric forms of the receptor, lacking the β-chain, can be expressed on some cell types. Aggregation of the receptor by the interaction of its ligand, IgE, with polymeric antigens induces signal transduction. The β-chain associated protein tyrosine kinase, lyn, in aggregated receptor complexes phosphorylates (P) the β- and γ-chain ITAMs, generating docking sites for the SH2-domain containing kinase, syk. Activated syk phosphorylates the membrane-associated scaffolding protein LAT as well as the adapter, SLP-76 (which is also bound to LAT via the Grb-2 homolog, Gads). These proteins have no inherent enzymatic activity but serve to assemble a membrane-associated supramolecular complex of proteins that brings together a number of signaling molecules. LAT and SLP-76 both recruit PLC-γ, whose activity is enhanced by the SLP-76 associated kinases btk and itk. PLC-γ activation results in the conversion of PIP2 (phosphatidylinositol 4,5-bisphosphate) into inositol trisphosphate (IP3) and diacyl glycerol (DAG) with resultant increases in intracellular Ca2+ and activation of protein kinase C (PKC). Alongside this protein tyrosine kinase pathway, FcεRI aggregation triggers a vav/cytoskeletal signaling cascade. The guanine nucleotide exchange factor, vav, which is directly associated with FcεRI-γ as well as with SLP-76, activates the GTPase Cdc42 which, in turn, induces a conformational change in a complex of proteins, WASP and WIP, associated with the cytoskeleton. This exposes binding sites for Arp2/3, a complex of proteins that mediates actin polymerization. Vav activation also drives the stress- activated protein kinase (SAPK) pathway. Vav and Sos, another guanine nucleotide exchange factor, also result in the activation of the Ras/MAPK pathway. The combined effects of elevated Ca2+, PKC activation, actin polymerization and SAPK activation drive mast cell degranulation, eicosanoid formation and induction of gene expression.






CD23 Expression and Structure

Although its common designation as the ‘low-affinity’ IgE receptor implies differently, CD23 actually has a fairly high affinity for IgE with a KA of about 108.73,74 A wide variety of cell types express CD23 in humans, including B cells, Langerhans cells, follicular dendritic cells, T cells and eosinophils.75 It is a type II transmembrane protein with a C-type lectin domain, making it the only immunoglobulin receptor that is not in the Ig superfamily.76–78 Adjacent to its lectin domain, CD23 has sequences that are predicted to give rise to α-helical coiled-coil stalks (Figure 4-7). As a result, CD23 is known to have a tendency to multimerize and only oligomeric CD23 will bind IgE.79 CD23 has homology to the asialoglycoprotein receptor, suggesting a role for CD23 in endocytosis. In addition to binding IgE, CD23 binds to a second ligand, the B cell surface molecule, CD21.80,81
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Figure 4-7 CD23 structure. CD23 is a type II transmembrane protein (with intracellular N-terminus) that contains α-helical coiled stalks and oligomerizes at the cell surface. Occupancy of the receptor by IgE stabilizes the receptor. In the absence of the IgE ligand, protease-sensitive sites appear (ovals) and endogenous proteases (ADAM10) as well as proteases present in allergens such as Der p 1 cleave CD23, shedding soluble sCD23 into the milieu.














Principles of IgE-Mediated Disease Mechanisms

Once produced, allergen-specific IgE antibodies engage their receptors and trigger a wide variety of tissue-specific responses. The cellular and molecular mechanisms of pathogenesis giving rise to specific allergic disorders are presented in great detail in Chapters 24–58. This section will provide a general overview of the consequences of IgE interaction with its receptors, including immediate hypersensitivity, late-phase reactions, regulation of IgE receptor expression and immune modulation (Box 4-2).


Box 4-2

Key Concepts

Principles of Disease Mechanism




Effector Functions of IgE




	• Mast cell activation/FcεRI


	FcεRI signaling – antigen dependent


	Immediate hypersensitivity reactions

	Late-phase reactions

	FcεRI signaling – antigen independent


	• IgE regulation of IgE receptors


	FcεRI


	CD23


	• IgE regulation of mast cell homeostasis


	Enhanced mast cell survival



	• CD23 functions


	IgE antigen capture


	Regulation of IgE synthesis by CD23 and sCD23
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Mast Cell Activation and Homeostasis


FcεRI Signaling

FcεRI has high affinity for IgE (Kd 10−8 M) and under physiologic conditions mast cell and basophil FcεRI is fully occupied by IgE antibodies. Aggregation of this receptor-bound IgE by an encounter with polyvalent allergen triggers a cascade of signaling events82,83 (see Figure 4-6). Receptor aggregation induces transphosphorylation of intracellular ITAMs on FcεRI-β and FcεRI-γ by receptor-associated lyn tyrosine kinase, providing docking sites to recruit the SH2-containing syk protein tyrosine kinase. Syk levels are decreased during chronic IgE-mediated stimulation of FcεRI, suggesting a possible mechanism whereby drug desensitization might attenuate mast cell activation at this early step in the signaling cascade.84 Receptor-associated syk phosphorylates a series of scaffolding and adapter molecules leading to the assembly of a supramolecular plasma membrane-localized signaling complex, focused around the scaffolding molecules LAT1/2, SLP-76 and Grb2. This complex recruits and activates PLCγ with resultant changes in cytosolic calcium, degranulation, activation of gene transcription and induction of PLA2 activity with eicosanoid formation. Mast cells from animals with mutations in several key components of this signaling complex, including LAT and SLP-76, have markedly inhibited FcεRI-mediated mast cell activation following receptor cross-linking.85,86 Cytoskeletal reorganization provides a critical parallel signaling pathway driven by FcεRI aggregation in mast cells and basophils. This cytoskeletal signaling is driven by the guanine nucleoside exchange factor ‘vav’.87 Vav is encoded a proto-oncogene, important in hematopoiesis, playing a role in T cell and B cell development and activation. Vav associates both with the SLP-76/LAT complex and directly with FcεRI.88 Vav activates Cdc42, a GTPase, which binds to Wiskott-Aldrich syndrome protein (WASP) and induces a conformational change in the cytoskeletal WASP/WASP-interacting protein (WIP) protein complex, allowing interaction with the actin-polymerizing Arp2/3 complex.89 Vav (as well as Sos, another GTP exchanger) also activates the Ras pathway with resultant transcriptional activation. It has recently been shown that the affinity of antigen : IgE interaction can affect which signaling pathways are preferentially activated, with low-affinity binding favoring Syk phosphorylation of LAT1 and cytokine production and high-affinity binding leading to LAT2 phosphorylation and chemokine production.90 The activating signaling pathways initiated in mast cells by FcεRI cross-linking can be countered by IgG antibodies interacting with the inhibitory receptor, FcγRIIb. This mechanism may account in part for the ability of patients undergoing allergen immunotherapy, who generate strong IgG responses, to tolerate allergen challenge despite persistently elevated specific IgE.91,92

In the classic immediate hypersensitivity reaction, cross-linking of IgE induces the complex signaling cascade described above, resulting in the release of preformed mediators including histamine, proteoglycans and proteases; transcription of cytokines (IL-4, TNF, IL-6); and de novo synthesis of prostaglandins (PGD2) and leukotrienes (LTD4). In the airways of asthmatic patients, these mediators rapidly elicit bronchial mucosal edema, mucus production and smooth muscle constriction and, eventually, recruit an inflammatory infiltrate. In asthmatic patients subjected to allergen inhalation, these cellular and molecular events result in an acute obstruction of airflow with a drop in FEV1, an effect that can be blocked by inhibition of IgE with a monoclonal anti-IgE antibody.93–95

In many subjects exposed to allergens by inhalation, ingestion, cutaneous exposure or injection, immediate responses are followed 8 to 24 hours later by a second, delayed-phase reaction, designated the late-phase response (LPR). LPR can manifest as delayed or repeated onset of airflow obstruction, gastrointestinal symptoms, skin inflammation or anaphylaxis hours after initial allergen exposure and after the acute response has completely subsided. In animal models, IgE antibodies can transfer both acute and LPR sensitivity to allergen challenge.96 Interference with mast cell activation or inhibition of mast cell mediators blocks the onset of both acute-phase and late-phase responses.97 It has been proposed that chronic obstructive symptoms in asthma patients subjected to recurrent environmental allergen exposure result from persistent late-phase responses.98,99


Antigen-Independent IgE Signaling via FcεRI and IgE Effects on Mast Cell Homeostasis

Although IgE-mediated signaling via FcεRI has long been believed to be dependent on antigen-mediated receptor aggregation, some recent evidence suggests that the binding of IgE per se, in the absence of antigen, provides a signal to mast cells and basophils. Experiments using cultured bone marrow mast cells have revealed that monomeric IgE has an FcεRI-mediated survival-enhancing effect, protecting these cells from apoptosis following the withdrawal of growth factor.100,101 A number of other mast cell functions have been reported to be induced by IgE alone, in the absence of antigen, including cytokine production, histamine release, leukotriene synthesis and calcium flux.102–105

The observation that IgE antibodies promote the viability of cultured mast cells suggests that IgE might similarly regulate mast cell survival in vivo. Indeed, there is evidence that mast cell induction in parasitized mice or animals exposed to allergens depends upon the presence of IgE antibodies.106,107 Thus, in addition to their role in allergen-triggered mast cell activation, IgE antibodies are key regulators of mast cell homeostasis.




Regulation of IgE Receptors by IgE

The expression of both FcεRI and CD23 is positively regulated by their mutual ligand, IgE. FcεRI expression is markedly diminished on peritoneal mast cells from IgE-deficient mice and this defect can be reversed in vivo by injection of IgE antibodies.108–110 Low FcεRI expression in IgE−/− mice is associated with diminished mast cell activation following IgE sensitization and allergen exposure. Treatment of allergic subjects with anti-IgE has been shown to induce a decrease in IgE receptor expression on mast cells, basophils and dendritic cells.88,111,112

CD23 expression on cultured B cells is enhanced in the presence of IgE, which, by occupancy of its receptor, prevents proteolytic degradation of CD23 and shedding into the medium.73,113 This shedding is mediated by the endogenous protease, ADAM10, but can also be triggered by allergens with protease activity, including Der p 1.114,115 This regulatory interaction between IgE and CD23 is operative in vivo as well: B cells from IgE−/− animals have markedly diminished CD23 levels and intravenous injection of IgE induces normal CD23 expression.116 Restoration of CD23 expression can be induced using monomeric IgE and is antigen independent. Exposure to IgE does not alter transcription of mRNA encoding CD23 or the FcεRI subunits but rather modulates receptor turnover and proteolytic shedding.117 The positive feedback interaction between IgE and its receptors may have implications in terms of augmenting allergic responses in atopic individuals with high IgE levels.




CD23 Function: Antigen Capture

Several investigators have now shown that the binding of allergen by specific IgE facilitates allergen uptake by CD23-bearing cells for processing and presentation to T cells.118–120 Mice immunized intravenously with antigen produce stronger IgG responses when antigen-specific IgE is provided at the time of immunization.121,122 As expected, CD23−/− mice cannot display augmentation of immune responses by IgE but acquire responsiveness to IgE following reconstitution with cells from CD23+ donors.123,124 These findings suggest a scenario in which preformed allergen-specific IgE present in the bronchial and gut mucosa of patients with recurrent allergen exposure would enhance immune responses upon repeated allergen inhalation or ingestion.




CD23 Function: IgE Regulation

In addition to its role in allergen uptake, CD23 appears to have regulatory influences on IgE synthesis and allergic inflammation. Although the data in this area have seemed to be conflicting at times, the emerging consensus from human and animal studies is that ligation of membrane-bound CD23 on B cells suppresses IgE production. Ligation of CD23 on human B cells by activating antibodies inhibits IgE synthesis125 and transgenic mice overexpressing CD23 have suppressed IgE responses.126,127 Conversely, mice rendered CD23-deficient by targeted gene disruption have increased and sustained specific IgE titers following immunization, also consistent with a suppressive effect of membrane-bound CD23.128 This enhanced tendency toward IgE synthesis in CD23−/− mice is also observed following allergen inhalation and is accompanied by increased eosinophilic inflammation of the airways.129–132

In contrast, there have been reports that soluble CD23 (sCD23) fragments, which are generated by proteolytic cleavage, may enhance IgE production, either by direct interaction with B cells (via CD21) or by binding to IgE, thereby blocking its interaction with membrane-bound CD23.133 The IgE-enhancing effects of crude sCD23 have not yet been reproduced with recombinant sCD23134 and it is unclear whether this discrepancy arises from IgE-inducing activity attributable to other components of sCD23-containing culture supernatants or whether the lack of activity of recombinant sCD23 is the consequence of a nonphysiologic structure. Recent data implicate a role for allergens, some of which are proteases, as effectors of CD23 cleavage and for IgE itself as a stabilizer of membrane CD23 and inhibitor of proteolytic shedding.135 Two possible consequences of such allergen-mediated cleavage would be decreased suppressive signaling to the B cell via CD23, along with increased production of activating sCD23 fragments, both promoting IgE production. Inhibition of proteolytic activity of Der p 1 blocks its ability to induce IgE responses in vivo both in normal and humanized scid mice.136,137 Similar effects are observed in culture systems. Metalloproteinase inhibitors block sCD23 shedding in cultures of tonsillar B cells or peripheral blood mononuclear cells, and this is accompanied by decreased IgE production following stimulation with IL-4.138










Conclusions

To summarize, IgE antibodies are typically elevated in individuals affected by the atopic conditions of asthma, allergic rhinitis and atopic dermatitis. The production of IgE follows a series of complex genomic rearrangements in B cells, called deletional class switch recombination, a process that is tightly regulated by the cytokines IL-4 and IL-13 along with T-B cell interaction and CD40/CD154 signaling. IgE antibodies exert their biologic effects via receptors FcεRI and CD23. It is now clear that, in addition to mediating the classic immediate hypersensitivity reactions by inducing acute mediator release by mast cells, IgE antibodies have a number of immunomodulatory functions (Figure 4-8). These include up-regulation of IgE receptors, promotion of mast cell survival, enhancement of allergen uptake by B cells for antigen presentation, and induction of Th2 cytokine expression by mast cells and may all collaborate to amplify and perpetuate allergic responses in susceptible individuals. Thus, blockade of IgE effects, using novel anti-IgE therapies, may ultimately prove to have a broad benefit.
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Figure 4-8 The IgE network: cellular and cytokine control of IgE production in allergic tissues and amplification of allergic responses by preformed IgE. A confluence of cellular and molecular stimuli supports IgE synthesis in the tissues of asthmatic patients. Tissue DCs are driven toward a Th2-promoting DC2 phenotype by a variety of environmental influences, including exposure to microbial ‘pathogen-associated molecular patterns’ (PAMPs) and histamine and PGE2 (both of which can be provided by mast cells). Activated DC2s translocate to mucosal- or skin-associated lymphoid tissues where they attain competence as antigen-presenting cells (APCs) and drive the generation of Th2 cells. B cells also serve as APCs, a function that is augmented when preformed IgE (generated during previous allergen encounter) is present and can facilitate B cell antigen uptake via CD23. IL-4 and IL-13 are derived from numerous cellular sources. In the setting of recurrent allergen challenge, preexisting, allergen-specific Th2 T cells are likely to provide a major source of IL-4. Additional producers of IL-4 include NKT cells and mast cells. Mast cell IL-4 synthesis can be triggered via FcεRI in the presence of preformed IgE. IL-4 and IL-13 along with cognate T-B interactions involving antigen presentation and CD40 signaling then support IgE isotype switching in B cells.
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Key Points


• A hallmark of allergic inflammation is the accumulation of a large number of leukocytes, including eosinophils, neutrophils, lymphocytes, basophils and macrophages, in the inflammatory tissues.

• Leukocyte migration into tissues is regulated by chemokines, chemoattractive cytokines.

• Th2 cytokines (e.g. interleukin [IL]-4 and IL-13) are potent inducers of allergy-associated chemokines (e.g. eotaxin).

• Chemokines are potent cellular activating factors.

• Leukocytes bind to the endothelium via low-affinity reversible interactions mediated by selectins, and tight adhesion of leukocytes to endothelium is mediated by specific adhesion molecules such as integrins.

• Animal and human experimental systems have demonstrated that allergic inflammatory responses are often biphasic.






Introduction

One of the hallmarks of allergic inflammation is the accumulation of an abnormally large number of leukocytes, including eosinophils, neutrophils, lymphocytes, basophils and macrophages, in the inflammatory tissue. There is substantial evidence that inflammatory cells are major effector cells in the pathogenesis of allergic disorders. Therefore, understanding the mechanisms by which leukocytes accumulate and are activated in tissues is very relevant to allergic diseases. Substantial progress has been made in understanding the specific molecules involved in leukocyte migration and the specific mechanisms by which effector cells participate in disease pathogenesis. In particular, cellular adhesion proteins, integrins and chemoattractant cytokines (chemokines) have emerged as critical molecules in these processes. Chemokines are potent leukocyte chemoattractants and cellular activating factors, making them attractive new therapeutic targets for the treatment of allergic disease. This chapter focusses on recently emerging data on the mechanisms by which specific leukocyte subsets are recruited into allergic tissues and how leukocytes participate in disease pathogenesis.

Animal and human experimental systems have demonstrated that allergic inflammatory responses are often biphasic. For example, asthma is characterized by a biphasic bronchospasm response, consisting of an early-phase asthmatic response (EAR) and a late-phase asthmatic response (LAR)1 (Figure 5-1). The EAR is characterized by immediate bronchoconstriction in the absence of pronounced airway inflammation or morphologic changes in the airway tissue.1,2 The EAR has been shown to directly involve immunoglobulin(Ig) E/mast cell-mediated release of histamine, prostaglandin D2 and cysteinyl-peptide leukotrienes (CysLTs), which are potent mediators of bronchoconstriction. After the immediate response, individuals with asthma often experience an LAR, which is characterized by persistent bronchoconstriction associated with extensive airway inflammation and morphologic changes to the airways.1,3–5 Clinical investigations have demonstrated that the LAR is associated with increased levels of inflammatory cells, in particular activated T lymphocytes and eosinophils (Figure 5-1). The elevated levels of T lymphocytes and eosinophils correlate with increased levels of eosinophilic constituents in the bronchoalveolar lavage fluid (BALF), the degree of airway epithelial cell damage, enhanced bronchial responsiveness to inhaled spasmogens and disease severity1,4–8 In this chapter, we concentrate on understanding the inflammatory cells that participate in allergic responses, the mechanisms involved in their accumulation in natural human allergic responses and in experimental models, such as the biphasic response described above (Figure 5-1), and the complex interplay of these diverse cells with resident cells including endothelial, epithelial, smooth muscle cells and fibroblasts.9–11

[image: image]
Figure 5-1 Early-phase and late-phase allergic responses. The airway response (e.g. forced expiratory volume in the first second [FEV1]) is illustrated for when an allergen-sensitized individual is experimentally exposed to an allergen. A biphasic bronchospasm response, consisting of an early-phase asthmatic response (EAR) and a late-phase asthmatic response (LAR), is shown. The EAR phase is characterized by immediate bronchoconstriction in the absence of pronounced airway inflammation or morphologic changes in the airways tissue. The EAR phase has been shown to directly involve IgE/mast cell-mediated release of histamine, prostaglandin D2 and cysteinyl-peptide leukotrienes, which are potent mediators of bronchoconstriction. After the immediate response, the airway recovers but later undergoes marked decline in function, which is characterized by more persistent bronchoconstriction associated with extensive airway inflammation (involving T cells and eosinophils [Eos]).








Myelocytes


Eosinophils

Eosinophils are multifunctional leukocytes implicated in the pathogenesis of numerous inflammatory processes, especially allergic disorders.12 In addition, eosinophils play a role in homeostasis and may have a physiologic role in organ morphogenesis (e.g. postgestational mammary gland development) and the development of immune architecture, particularly the formation and function of IgA-secreting B cells.13,14 The gastrointestinal (GI) tract, spleen, lymph nodes, thymus, mammary glands and uterus are rich in eosinophils.15,16 In adipose tissue, eosinophils are important for the maintenance of glucose metabolic homeostasis.17 Additionally, experimental eosinophil accumulation in the GI tract is associated with the development of weight loss, which is attenuated in eotaxin-deficient mice that have a deficiency in GI eosinophils.18 It is important to note that recent attention has focussed on the key role of innate helper lymphoid cells (ILC), particularly ILC2, in regulating eosinophils via production of interleukin (IL)-5 and IL-13, and this regulation is related to nutritional intake in the GI tract.19

Eosinophils express numerous receptors for chemokines (e.g. eotaxin, an eosinophil-selective chemoattractant) that, when engaged, lead to eosinophil activation, resulting in several processes, including the release of toxic secondary granule proteins20 (Figure 5-2). The secondary granule contains a crystalloid core composed of major basic protein (MBP) and a granule matrix that is mainly composed of eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase (EPO). These granule proteins have been shown to be cytotoxic, helminthotoxic and virotoxic.15,16,21 Importantly, an anti-eotaxin antibody (bertilimumab) has been shown to decrease nasal congestion with a trend of decreased eosinophils in allergic rhinitis and is being studied currently for another eosinophil-related condition, ulcerative colitis.22

[image: image]
Figure 5-2 Schematic diagram of an eosinophil and its diverse properties. Eosinophils are bilobed granulocytes that respond to diverse stimuli including allergens, helminths, viral infections, allografts and nonspecific tissue injury. Eosinophils express the receptor for IL-5, a critical eosinophil growth and differentiation factor, as well as the receptor for eotaxin and related chemokines (CCR3). The secondary granules contain four primary cationic proteins designated eosinophil peroxidase (EPO), major basic protein (MBP), eosinophil cationic protein (ECP) and eosinophil-derived neurotoxin (EDN). All four proteins are cytotoxic molecules; also, ECP and EDN are ribonucleases. In addition to releasing their preformed cationic proteins, eosinophils can release a variety of cytokines, chemokines and neuromediators and generate large amounts of LTC4. Lastly, eosinophils can be induced to express MHC class II and costimulatory molecules and may be involved in propagating immune responses by presenting antigen to T cells.





Activation of eosinophils also leads to the generation of large amounts of LTC4, which induces increased vascular permeability, mucus secretion and smooth muscle constriction.23 Also, activated eosinophils generate a wide range of cytokines including IL-1, IL-3, IL-4, IL-5 and IL-13; GM-CSF; transforming growth factor (TGF)-α/β; tumor necrosis factor (TNF)-α; RANTES (regulated on activation, normal T cells expressed and secreted); macrophage inflammatory protein (MIP)-1α; and eotaxin. This indicates that they have the potential to sustain or augment multiple aspects of the immune response, inflammatory reaction and tissue repair processes.24 Eosinophils also have the capacity to initiate antigen-specific immune responses by acting as antigen-presenting cells. Consistent with this role, eosinophils express relevant costimulatory molecules (CD40, CD28, CD86, B7),25,26 secrete cytokines capable of inducing T cell proliferation and maturation (IL-2, IL-4, IL-6, IL-10, IL-12)24,27,28 and can be induced to express MHC class II molecules.27 Interestingly, experimental adoptive transfer of antigen-pulsed eosinophils induces antigen-specific T cell responses in vivo29 (Box 5-1). Finally, it has been shown that the GI eosinophils have a unique and fascinating innate effector response. It appears that eosinophils may eliminate invading bacteria by ejecting their mitochondrial DNA, which is encased in highly cationic proteins.30 Evidence continues to emerge suggesting that eosinophils have an important role in innate immune responses, in addition to their well-established role in allergic disease.


Box 5-1

Key Concepts

Eosinophils




• Eosinophils are multifunctional leukocytes that normally account for 1% to 3% of circulating leukocytes.

• Eosinophils normally reside in mucosal tissues such as the gastrointestinal tract.

• Eosinophil granules contain cationic (basic) proteins that are cytotoxic to a variety of host tissues (e.g. respiratory epithelium).

• Eosinophil expansion is regulated by the growth factor IL-5.

• Eosinophil tissue mobilization is regulated by the eotaxin subfamily of chemokines.





Eosinophils are important for the development of asthma-associated airway hyperresponsiveness (AHR).15,16,31 Eosinophils are the principal source of CysLTs and have been identified as the dominant source of leukotriene LTC4 in asthmatic bronchial airway.32 These leukotrienes can initiate mucus hypersecretion, AHR and edema. MBP is cytotoxic to airway epithelial cells and may be at least partly responsible for the tissue damage that is associated with eosinophil infiltration in bronchial mucosa in asthma and has been associated with fatal asthma.33 Importantly, eosinophils have been implicated in the regulation of pulmonary T cell responses34 and appear to be required for complete Type 2 T helper cell (Th2) cytokine production and allergen-induced mucus production in the lung.35 Within the last few years, attempts have been made to further classify asthma phenotypes; one subtype is eosinophilic asthma, which is often a severe, steroid-refractory disease.36 Eosinophils selectively express the receptor for IL-5, a cytokine that regulates eosinophil expansion and eosinophil survival and primes eosinophils to respond to appropriate activating signals. Multiple studies have supported the beneficial usage of anti-IL-5 therapy for patients with asthma16,37,38 and nasal polyposis.39 Moreover, peripheral blood eosinophils and eosinophil granule protein levels are increased and correspond with disease activity in most patients with atopic dermatitis, and eosinophil granule proteins have been shown to be deposited in lesional skin.40 Eosinophil accumulation in the GI tract is a common characteristic of numerous disorders, including gastroesophageal reflux disease (GERD), inflammatory bowel disease (IBD), drug reactions, helminthic infections, hypereosinophilic syndrome (HES), eosinophilic GI disorders (EGIDs) and allergic colitis.15,16,38 EGIDs, including eosinophilic esophagitis (EoE), eosinophilic gastritis (EG) and eosinophilic gastroenteritis (EGE), often occur without peripheral blood eosinophilia, indicating the significance of GI-specific mechanisms for regulating local eosinophil levels. Although absent in the normal esophagus, eosinophils markedly accumulate in the esophagus of patients with EoE. A number of experimental models have provided evidence that eosinophils are key effector cells in EGIDs and contribute to the disease pathology.41 In allergic rhinitis during allergy season, there is an increase in eosinophils and their granule proteins.42 The above data collectively demonstrate the importance of eosinophils in allergic disease.


Mast Cells

Mast cells are normally present particularly in tissues in contact with the external environment (i.e. skin, respiratory mucosa, conjunctiva and GI mucosa). Mast cells contribute to immune responses to bacteria43 and venom44 and are important in homeostasis and wound repair.45 Mast cells are major effector cells involved in allergic responses; in addition, they are important cytokine-producing cells that are involved in nonallergic processes such as the innate immune response (Figure 5-3). In contrast to other hematopoietic cells that complete their differentiation in the bone marrow, mast cell progenitors leave the bone marrow and complete their differentiation in tissues. Elegant studies in mice have demonstrated that development of mast cells from bone marrow cells is dependent on IL-3 and that their tissue differentiation is primarily dependent on stem cell factor (SCF).46–48 In contrast to the mast cell culture conditions in the murine system (which depend on IL-3), mature human mast cells are obtained by culturing progenitor cells with SCF, IL-6 and IL-10. Furthermore, treatment of mature human mast cells with IL-4 induces further maturation, including enhancing their capacity for IgE-dependent activation and their enzymatic machinery for synthesizing PGD2 and CysLTs.49
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Figure 5-3 Schematic diagram of a mast cell and its products. Mast cells are mononuclear cells that express high-affinity IgE receptors and contain a large number of metachromatic granules. Mast cells express c-Kit, the receptor for stem cell factor (SCF), a critical mast cell growth and differentiation factor. The secondary granule of a mast cell also contains abundant levels of proteases, proteoglycans and histamine. In addition to releasing their preformed proteins, mast cells can also release a variety of cytokines and generate large amounts of prostaglandins (PGD2) and leukotrienes (LTC4). Mast cells also express Toll-like receptors (TLR), indicating that mast cells participate during innate immune responses.





Mast cells exist as heterogeneous populations depending on the tissue microenvironment in which they reside and on the immunologic status of the individual. In work with rodents, the terms mucosal mast cell (MMC) and connective tissue mast cell (CTMC) have emerged, but designating these two populations of mast cells by tissue location alone is an oversimplification. In general, MMCs express less sulfated proteoglycans (chondroitin sulfate) in their granules than CTMCs and hence have different staining characteristics with metachromatic stains. In addition, mast cell populations express distinct granule pro­teases; in humans, the mast cell nomenclature is based on neutral protease expression. Human cells that express only tryptase (MCT) are distinguished from mast cells that express tryptase, chymase, carboxypeptidase and cathepsin G (MCTC). In normal tissues, MCT cells are the predominant cells in the lung and small intestinal mucosa, whereas MCTC cells are the predominant types found in the skin and GI submucosa.

Mast cell activation occurs through several pathways. Classically, a multivalent allergen cross-links IgE molecules bound to the high-affinity IgE receptor (FcεRI). Mast cells undergo regulated exocytosis of their granules, resulting in the release of preformed mediators; in addition, activated mast cells undergo de novo synthesis and release of a variety of potent mediators (such as prostaglandin D2 and LTC4). Preformed mediators in mast cells include biogenic amines such as histamine (a vasodilator), various neutral proteases, a variety of cytokines, acid hydrolases (e.g. β-hexosaminidase) and proteoglycans. Notably, nearly 20% of the protein of human mast cells is composed of tryptase, a proinflammatory protease with a wide range of activities (e.g. cleavage of complement proteins).50 Mast cells store a variety of cytokines in their granules (e.g. TNF-α, IL-1, IL-4, IL-5 and IL-6 and chemokines including IL-8) and, after activation with allergens or cytokines, mast cells can increase their synthesis and secretion of these cytokines.51

It is well established that mast cell products contribute to the immediate allergic responses in asthma,52 anaphylaxis,52 allergic rhinoconjunctivitis53 and urticaria.54 There is also evidence that mast cells can contribute to allergic sensitization via IL-4-mediated skewing of T cells toward the Th2 phenotype55 via a mechanism involving dendritic cell activation of T cells.56–59

The contribution of mast cell products such as cytokines has been less clear, though mast cells appear to be a chief source of TNF-α in asthmatic lung (Box 5-2). In addition, mast cells have been shown to contribute to the chronic inflammation associated with the LAR in experimental asthma.52 The LAR also responds dramatically to omalizumab therapy,60 suggesting that LAR is initiated by mast cell activation during the EAR. Additionally, mast cells have been linked to more chronic, T cell-mediated allergic diseases such as atopic dermatitis61 and EoE.62


Box 5-2

Key Concepts

Mast Cells




• Mast cells are bone marrow-derived, tissue-dwelling cells.

• Mast cells do not normally exist in the circulation.

• Mast cell development is critically dependent on the cytokine stem cell factor and its receptor c-Kit.

• Mast cells express a high-affinity IgE receptor (FcεR) that is normally occupied with IgE.

• Mast cell activation results in the release of preformed mediators (e.g. histamine and proteases) and newly synthesized mediators such as prostaglandins and leukotrienes.

• Mast cells also produce cytokines such as tumor necrosis factor (TNF)-α and have an important role in innate immune responses (e.g. by attracting neutrophils).








Basophils

Basophils are hematopoietic cells that arise from a granulocyte-monocyte progenitor (GMP) that shares its lineage with mast cells and eosinophils.63 Basophils complete their development in the bone marrow and circulate as mature cells, representing less than 2% of blood leukocytes (Box 5-3). Similar to mast cells, basophils express substantial levels of FcεRI and store histamine in their granules. They are distinguished from mast cells by their segmented nuclei, ultrastructural features, growth factor requirements, granule constituents and surface marker expression (c-Kit–, FcεRI+).64 Basophils are more readily distinguished from eosinophils microscopically due to differences in their nuclei, cytoplasmic granules and appearance on hematoxylin- and eosin-stained tissues. In the human system, they develop largely in response to IL-3 in a process augmented by TGF-β. Mature basophils maintain expression of the IL-3 receptor, and IL-3 is a potent basophil-priming and -activating cytokine.65


Box 5-3

Key Concepts

Basophils




• Basophils are bone marrow leukocytes that normally account for less than 2% of circulating leukocytes.

• Basophils express the high-affinity IgE receptor FcεR.

• Basophils are distinguished from mast cells by their separate lineage, bilobed nuclei and distinct granule proteins.

• Basophils accumulate in tissues during late-phase responses.





Several processes activate basophils; upon cross-linking of their surface-bound IgE, basophils release preformed mediators including histamine and proteases and synthesize LTC4. In addition, they secrete cytokines such as IL-4 and IL-13; notably, the amount of IL-4 secreted by basophils compared with that by Th2 cells appears to be substantial.66 Similar to eosinophils, basophils are also activated by IgA (via FcαR) and by CCR3 ligands. Basophils also express several other chemokine receptors, including CCR2, whose ligands are potent histamine-releasing factors. Basophils also express major histocompatibility complex (MHC) class II and costimulatory molecules CD80 and CD86 and may be an antigen-presenting cell that can induce Th2 cell differentiation in the lymph node via IL-4.67–69

Recent murine studies suggest that basophils help to expel helminths.70 Additionally, other animal models have suggested that basophils participate in the resistance of ectoparasitic ticks.71 Studies have linked basophils to the sensitization phase in EoE72 and the late-phase response in allergic rhinitis, asthma and allergic contact dermatitis.73–76 Basophils have also been implicated in a unique IgG-mediated mechanism of anaphylaxis in mice. It appears that this mechanism of anaphylaxis is dependent upon IgG, macrophages and platelet-activating factor (PAF). Elegant mouse studies have demonstrated that mice deficient in IgE, FcεRI and mast cells still experience anaphylaxis via an IgG-mediated process.77 However, IgG-mediated anaphylaxis is abolished in basophil-deficient mice.78 Further investigations are needed to define the role of basophils in this newly described anaphylactic pathway.




Macrophages

Macrophages are tissue-dwelling cells that originate from hematopoietic stem cells in the bone marrow and are subsequently derived from circulating blood monocytes.79 Under healthy conditions, bone marrow colony-forming cells rapidly progress through monoblast and promonocyte stages to monocytes, which subsequently enter the bloodstream for about 3 days, where they account for about 5% of circulating leukocytes in most species. On entering various tissues, monocytes terminally differentiate into morphologically, histochemically and functionally distinct tissue macrophage populations that have the capacity to survive for several months.80 Tissue-specific populations of macrophages include dendritic cells (skin, gut), Kupffer cells (liver) and alveolar macrophages (lung). Macrophage colony-stimulating factor (M-CSF) 1 promotes monocyte differentiation into macrophages, and mice with a genetic mutation in Csf1 have a deficiency of tissue macrophages.81 In addition, GM-CSF promotes the survival, differentiation, proliferation and function of myeloid progenitors, as well as the proliferation and function of macrophages.82

Tissue macrophages contribute to innate immunity by virtue of their ability to migrate, phagocytose and kill microorganisms and to recruit and activate other inflammatory cells. By expressing Toll-like receptor mediated pathogen-recognition molecules that induce the release of cytokines capable of programming adaptive immune responses, macrophages provide important links between innate and adaptive immunity.83 Macrophages also express high- and low-affinity receptors for IgG (FcγRI/II) and complement receptors (CR1) that promote their activation. Activated macrophages produce a variety of pleiotropic proinflammatory cytokines such as IL-1, TNF-α and IL-8, as well as lipid mediators (e.g. leukotrienes and prostaglandins). Notably, macrophages express costimulatory mol­ecules (e.g. CD86) and are potent antigen-presenting cells capable of efficiently activating antigen-specific T cells.

A substantial body of evidence has revealed that macrophages are critical effector cells in allergic responses. For example, peripheral blood monocytes from asthmatic individuals secrete elevated levels of superoxide anion and GM-CSF.84 In addition, the lung tissue and BALF from asthmatic individuals have elevated levels of macrophages.85 Consistent with this finding, the asthmatic lung overexpresses macrophage-attracting chemokines (e.g. mast cell protease [MCP]-1).86 Additionally, there appear to be different types of lung macrophages based on tissue location. Alveolar macrophages promote an inflammatory response, whereas interstitial macrophages have decreased phagocytosis and increased antiinflammatory effect.87 Alveolar macrophages have no antiinflammatory effect during the sensitization phase of lung immune responses,88 whereas interstitial macrophages suppress responses against inhaled allergens.89 Interstitial macrophages prevent Th2 polarization in response to inhaled antigens via an IL-10/dendritic cell mechanism.

We now recognize that there are at least two distinct subsets of macrophages, classically and alternatively activated macrophages. Classically activated macrophages (M1) are associated with a proinflammatory response and are activated by Th1 cytokines, whereas alternatively activated macrophages, so named because they are activated in the presence of Th2 cytokines, are associated with the resolution of inflammation and tissue repair. Alternatively activated macrophages (M2) may serve as a link between the innate and adaptive immune system, and further investigation into their function in allergic disorders is needed. A central mechanism for the differentiation of these macrophage subsets is the metabolism of arginine via two competing pathways, depending on their cytokine polarization.90 For example, interferon (IFN)-γ and lipopolysaccharide (LPS) augment the expression of inducible nitric oxide synthase (iNOS), which results in the production of NO as a product of arginine metabolism. NO is a potent smooth muscle relaxer and endothelial cell regulator. Alternatively, the treatment of macrophages with IL-4 or IL-13 induces the expression of arginase, which preferentially shunts arginine away from NO and thus promotes bronchoconstriction. Arginase metabolizes arginine into ornithine, a precursor for polyamines and proline, critical regulators of cell growth and collagen deposition, respectively. Both M1 and M2 macrophages have been reported in asthmatics.91–93




Neutrophils

Neutrophils are bone marrow-derived granulocytes and account for the largest proportion of cells in most inflammatory sites. Neutrophils develop in the bone marrow by the sequential differentiation of progenitor cells into myeloblasts, promyelocytes and then myelocytes, an ordered process regulated by growth factors such as GM-CSF. Granulocyte-CSF promotes the terminal differentiation of neutrophils, which normally reside in the bloodstream for only 6 to 8 hours. A significant pool of marginated neutrophils exists in select tissues,94 allowing rapid mobilization of neutrophils in response to a variety of triggers (e.g. IL-8, LTB4, PAF).

Activated neutrophils have the capacity to release a variety of products at inflammatory sites, which may induce tissue damage. These products include those of primary (azurophilic), secondary (or specific) and tertiary granules, including proteolytic enzymes, oxygen radicals and lipid mediators (LTB4, PAF and thromboxane A2). Neutrophil granules contain more than 20 enzymes; of these, elastase, collagenase and gelatinase have the greatest potential for inducing tissue damage. Neutrophil-derived defensins, lysozyme and cathepsin G have well-defined roles in antibacterial defense. In fact, studies have suggested that the major function of superoxide release into the phagocytic vesicle is increasing the intravesicular concentration of H+ and K+, permitting conditions for optimal protease-mediated bacterial killing.95

Although neutrophils are not the predominant cell type associated with allergic disorders, several studies have demonstrated a correlation and possible role for neutrophils in the pathogenesis of allergic disease.96 Individuals who die within 1 hour of the onset of an acute asthma attack have neutrophil-dominant airway inflammation,97 suggesting that neutrophils may have a pathogenic role in some clinical situations. Neutrophils in bronchial biopsy and induced sputum are more likely seen with severe asthma.

Patients with neutrophilic asthma appear to be less responsive to corticosteroids, and high doses of corticosteroids may increase neutrophils by reducing apoptosis.98 Another lung disease associated with asthma, allergic bronchopulmonary aspergillosis (ABPA), features neutrophilic inflammation and activation.99 Numerous risk exposures are linked to neutrophilic inflammation, including environmental exposures such as air pollution, smoking, infection and endotoxin, and health-related exposures such as high-fat, low-antioxidant diets, obesity and inflammatory states. Two fairly specific neutrophil therapies (anti-CXCL8 and anti-CXCR2) have begun to show promise in treating neutrophilic airway inflammation.100,101 Collectively, these data suggest an important role for neutrophils in the acute and chronic manifestations of allergen-induced asthma.




Dendritic Cells

Dendritic cells are unique antigen-presenting cells that have a pivotal role in innate and acquired immune responses. They are considered the quintessential antigen-presenting cells and are known for their ability to effect a primary immune response including allergen sensitization. These cells are also important in maintenance of allergic inflammation via propagation of effector responses. Dendritic cells originate in the bone marrow and subsequently migrate into the circulation before they assume tissue locations as immature dendritic cells, incidentally at locations where maximum allergen encounter occurs (e.g. skin, GI tract and airways). Immature dendritic cells are potent in antigen uptake, efficient in capturing pathogens and producers of potent cytokines (e.g. IFN-α and IL-12). By expressing pattern-recognition receptors, dendritic cells directly recognize a variety of pathogens. Immature dendritic cells express the CC chemokine receptor (CCR) 6 that binds to MIP-3α and β-defensin, which are produced locally in tissues such as those in the lung.102 After antigen uptake, dendritic cells rapidly cross into the lymphatic vessels and migrate into draining secondary lymphoid tissue. During this migration, the dendritic cells undergo maturation, which is characterized by down-regulation of their antigen-capturing capacity, up-regulation of their antigen-processing and -presenting capabilities, and up-regulation of CCR7, which likely promotes dendritic cell recruitment to secondary lymphoid organs (which express CCR7 ligands).103 After presentation of antigen to antigen-specific T cells in the T cell-rich areas of secondary lymphoid organs, dendritic cells mainly undergo apoptosis.

Dendritic cells are composed of heterogeneous populations based on ultrastructural features, surface molecule expression and function. In human blood, dendritic cells are divided into three types comprising two myeloid-derived subpopulations and one lymphoid-derived population (plasmacytoid dendritic cells).104 The myeloid populations can be divided into CD1+ and CD1−. CD1 is a molecule involved in the presentation of glycolipids to T cells. CD1c+ myeloid dendritic cells also express high levels of CD11c (complement receptor 4 [iC3b receptor]) and include interstitial and Langerhans dendritic cells; a skin-specific, self-renewing specialized dendritic cell; and inflammatory dendritic cells. CD1− myeloid dendritic cells are identified by CD141 expression and are cross-presenting dendritic cells.105 The plasmacytoid dendritic cell population is CD1c−/CD11c− but is distinguished by its high levels of IL-3 receptor expression. This population of dendritic cells appears to be a primary source of IFN-α. Dendritic cells can be cultured from freshly isolated human cord or peripheral blood; myeloid dendritic cells are primarily derived in response to stimulation with GM-CSF, TNF-α and IL-4; plasmacytoid dendritic cells develop in culture with IL-3. Monocyte-derived dendritic cells give rise to inflammatory dendritic cells that have a potent stimulatory capacity toward naïve CD4+ T cells and the ability to cross-present antigen to CD8+ T cells and to produce key inflammatory cytokines including IL-1, IL-6, TNF-α, IL-12 and IL-23.105

Dendritic cells can influence Th cell differentiation (Figure 5-4). There is evidence that the same population of dendritic cells can influence Th1 and Th2 differentiation depending on several factors. For example, the ratio between dendritic cells and T cells has profound effects on influencing Th1 and Th2 differentiation.106 In addition, Th1-polarized effector dendritic cells induce Th1 responses, whereas Th2-polarized dendritic cells induce Th2 responses.104 Also, plasmacytoid dendritic cells stimulated first with IL-3 and then with CD40 ligand (before adding naïve T cells) induce strong Th1 responses but no Th2 cytokine production. MicroRNA (miR)-21 expression in dendritic cells targets IL-12p23; hence, up-regulation of miR-21 by Th2 cytokines introduces a Th2-generating propagation loop. Finally, dendritic cells that express specific costimulatory molecules may promote distinct Th differentiation; for example, expression of B7-related protein (ICOS ligand) promotes Th2 development.107
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Figure 5-4 T helper subsets. All currently recognized T helper subsets have been implicated in allergic disease. Th0 cells differentiate into T regulatory (TREG), Th1, Th2, Th9, Th17 or Th22 cells after their activation by antigen-presenting cells in the context of their respective promoting cytokines as noted. The unique transcription factors responsible for driving cytokine development are identified. AHR – Aryl hydrocarbon receptor.





Dendritic cells likely have critical roles in the development of allergic responses. Current evidence and theory suggest that allergen can induce a Th2-mediated response, either alone (with a self-adjuvant effect) or in combination with other environmental adjuvants (viral or bacterial infections or air pollution),108 and that this effect likely occurs via communication of resident stromal cells and dendritic cells.109,110 Pollen allergens in vitro have been shown to induce a Th2-polarizing dendritic cell,111 whereas house dust mite-mediated dendritic cell polarization is dependent on the allergy background of the patient.112,113 Dendritic cells are required for the development of eosinophilic airway inflammation in response to inhaled antigen.114 Importantly, adoptive transfer of antigen-pulsed dendritic cells has been shown to be sufficient for the induction of Th2 responses and eosinophilic airway inflammation to inhaled antigen.103,115 Elevated levels of CD1a+/MHC class II+ dendritic cells are found in the lung of atopic asthmatics compared with of nonasthmatics103 (Box 5-4).


Box 5-4

Key Concepts

Dendritic Cells




• Dendritic cells normally exist as tissue surveillance cells.

• On contact with antigen (e.g. invading pathogen), dendritic cells migrate via lymphatics to secondary lymphoid organs.

• Immature dendritic cells are chief sources of innate cytokines (e.g. interferon [IFN]-α).

• Mature dendritic cells are potent antigen-presenting cells.

• Dendritic cells can preferentially activate T subset responses.





In addition to the importance of dendritic cells in sensitization, selective depletion of dendritic cells during allergen challenge in both asthma and allergic rhinitis murine models has demonstrated the importance of dendritic cells in the effector phase of these diseases.116,117 FcεRI expression on dendritic cells in humans and mice in asthma and atopic dermatitis is correlated with increased Th2 effector response.118–120




Lymphocytes

Lymphocytes are integral to the development of a complete innate and adaptive immune response. One important function of lymphocytes is to generate adaptive immune responses and to develop a memory compartment for future responses. Innate lymphocytes serve as sentinel cells in epithelial-associated tissues, providing prompt release of cytokines that help to form the adaptive response. Lymphocytes both aid in pathogen defense and facilitate allergic disease. In addition to Th2 cells, many lymphocytes can participate in allergic inflammation including Th1 cells, Th17 cells, CD8+ T cells, B cells, γ/δ T cells, natural killer (NK) cells and natural killer T (NKT) cells.




T Cells

T cells are specialized leukocytes distinguished by their expression of antigen-specific receptors that arise from somatic gene rearrangement. Two major subpopulations were originally defined on the basis of the expression of the CD4 and CD8 antigens and their associated function. CD4+ T cells recognize antigen in association with MHC class II molecules on antigen-presenting cells, including dendritic cells, B cells and macrophages, and are primarily involved in orchestrating immune responses, whereas CD8+ T cells recognize antigen in association with MHC class I molecules and are primarily involved in cytotoxicity. Class I MHC molecules are present on the surface of all nucleated cells, and their antigens are typically intracellularly derived. More recently, populations of regulatory T cells have been characterized. Regulatory T cells are commonly identified as CD4+/CD25+/FOXP3+ T cells; these cells are chief sources of regulatory cytokines, including IL-4 and IL-10, and are thought to participate in tolerance induction after allergen immunotherapy.121 The absence of or decrease in the function of T regulatory cells leads to an increase in activity of effector T lymphocytes and is associated with the development of autoimmunity.122 CD4+ T lymphocytes have central roles in allergic responses by regulating the production of IgE and the effector function of mast cells and eosinophils.123

CD4+ Th1-type T lymphocytes produce IL-2, TNF-β (lymphotoxin) and IFN-γ and are involved in delayed-type hypersensitivity responses. Th2 lymphocytes secrete IL-4, IL-5, IL-9, IL-10 and IL-13 and promote antibody responses and allergic inflammation (Figure 5-4). Notably, there is a strong correlation between the presence of CD4+ Th2 lymphocytes and disease severity, suggesting an integral role for these cells in the pathophysiology of allergic diseases.124,125 Th2 cells are thought to induce asthma through the secretion of cytokines that activate inflammatory and residential effector pathways both directly and indirectly.126 The major T cell subset in allergic disease is Th2, but other subsets, such as Th1, CD8+, Th9, Th17 and Th22, also participate, especially in severe disease.127–129 In fact, Th17 cells appear to be a critical component of the neutrophilic inflammation associated with severe asthma.130

Th2-associated cytokines, IL-4 and IL-13, are produced at elevated levels in the allergic tissue and are thought to be central regulators of many of the hallmark features of the disease.131 However, in addition to Th2 cells, inflammatory cells within the allergic tissue also produce IL-4, IL-13 and a variety of other cytokines.20,24 IL-4 promotes Th2 cell differentiation, IgE production, tissue eosinophilia and, in the case of asthma, morphologic changes to the respiratory epithelium and AHR.132 IL-13 induces IgE production, mucus hypersecretion, eosinophil recruitment and survival, AHR and the expression of CD23, adhesion systems and chemokines.131,133,134 A critical role for IL-13 in orchestrating experimental asthma has been suggested by the finding that a soluble IL-13 receptor homolog blocks many of the essential features of experimental asthma.135,136 Furthermore, mice deficient in the IL-4Rα chain have impaired eosinophil recruitment and mucus production but still develop AHR.137

Collectively, these studies have provided the rationale for the development of multiple therapeutic agents that interfere with specific inflammatory pathways. Additionally, as noted above, another important Th2-produced cytokine, IL-5, is important for eosinophil proliferation, survival and activation, and its inhibition has been linked to improved asthma and nasal polyp­osis (Box 5-5).


Box 5-5

Key Concepts

T Cells




• Mature T cells are primarily divided into CD4+ and CD8+ cells.

• T cells express antigen-specific T cell receptors (TCR) that recognize antigen in the context of major histocompatibility molecules (MHC).

• CD4+ T cells are engaged by antigen in the context of class II molecules.

• CD4+ T cells subsets include Th1, Th2, Th9, Th17, Th22 and TREG cells.

• Th1 cells are major producers of Th1 cytokines (e.g. interferon [IFN]-γ), and Th2 cells are major producers of Th2 cytokines (e.g. IL-4, IL-5, IL-13). Newly discovered subsets include Th9, Th17 and Th22, which are major producers of IL-9, IL-17A and IL-22, respectively.








B Cells

B cells play a key role in humoral allergic response through IgE production. Lymph nodes are the major anatomic structure of antigenic B cell education or affinity maturation. After these processes, B cells then become either memory B cells or antibody-producing plasma cells. IgE synthesis is regulated by IL-4 and IL-13 and may be augmented by IL-9. B cells also are found in gut lymphoid tissue and localized in diseased epithelial tissue.138 In allergic rhinitis, asthma and EoE, localized epithelial B cells produce Cε germ-line transcripts, as well as IL-4 and IL-13.139,140 Additionally, MHC class II-expressing B cells can function as antigen-presenting cells and drive Th2 cells.141




Natural Killer Cells

NK cells lack rearranged antigen receptors and are considered part of the innate immune system. They produce high levels of IFN-γ early during infection and directly kill virally infected cells by release of cytotoxic granules and Fas ligand-induced cell death. Additionally, NK cells suppress Th2 allergic airway inflammation post respiratory syncytial virus.142 However, NK cells have also been shown to produce IL-5 and have been associated with eosinophilic inflammation.143




Natural Killer T Cells

NKT cells are a population of CD1d-restricted T cells that express α/β T cell receptor (TCR), have some NK cell receptors, and share similar cytotoxic mechanisms to NK cells. Invariant NKT (iNKT) cells have a narrow repertoire of TCRs and respond to glycolipid antigen. iNKT cells can promote IgE production and, via cytokine production, may impact Th2 differentiation in the respiratory tract; they accumulate in the airways of asthmatics and increase with antigen challenge or exacerbation.144




γ/δ T Cells

The γ/δ T cells are a subset of T cells that have a TCR formed from γ and δ chains rather than α/β chains. The γ/δ T cells reside in intraepithelial regions in the skin and mucosa and in lymphoid tissue. Intraepithelial γ/δ T cells do not recognize antigen in the context of MHC but rather respond to nonprocessed antigens, including lipids and heat shock proteins.145 They produce IFN-γ and IL-4 in vivo in response to Th1- or Th2-stimulating pathogens, respectively.146 γ/δ T cells that produce IL-4, IL-5 and IL-13 have been isolated from asthmatic airways and increase in number after antigen challenge.147 Interestingly, murine γ/δ T cells appear to be important both in the generation of Th2 immunity and protection from Th2-mediated disease.147




Innate Lymphoid Cells

Populations of resident tissue lymphoid cells that lack B and T cell antigen receptors (BCR and TCR) and promote T helper cell development have been identified. These cells are lineage negative, meaning that they fail to express mature lymphocyte markers such as CD3, CD14, CD16, CD19, CD20 and CD56, but express high levels of stem cell markers such as CD117 (c-Kit). These cells are a small fraction of the total cell population in a given tissue but appear to be a major reservoir of T cell-skewing cytokines. Recently, it has been appreciated that these cells, like T helper cells, divide into subsets, and their nomenclature has been defined to reflect the cytokine and transcription factor similarity to their respective CD4+ T cell subsets Th1, Th2 and Th17. The proposed subsets include ILC1, ILC2 and ILC3.148

ILC1s, like NK cells, are triggered by IL-12 to secrete high levels of IFN-γ and are dependent on T-bet,149 but unlike NK cells, they lack perforin and granzyme expression.150 ILC2 cells were identified in lung, intestine and blood. They produce IL-4, IL-5 and IL-13 in response to stimulation with IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) and are dependent on GATA3.151 They are the first producers of IL-13 in the gut after helminth infection.152 ILC2s have been shown to be important in multiple Th2-mediated allergic diseases, including asthma and atopic dermatitis.153,154 As mentioned above, ILC2s are also important regulators of eosinophil homeostasis in the gut in a nutritionally dependent fashion.19 ILC3s secrete IL-17A and IL-22 upon IL-23 stimulation and are dependent on RORγt.155 The role of these cells in relation to specific disease phenotypes is being actively investigated (Figure 5-5).
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Figure 5-5 Innate lymphoid cell subsets. Three main subtypes of innate lymphoid cells have been identified: ILC1, ILC2 and ILC3. They arise from a common precursor cell that expresses a transcription factor called inhibitor of DNA binding-2 (ID2). The unique cytokine profile and transcription factors responsible for driving cytokine development for the respective subsets are identified.











Leukocyte Recruitment

The trafficking of leukocytes into various tissues is regulated by a complex network of signaling events between leukocytes in the circulation and endothelial cells lining blood vessels. After injury or infection, resident cells at the site of injury or infection release chemokines, which interact via a gradient with the corresponding chemokine receptors on inflammatory cells. This chemokine : chemokine receptor interaction is critical for both leukocyte extravasation from the bloodstream into the tissue and leukocyte navigation within tissue to the site of injury or infection. Because each type of leukocyte expresses a different array of chemokine receptors, the type of inflammation that develops in a given situation is highly dependent on the chemokines secreted by resident cells. These interactions involve a multistep process: (1) leukocyte rolling (mediated by endothelial selectin and specific leukocyte carbohydrate ligands), which exposes chemokine receptors on leukocytes to chemokines displayed on endothelial cells; (2) rapid activation of leukocyte integrins, in which chemokine receptor signaling induces an inside-out signaling in the leukocyte leading to integrin clustering on the cell surface and an increase in the integrin's affinity for its ligand; (3) firm adhesion between endothelial molecules and counterligands on leukocytes (via integrins); and (4) transmigration of leukocytes through the endothelial layer via junctional adhesion molecules (JAMs), platelet endothelial cell adhesion molecule (PECAM), CD99 and endothelial cell-selective adhesion molecule (ESAM) (Figure 5-6). This multistep signaling cascade must occur rapidly to allow for the leukocytes to reduce rolling velocity, mediate adherence and extravasate into tissues in response to a chemokine gradient. In addition to mediating leukocyte movement from the bloodstream into tissues, chemokines use similar steps to mediate leukocyte-directed motion across other tissue barriers, such as respiratory epithelium and the extracellular matrix (Box 5-6). Leukocyte adhesion deficiency (LAD) is a human disease associated with recurrent bacterial infections. The defect is in CD18, or β2 integrin, and results in the inability of neutrophils to be recruited from the blood to the site of infection.
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Figure 5-6 Overview of leukocyte migration. The trafficking of leukocytes into various tissues is regulated by a complex network of signaling events between leukocytes in the circulation and endothelial cells lining blood vessels. These interactions involve a multistep process including (1) leukocyte rolling (mediated by endothelial selectin and specific leukocyte ligands), (2) rapid activation of leukocyte integrins by chemokines, (3) firm adhesion between endothelial molecules and activated integrins on leukocytes, and (4) transmigration of leukocytes through the endothelial layer via junctional adhesion molecules (JAMs), platelet endothelial cell adhesion molecule (PECAM), CD99 and endothelial cell-selective adhesion molecule (ESAM).






Box 5-6

Key Concepts

Leukocyte Trafficking




• Leukocytes bind to the endothelium via low-affinity reversible interactions mediated by selectins.

• Tight adhesion of leukocytes to endothelium is mediated by specific adhesion molecules such as integrins (e.g. β2 integrins).

• Transmigration is mediated by PECAM, CD99, JAMs, and ESAM.

• Leukocyte migration into tissues is regulated by chemoattractants.






Chemokine and Chemokine Receptor Families

Chemokines are the guiding signals that direct leukocytes to the site of injury or infection. Chemokines represent a large family of chemotactic cytokines that have been divided into four groups, designated CXC, CC, C and CX3C, on the basis of the spacing of conserved cysteines (Figure 5-7). These four families of chemokines are grouped into distinct chromosomal loci (Figure 5-7). The CXC and CC groups, in contrast to the C and CX3C groups, contain many members and have been studied in great detail. The CXC chemokines mainly target neutrophils, whereas the CC chemokines target a variety of cell types including macrophages, eosinophils and basophils. The current chemokine receptor nomenclature uses CC, CXC, XC or CX3C (to designate chemokine group) followed by R (for receptor) and then a number. The new chemokine nomenclature substitutes the R for L (for ligand), and the number is derived from the one already assigned to the gene encoding the chemokine from the SCY (small secreted cytokine) nomenclature. Thus, a given gene has the same number as its protein ligand (e.g. the gene encoding eotaxin-1 is SCYA11, and the chemokine is referred to as CCL11). Table 5-1 summarizes the chemokine family using this nomenclature.156,157 There have been seven CXC receptors identified, which are referred to as CXCR1 through CXCR7, and 11 human CC receptor genes cloned, which are known as CCR1 through CCR11 (Figure 5-8). The chemokine and leukocyte selectivities of chemokine receptors overlap extensively; a given leukocyte often expresses multiple chemokine receptors, and more than one chemokine typically binds to the same receptor (Figure 5-8), creating a scheme of redundancy and pleiotropy that ensures adequate leukocyte recruitment.
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Figure 5-7 The human chemokine family.






TABLE 5-1

Systematic Names for Human and Mouse Ligands



	Systematic Name
	Human Ligand
	Mouse Ligand



	CXC FAMILY


	CXCL1
	GRO-α/MGSA-α
	GRO1/KC*




	CXCL2
	GRO-β/MGSA-β
	GRO-β/MIP-2α



	CXCL3
	GRO-γ/MGSA-γ
	Dcip1/Gm1960



	CXCL4
	PF4
	PF4



	CXCL5
	ENA-78
	LIX



	CXCL6
	GCP-2
	Ckα-3



	CXCL7
	NAP-2
	CTAP3/LA-PF4/NAP-2



	CXCL8
	IL-8
	?



	CXCL9
	Mig
	Mig



	CXCL10
	IP-10
	IP-10



	CXCL11
	I-TAC
	I-TAC/Ip9



	CXCL12
	SDF-1α/β
	SDF-1



	CXCL13
	BLC/BCA-1
	BLC/BCA-1



	CXCL14
	BRAK/bolekine
	BRAK



	CXCL15
	?
	Lungkine/Il-8



	CXCL16
	SCYB16/SRPSOX
	SR-PSOX



	CXCL17
	VCC-1/DMC/SCYB17
	VCC-1


	CC FAMILY


	CCL1
	I-309
	TCA-3, P500



	CCL2
	MCP-1/MCAF
	JE/MCAF/MCP-1



	CCL3
	MIP-1α/LD78α
	MIP-1α



	CCL4
	MIP-1β
	MIP-1β



	CCL5
	RANTES
	RANTES



	CCL6
	?
	C10, MRP-1



	CCL7
	MCP-3
	MARC/MCP-3



	CCL8
	MCP-2
	MCP-2/HC14



	CCL9/10
	?
	MRP-2/CCF18



	CCL11
	Eotaxin-1
	Eotaxin-1



	CCL12
	?
	MCP-5



	CCL13
	MCP-4
	?



	CCL14
	HCC-1
	?



	CCL15
	HCC-2/Lkn-1/MIP-1
	?



	CCL16
	HCC-4/LEC
	LEC/HCC-4/LMC



	CCL17
	TARC
	TARC



	CCL18
	DC-CK1/PARC/AMAC-1
	Madh3



	CCL19
	MIP-3β/ELC/exodus-3
	MIP-3β/ELC/exodus-3



	CCL20
	MIP-3α/LARC/exodus-1
	MIP-3α/LARC/exodus-1



	CCL21
	6Ckine/SLC/exodus-2
	6Ckine/SLC/exodus-2/TCA-4



	CCL22
	MDC/STCP-1
	ABCD-1



	CCL23
	MPIF-1
	?



	CCL24
	MPIF-2/Eotaxin-2
	Eotaxin-2



	CCL25
	TECK
	TECK



	CCL26
	Eotaxin-3
	?



	CCL27
	CTACK/ILC
	ALP/CTACK/ILC/ESkine



	CCL28
	MEC
	MEC


	C FAMILY


	XCL1
	Lymphotactin/SCM-1α/ATAC
	Lymphotactin



	XCL2
	SCM-1β
	?


	CX3C FAMILY


	CX3CL1
	Fractalkine
	Neurotactin





*A question mark indicates that the mouse and human homologs are ambiguous.
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Figure 5-8 Ligands for CC (A) and CXC (B) receptor families.








Chemokine Receptor Signal Transduction

With nearly 1,000 members, the seven-transmembrane, G protein-coupled receptors (GPCRs) are universally employed to sense small changes in concentrations of molecules. The chemokine receptors are a subfamily of this GPCR superfamily. Chemokines induce leukocyte migration and activation by binding to specific GPCRs.156 Although chemokine receptors are similar to many GPCRs, they have unique structural motifs such as the amino acid sequence DRYLAIV in the second intracellular domain.

Receptor activation leads to a cascade of intracellular signaling events. In addition to triggering intracellular events, engagement with ligand induces rapid chemokine receptor internalization. Ligand-induced internalization of most chemokine receptors occurs independent of calcium transients, G protein coupling and protein kinase C, indicating a mechanism different from the one induced by chemotaxis. Thus, chemokine receptor internalization may provide a mechanism for chemokines also to halt leukocyte trafficking in vivo. There are many signaling pathways downstream of chemokine receptor binding. This heterogeneity of signaling pathways allows for different chemokine receptors, expressed on the same cell, to signal through distinct pathways and for the same chemokine receptor to induce a variety of effects.




Regulation of Chemokine and Chemokine Receptor Expression

The main stimuli for the secretion of chemokines are the early proinflammatory cytokines such as IL-1 and TNF-α, bacterial products such as LPS and viral infection158–160 (Figure 5-9). In addition, products of the adaptive arm of the immune system, including from both Th1 and Th2 cells, IFN-γ and IL-4, respectively, also induce the production of chemokines independently and in synergy with IL-1 and TNF-α. Recently, it has been demonstrated that miRs also regulate chemokines. miR-21 regulates polarization of the adaptive immune response in asthma and is one of the most up-regulated in EoE.161 It has also been correlated with increased CCL26 (eotaxin-3) and tissue eosinophilia in EoE.162 Additionally, miR-21 has been shown to regulate keratinocyte-derived chemokine (KC),163 CXCL10164 and CCL20.165,166 miR-155 is the most up-regulated miR in atopic dermatitis and regulates MCP-1,167 CXCL8168 and CCL2.169

[image: image]
Figure 5-9 Regulatory elements in chemokine promoter. Depicted are the positions of the transcription factor motifs and the regulatory cytokines of the eotaxin-1 promoter. The three exons of the gene are depicted with rectangles. Positive signals are indicated with (+), whereas inhibitory signals are indicated with (–). Notably, IL-4/IL-13 via STAT-6 induces transcription; IFN-γ induces transcription through an IFN response element (γ-IRE); and TNF-α induces transcription through NFκB. Glucocorticoids (GC) inhibit transcription via the glucocorticoid response element (GRE).





Although there are many similarities in the regulation of chemokines, important differences that may have implications for asthma are beginning to be appreciated. For example, in the healthy lung, epithelial cells are the primary source of chemokines; however, in the inflamed lung, infiltrating cells within the submucosa are a major cellular source of chemokines.170





Cellular Receptor Expression

Chemokine receptors are constitutively expressed on some cells, whereas they are inducible on others. For example, CCR1 and CCR2 are constitutively expressed on monocytes but are expressed on lymphocytes only after IL-2 stimulation.171,172 Activated lymphocytes are then responsive to multiple CC chemokines that use these receptors, including the MCPs. In addition, some constitutive receptors can be down-modulated by biologic response modifiers. For example, IL-10 was shown to modify the activity of CCR1, CCR2 and CCR5 on dendritic cells and monocytes.173 Normally, dendritic cells mature in response to inflammatory stimuli and shift from expressing CCR1, CCR2, CCR5 and CCR6 to expressing CCR7. However, IL-10 blocks the chemokine receptor switch. Importantly, although CCR1, CCR2 and CCR5 remain detectable on the cell surface and bind appropriate ligands, they do not signal in calcium mobilization or chemotaxis assays. Thus, IL-10 converts chemokine receptors to functional decoy receptors, thereby serving a down-regulatory function (Box 5-7).


Box 5-7

Key Concepts

Chemokines




• Chemokines are chemoattractive cytokines.

• Chemokines are functionally divided into molecules that are constitutively expressed and those that are inducible.

• Chemokines are divided into several families depending on the spacing of the first two cysteines (e.g. CC and CXC families).

• Chemokines bind to seven-transmembrane, G protein-linked receptors.

• Chemokine receptors are genetically polymorphic.

• Chemokine receptors often bind to more than one chemokine ligand (i.e. they are promiscuous).











Chemokine Regulation of Leukocyte Effector Function


Chemoattraction

Structural motifs in the primary amino acid sequence of chemokines have an important impact on their chemoattractive ability. For example, CXC chemokines are mainly chemoattractants for neutrophils and lymphocytes. Furthermore, ELR (Glu-Leu-Arg)-containing CXC chemokines (e.g. IL-8) are mainly chemoattractive on neutrophils, whereas non-ELR CXC chemokines (e.g. IP-10) chemoattract selected populations of lymphocytes (Figure 5-7). In contrast to cellular specificity of CXC chemokines, CC chemokines are active on a variety of leukocytes, including dendritic cells, monocytes, basophils, lymphocytes and eosinophils. For example, as their names imply, all MCPs have strong chemoattractive activity for monocytes. However, they display partially overlapping chemoattractant activity on basophils and eosinophils. In particular, MCP-2, MCP-3 and MCP-4 have basophil and eosinophil chemoattractive activity, but MCP-1 is only active on basophils. In contrast to the MCPs, the members of the eotaxin subfamily of chemokines (i.e. eotaxin-1, -2 and -3) have limited activity on macrophages but are potent eosinophil and basophil chemoattractants.174,175 Chemokines also work in concert with other cytokines to promote leukocyte trafficking. IL-5 collaborates with eotaxin in promoting tissue eosinophilia by (1) increasing the pool of circulating eosinophils (by stimulating eosinophilopoiesis and bone marrow release) and (2) priming eosinophils to have enhanced responsiveness to eotaxin. The ability of two cytokines (IL-5 and eotaxin) that are relatively eosinophil selective to cooperate in promoting tissue eosinophilia offers a molecular explanation for the occurrence of selective tissue eosinophilia in human allergic diseases (Box 5-8).


Box 5-8

Key Concepts

Chemokines in Allergic Responses




• Chemokines regulate leukocyte recruitment.

• Chemokines are potent cellular activating factors.

• Chemokines are potent histamine-releasing factors.

• Th2 cytokines (e.g. IL-4 and IL-13) are potent inducers of allergy-associated chemokines (e.g. eotaxin).

• In allergic tissue, chemokines are frequently produced by epithelial cells.






Cellular Activation

In addition to promoting leukocyte accumulation, chemokines are potent cell activators. After binding to the appropriate GPCR, chemokines elicit transient intracellular calcium flux, localized actin reorganization, oxidative burst with release of superoxide free radicals, the exocytosis of secondary granule constituents and increased avidity of integrins for their adhesion molecules. For example, in basophils, chemokine-induced cellular activation results in degranulation with the release of histamine and the de novo generation of LTC4.158,176,177 Basophil activation by chemokines requires cellular priming with IL-3, IL-5 or GM-CSF for the maximal effect of each chemokine, highlighting the capacity for cooperation between cytokines and chemokines.




Hematopoiesis

In addition to being involved in leukocyte accumulation, chemokines also have a role in regulating hematopoiesis. These functions include (1) chemotaxis of hematopoietic progenitor cells (HPC), (2) suppressing or enhancing HPC proliferation and differentiation and (3) mobilizing HPCs to the peripheral blood.178 For example, stromal cell-derived factor (SDF)-1, a CXC chemokine, is critical for B cell lymphopoiesis and bone marrow myelopoiesis as demonstrated by gene targeting.179 Furthermore, eotaxin has been shown to directly stimulate the release of eosinophilic progenitor cells and mature eosinophils from the bone marrow.180 Eotaxin synergizes with SCF in stimulating yolk sac development into mast cells in vitro181 and has been shown to function as a GM-CSF after allergic challenge in the lungs.182




Modulation of T Cell Immune Responses

T lymphocytes have been shown to express receptors for most chemokines, thus making them potentially responsive to a large number of different chemokines. Characterization of chemokine receptor expression has shown that T lymphocytes display a dynamic expression pattern of chemokine receptors and that it is the differential expression of receptors during T lymphocyte maturation and differentiation that is thought to allow for individual chemokine-specific functionality on T lymphocytes.183 As with dendritic cells, CCR7 also plays an important role in trafficking of naïve T cells into lymph nodes.184 Upon activation, T cells may express an array of chemokine receptors. Thus, they become sensitive to inflammatory chemokines, including MIP-1α, MIP-1β, MCP-3 and RANTES, which are thought to mediate T cell trafficking to sites of inflammation.185

Chemokines have an important role in the induction of inflammatory responses and are central in selecting the type of T helper response. During bacterial or viral infections, IP-10, MIG, IL-8 and I-TAC production correlates with the presence of CD4+ Th1-type T cells. In contrast, during allergic inflammatory responses, eotaxin, RANTES, MCP-2, MCP-3 and MCP-4 are induced, and the majority of the CD4+ T lymphocytes are of the Th2-type phenotype. The characterization of chemokine receptor expression on T lymphocytes suggests that these findings may be explained by CXCR3 and CCR5 being predominantly expressed on Th1-type T cells, whereas CCR3, CCR4 and CCR8 have been associated with Th2-type T cells and CCR6 on Th17 cells (Figure 5-5). In addition, Th1 and Th2 cells secrete distinct chemokines186 (Figure 5-5). In mice, Th1 cells preferentially secrete RANTES and lymphotactin, whereas Th2 cells secrete MDC and TCA3. Interestingly, supernatants from Th2 cells preferentially attract Th2 cells. Alternatively, chemokines may directly influence the differentiation of naïve T cells to the Th1 or Th2 phenotype. MIP-1α and MCP-1 have been described as capable of inducing the differentiation of Th1 and Th2 cells,187 and MCP-1-deficient mice have defective Th2 responses.188 Consistent with this possibility, BCL-6-deficient animals express high levels of chemokines, including MCP-1, and have systemic Th2-type inflammation.189

The interaction of tissue-specific dendritic cells with T cells triggers expression of tissue-specific homing molecules on T cells. For example, intestinal dendritic cells induce direct T cell expression of the intestinal homing molecules α4β7 and CCR9,190 which recognize intestinal vascular mucosal addressin cell adhesion molecule 1 (MAdCAM-1) and intestinal epithelial CCL25.190








Conclusion

Allergic disorders involve the complex interplay of a large number of leukocytes (especially mast cells, eosinophils, neutrophils, lymphocytes, basophils, dendritic cells, innate lymphocytes and lymphoid cells) and structural tissue cells (especially epithelial cells, smooth muscle cells and fibroblasts). A combination of murine and human studies has been used to define the specific mechanisms involved in leukocyte activation, migration and effector function. In particular, cellular adhesion proteins, integrins and chemokines have emerged as critical molecules involved in leukocyte accumulation and activation. Also, combinations of innate activation pathways (involving mast cells, dendritic cells, eosinophils and innate lymphocytes and lymphoid cells) that induce proinflammatory pathways and adaptive immune pathways have been elucidated. Although we are in the early phases of analysis of disease pathogenesis, we have already identified critical pathways that are currently being therapeutically targeted in patients. It is the authors' hope that this chapter has provided the appropriate framework for the reader to understand (and contribute to) the next generation of clinical intervention strategies for the treatment of allergic disorders.
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